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Abstract

We prove the asymptotically hyperbolic Penrose inequality for sufficiently small
maximal vacuum conformal perturbations of a positive-mass Schwarzschild—anti-de
Sitter exterior, for every fixed decaying transverse-traceless seed and every solution
branch satisfying the stated decay and mass assumptions. The bound uses the area
of the marginally outer trapped boundary itself; it requires neither outermostness
nor outer area-minimization, and no bulk-versus-boundary domination condition. For
sufficiently small positive parameters, equality holds for radial seeds and the inequality
is strict otherwise.
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1 Introduction

The Penrose inequality relates the total mass of gravitational initial data to the area of a
black-hole boundary. Its original formulation arose from the relation between gravitational
collapse and cosmic censorship [Pen73]. In the asymptotically flat, time-symmetric setting
it was proved by Huisken and Ilmanen for a connected horizon and by Bray for the total
area of possibly disconnected horizons [HI01, Bra0O1]. For negative cosmological constant,
the Schwarzschild—anti-de Sitter family suggests the three-dimensional inequality

> A (1 + A> (1.1)
MAl =\l 76, An )’ '

when the cosmological constant is normalized to —3. Here may is the Lorentz norm of
the hyperbolic mass covector. In the outermost, outer area-minimizing formulation of
Corollary 2.2, A is the least enclosing area of the future marginally outer trapped boundary.

We prove (1.1) for a local conformal class of maximal vacuum data with a marginally
outer trapped boundary. The background is a time-symmetric Schwarzschild—anti-de Sitter
exterior of arbitrary positive mass. One fixes a smooth decaying transverse-traceless (TT)
tensor ¢ and considers any solution branch of the conformal constraint equation with
conformal second fundamental form eq. The parameter interval in the result may depend
on this fixed seed and branch. Theorem 2.1 imposes neither symmetry nor an additional
comparison between the size of the seed in the interior and at the boundary.

This setting is closely related to the perturbative theorem of Khuri and Kopinski [KK23,
Theorem 2]. Their sufficient condition requires the static-lapse-weighted integral of the
squared seed norm to dominate a multiple of the squared H' norm of its normal component
on a domain containing the boundary; see their Equation (2.5). Both sides scale quadrati-
cally when the seed is multiplied by €, so shrinking € alone does not remove that condition.
The argument below replaces it by a sharp T'T boundary identity and treats the equality
directions of the resulting quadratic estimate. It thereby proves the fixed-seed local form
of the Penrose inequality in this conformal class without the domination hypothesis. In
particular, it applies when the boundary is outermost and outer area-minimizing, as in the
usual local Penrose formulation.

Two related geometric ingredients have established precedents. The hyperbolic mass
covector and its covariance are studied by Chrusciel and Herzlich [CHO3]. Neves and Tian
construct constant mean curvature (CMC) foliations near infinity under positive-mass
Schwarzschild—anti-de Sitter asymptotic hypotheses [NT09]; Ambrozio uses CMC foliations
to prove a local Riemannian Penrose inequality near Schwarzschild—anti-de Sitter [Amb15].
We derive directly the mass and CMC identities needed here. Only finite Taylor families
of surfaces are used, so the proof does not require an actual global CMC foliation for a
nonzero parameter.

The mechanism of the proof

Write ®,(€) for the difference between the two sides of (1.1), with A the boundary area.
In the notation of Section 2, gg is the background metric of mass my, s is proper radial
distance, r(s) is the area radius, and N = 7/(s) is the static lapse. The constant and
linear deficit coefficients vanish. The quadratic calculation combines a CMC Hawking-mass
identity with the static T'T identity

NQ(v) =sym V(N dv —vdN), Q(v) = V*v — v(Ricy, +3g0).



After the boundary area correction, the quadratic coefficient is a sum of nonnegative
terms (Proposition 5.2). Its kernel is the four-dimensional space of tensors Q(v), where
(Agy—3)v =0, v decays, and v|g contains only constant and degree-one spherical harmonics
(Corollary 5.3).

The degree-one directions are a real obstruction to concluding from second order.
They have zero first-order shear and lapse fluctuation, and a radial component can make
their boundary normal component nonnegative. We remove their first extrinsic-curvature
coefficient by a change of spacetime slice at the level of finite Taylor expansions. The
resulting quartic coefficient is again a sum of nonnegative terms. If it vanishes, the changed
metric must be a round warped-product jet through second order. Conformality of the
original branch then forces the radial profile V'(s) of the degree-one part of v to satisfy
(with primes denoting s-derivatives)

/
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This is incompatible with a nonzero decaying profile. Thus the quartic coefficient is strictly
positive in every nonradial quadratic-null direction (Proposition 6.1). The remaining radial
directions satisfy an exact conserved-mass identity (Proposition 7.1).

Three parts of the method may be useful beyond this application: the sharp static TT
boundary square; the passage from CMC surface jets to a positive mass-coefficient identity
by integrating first at finite radius; and the use of a null boundary transport together with
a change of slice to detect a quartic obstruction. Analytically, an exact Green formula
converts the derivative-defined mass into convergent integrals. It allows actual remainder
estimates in a weighted function norm, and rotation averaging then covers seeds with
arbitrary angular dependence. Proposition 3.5 then identifies the finite Taylor calculations
with the actual deficit.

The result concerns this fixed-seed local conformal problem. No existence of a so-
lution branch for every seed is asserted. The proof does not use a general spacetime
Penrose inequality, a constrained extension through the boundary, or a global spacetime
development.

2 Geometric setting and the theorem
Fix mg > 0, and let a > 0 be the unique positive root of 1 + a? — 2mg/a = 0. On
M =[0,00) x §%, S ={0} x 52,
let
go = ds? + r(s)%0, r(0) = a, r(s) >0 (s>0), (=147 -, (2.1)

where o is the unit round metric. The coordinate s is smooth at the boundary, and n = s
points from S toward infinity. On the end, r = r(s) is a coordinate and

B dr?
142

+r?0 = dn® 4 sinh?n o, n = arsinh r. (2.2)

In particular, r is asymptotic to a positive constant times e?.
Our Laplacian is A = div grad, with nonpositive eigenvalues on a closed manifold. The
spaces Cf’a use the hyperbolic metric b in the end: the tensor and its covariant derivatives



through order k are O(e~7*), and the correspondingly weighted a-Holder seminorms on
unit background balls are bounded. On a compact set we use ordinary C*® regularity.
This definition is equivalent to one using hyperbolic distance.
Fix 0 < a < 1, 3/2 < 7 < 3, and a smooth symmetric tensor ¢ € C1%, smooth up to S,
satisfying
trg, ¢ =0, divg, g = 0. (2.3)

Throughout the paper the seed ¢ is independent of €. Suppose a smooth branch of positive
solutions, defined for 0 < € < €,, satisfies

3 € _
Ago¢e = Z(ng — Pe) — g\qgoéf)e ! on M, (2.4)
€ —
asd’e = ZQSSCZ)G 3 on S, (2.5)
po=1,  ¢.—1€C>, e — 1| 20 — 0 ase — 0.  (2.6)

No differentiability in stronger weighted spaces is assumed. Set

ge=¢cg0,  Ke=ed’q, Ao =18l (2.7)

2.1 Mass and boundary conventions

Let x;, 1 <1 < 3, be the coordinate functions on the unit sphere. Define Vg = v/1 + r2,
Vi =rx;, and e. = g. — b. We use the flux normalization

1
€) = — lim V. (divy e, — d try ec
pul€) = gg dim [ Valdive bee) (2.8)
+ (trp ee)dV, — ec(grady Vy,, )| (vp) dAp,
where v}, points toward increasing r. All operators and the area form in this formula are

those of b. Assume that these limits are finite and that the covector is future timelike for
all sufficiently small positive €. Thus

3
mau(e) = \lp0(€)2 = pi(e)?
=1

is the positive mass norm. This normalization gives py(0) = mg and p;(0) = 0. The p; are
spatial components of the hyperbolic mass covector, not angular momentum charges.
For a two-sided surface with unit normal v toward the chosen end, put

H =divy v, 0, = H +try K.

For a spacetime realization our convention is K(X,Y) = §(Vxnfuture, Y); in Gaussian

normal coordinates this means d,g = 2K. A future marginally outer trapped surface, or
MOTS, has 6+ = 0.
The standard conformal identities give

trg, Ke =0,  divg, Kc=0, Ry +6= K. (2.9)
Indeed, for a tracefree ¢ the divergence identity is div s, (¢ 2q) = ¢p~®div,, g. Also
Ryigy = ¢~ (=80g,6 — 60) = —6 + ¢~ *|qlg,.
The boundary S is totally geodesic for gg. Its normal in g, is ¢-20s, and
Hy,(S) = 46°0s0c = €6 %ass,  trs Ke = —ed gss. (2.10)

Consequently it is a future MOTS. Its mean curvature need not vanish.



2.2 Statement

Define
bi(A) = nglﬂ <1 + ﬁ) , D4(€) = man(e) — by (Ae). (2.11)

A tensor is called radial if it is invariant under every rotation of the S? factor.

Theorem 2.1. For every background, fized TT seed, and solution branch satisfying (2.1)-
(2.6) and the mass assumptions above, there is 0 < ¢y < €, such that

(€) > Ac <1+AE) (0 <e<e)
MmAH\€) = 16’/T 47‘( S € €0)-

For all sufficiently small positive €, equality holds if the seed is radial, and the inequality is
strict otherwise.

The theorem makes no sign assumption on gss|s. It also does not require outermostness
or outer area-minimization. In particular it implies the following formulation with the
usual geometric boundary hypotheses. Here an enclosing surface separates S from the end
and bounds with S a compact region. Write Apin(S) for the infimum of areas of smooth
enclosing surfaces, allowing disconnected competitors and S itself.

Corollary 2.2. In addition to the hypotheses of Theorem 2.1, suppose qss > 0 on S.
Assume, for every sufficiently small positive €, that no compact smooth embedded two-
stded surface in the interior enclosing S has 61 < 0 everywhere, and that every smooth
enclosing surface has area at least Ac. Disconnected enclosing competitors are allowed, and
S itself is allowed in the area infimum. Then the exact local Penrose inequality holds with

Amin(9) = Ae.

The outermostness condition excludes all weakly future outer trapped enclosing surfaces,
not only additional MOTS. These additional assumptions are relevant to the geometric
formulation of the conjecture but are not needed in the coefficient argument below.

2.3 Static operators and Taylor notation

We use )
1+3
N g ’]”/7 K = N/(O) = + a 5 B == RngO +3g(],
2a ) (2.12)
K
L=Ay -3, D=—-Agp,+—.
a
The letter D denotes the boundary operator, while ©, denotes the mass deficit.
Lemma 2.3. The tensor B and the static lapse satisfy
2
B=B,ds’+ By, By=1-—"0 B =142 (2.13)
r r
V2N = NB, trg, B = 3, divy, B =0, LN =0. (2.14)
Moreover D is positive on all spherical harmonics and
b(4ma?) = mo,  b.(4ma?) = Si (2.15)
T



Proof. The radial and tangential sectional curvatures of ds? + r?¢ are —r”/r and (1 —
(r)2)/r?. Differentiating (2.1) gives N’ = r + mg/r? and N” = N(1 — 2mg/r?®). The Ricci
eigenvalues are therefore —2 — 2mg/r3 and —2 + mg/r3, giving (2.13) and Ry, = —6. The
radial and tangential Hessian eigenvalues of N are N” and N'N/r, respectively, proving
the first identity in (2.14). Its trace gives LN = 0. The divergence identity follows from
the contracted Bianchi identity and the constant scalar curvature. At S, B; = k/a and
2k/a > 0, s0 D > 0. Finally 2mo = a(1 + a?) gives (2.15) by direct differentiation. O

We write [F]; for the coefficient of €/ in a Taylor expansion; coefficients do not include
an extra factorial. Thus u;[q] = [¢pe — 1]; and ¢j[g] = [D,]; when the indicated actual
expansions have been established. For a tensor T we also use the weighted function norm

1T = sup e”*|T]g,.
M

On the end this is equivalent to using b. Finite angular type means that the span of all
rotational pullbacks of the function or tensor is finite-dimensional. For functions this is
precisely a finite sum of spherical-harmonic spaces, with arbitrary smooth radial coefficients.

Some geometric arguments use Taylor families of metrics and surfaces only to order p,
with identities read in the finite Taylor algebra Re]/(¢?*1). On any compact radial interval,
their coefficients can be represented by a smooth family and all differential-geometric
identities then hold to the retained order. At S, a formal displacement may have negative
first coefficient. It is evaluated using the given smooth one-sided jets: extend sufficiently
many coefficients smoothly across s = 0, perform the finite Taylor calculation, and retain
only the prescribed order. Every boundary derivative of an identity holding on s > 0 is
fixed by those jets. This convention does not assume a constrained extension at a fixed
point with s < 0. The time-recursion argument below will specify how the constraint
identities are used after such a displacement.

3 Weighted coefficients and actual expansions

We first justify the passage between finite Taylor calculations and the given solution branch.
Throughout this section, fix

g < 3 < min{r, V3}. (3.1)

We use the weighted norms and Taylor conventions of Section 2.3. Boundary norms without
a weight are uniform norms on S.

3.1 A scalar inverse and its asymptotics

Equivariant linear differential operations preserve finite angular type. Products and
contractions preserve it after enlarging the angular space by a finite tensor product. On
functions, the round Laplacian preserves these spaces: it is the sum of squares of the three
infinitesimal rotation fields. Its restriction is self-adjoint, so we may split into finitely many
eigenspaces with eigenvalues A > 0 for —A,.



Lemma 3.1 (Comparison and finite angular inverse). There are constants cg, Cg > 0 with
the following properties. Suppose z = o(e™P%) uniformly at infinity and

(L=V)z=F,  |[Vlcow < cp.
If either z|g = b or 0sz|s = b, then

Izlls < Ca(I1Flls + Ibllcos))- (3-2)

The constants do not depend on an angular cutoff. The same estimate holds for Osz—a.z = b
if llallcocsy < B/2.

If F and b are smooth and of finite angular type, and F = O(e™ %) for some v > 3,
there is a unique decaying finite angular type solution of Lu = F with either of the above
Dirichlet or Neumann data. It satisfies

u=r"%¢@) +o(r®),  d(u—r()) =o(r?) (3.3)

for a smooth finite angular type function (. These statements hold after any fized number
of angular differentiations. If 9JF = O(e™ %) for 0 < j < k, the remainder in (3.3) can
also be differentiated in s through order k + 2, with each resulting remainder o(r=3).

Proof. Let h = e Ps. Since N/r >0,
Lh = (8% —2BN/r —3)h < —(3 — B*)h.

Choose ¢z < (3 — 5%)/2. A sufficiently large multiple Ah satisfies (L — V)(Ah) < —|F]|.
For Dirichlet data, enlarge A to dominate |b|. For Neumann data, enlarge it so that
—BA—-b< 0and —fA+b < 0on S. The functions Ah — z and Ah + z are positive
sufficiently far out. A negative interior minimum contradicts their differential inequalities,
because the zeroth-order coefficient of L — V is negative. A negative minimum on S is
impossible in the Neumann case: the inward derivative at such a minimum is nonnegative,
whereas the chosen derivative is negative. This proves (3.2). For the Robin condition, apply
the maximum argument to z/h. At a positive boundary maximum its inward derivative is
nonpositive, whereas 0s(z/h) = (8 + a.)(z/h) + b on S. Since 5+ as > /2, a sufficiently
large positive maximum is impossible; apply the same argument to —z/h.
For the existence assertion, work in each angular eigenspace. The radial equation is

N A
Y +2—y — (3 + 2) y = F. (3.4)
T T

First impose the required condition at 0 and y(7") = 0 on a finite interval. The homogeneous
problem has trivial kernel: multiplication by 72y and integration gives

T T
0= —/ r2(y')? ds — / (3r% + \)y? ds,
0 0

with zero boundary terms. Thus the finite-interval linear problem is solvable. The barrier

estimate is independent of 7. On each compact interval, the equation bounds y’ and then

y”: the mean value theorem supplies a point with bounded %/, and the first-order equation

for 3/ propagates that bound. A subsequence therefore converges on compact intervals to a

solution with y = O(e™?%). The same local argument on unit intervals gives 3’ = O(e=7%).
Now N/r =1+ O(e=2%) and =2 = O(e~2%). Hence

' +2y -3y =G, G =0, 7 = min{~y, 8 + 2} > 3.



Variation of constants for the roots 1, —3 eliminates the growing homogeneous term and
gives
y=ce 3 +0(e?), Y = —3ce 3 4+ 0(e™7).

For example the particular solution is a linear combination of e® [*° e *G(t)dt and
e3% [ e3G(t) dt; both integrals converge with the claimed bounds. Since r = Ce®(1 +
O(e™2%)), this is (3.3). The equation gives the second differentiated remainder, and differen-
tiated equations give the rest. Angular differentiations are bounded operations on the fixed
finite spaces. Any other solution tending uniformly to zero also satisfies the initial weighted
bound: compare on sufficiently long intervals with Ah + §, where § > 0 dominates the far
boundary value, and then let | 0. The same ODE improvement applies. The improved
decay permits comparison for a difference of two solutions, proving uniqueness. O

3.2 Coefficient equations and the required spatial derivatives

Put ¢ = ¢ — 1, hq = qSS‘S’ and Qq = |q|§0. Define

_ B, 155 15, 35
A(z) = 5 % + 5 % + 17 +4z,
2
€ _
Negl2) = A(z) = Q1 +2)7,
Beg(z) = ihq(l + )73, (3.5)

The actual equations become

L = N’e,q(l/f)a 8s¢‘5 = Be,q(ws)- (3-6)

For a finite angular type seed, define u; = u;[q] recursively. Set P;_1 =37, _; €'u;, and

let

Fj = Neg(Pi1)lj,  Bj = [Beg(Pj-1ls)ls, (3.7)
LUj:Fj, 65’&]"5:33' Uj — 0. ’

Here [-]; extracts the coefficient of €/; inverse powers are Taylor expanded at 1. The first
two equations are explicitly

Fy =0, By = ihqv
FQ = %u% — %Qq, B2 = _%hqulls- (38)

Only preceding coefficients occur on the right of (3.7). The construction does not require
an actual solution branch for the seed.

Lemma 3.2 (Finite coefficient asymptotics). For every smooth finite angular type seed in
CLa the coefficients through degree two are well defined and

uj = r_ng(:L') + 0(7"_3), j=1,2.

The first coefficient has this asymptotic with arbitrarily many spatial derivatives. The
second has it with the first spatial derivatives, in particular with every derivative needed at
degree two below.

For the fourth-order construction, suppose specifically that

q = Hessv — Bu, Lv =0, v — 0,

v|g has only constant and degree-one spherical modes.



Corollary 5.3 will show that every seed with zero quadratic deficit has this form, so fourth-
order estimates are needed only in this class. Then q and all its derivatives have O(r=3)
scaled components. The coefficients uy,...,us exist and have the above asymptotic with
arbitrarily many spatial derivatives.
Let p =2 in the first case and p = 4 in the second. In the coordinate n = arsinhr, the
conformal metric jet G = (1 + Zﬁ-’:l ejuj)4go, taken through degree p, satisfies
G —b=r"2(Cdn*+ Er’c) +o(r—?),
P P
, . 3.10
C=2mo+4) ¢, E=4) (. (3.10)
j=1 J=1

For coefficient j, the remainder has this decay after angular and n derivatives through order

p—j+1, in scaled coframes dn,r dz.

Proof. Lemma 3.1 constructs u; with homogeneous interior equation. Its derivatives have
the asserted asymptotics by (3.4). In degree two the interior source is a sum of u? = O(r~9)
and |q|?> = O(r=%7), with min{6,27} > 3. Its first radial derivative has the same bound
because ¢ € C1®. Finite angular type supplies any fixed number of angular derivatives.
The inverse lemma therefore gives the claimed second coefficient and, in particular, its
first differentiated asymptotic. No bound on higher radial derivatives of a general seed is
asserted here.

For (3.9), solve the homogeneous Dirichlet problem separately in its four boundary
modes. The homogeneous ODE gives v = O(r~3) with all differentiated versions. The
scaled components of the connection, B, and all their derivatives are bounded at infinity.
It follows that Hessv — Bv has O(r~3) components with all derivatives. Inductively, every
interior source in (3.7) is a sum of products containing at least two factors among lower
solution coefficients and ¢. It therefore has O(r~°%) decay with all derivatives. Another
application of the inverse lemma completes the induction through degree four.

Finally go — b = 2mor—3dn? 4+ O(r~°) in scaled components, with all derivatives. In
each positive degree the only =2 term in (1 + Zejuj)4 —1is 47“_3@-; products of two
solution coefficients are O(r~%). This proves (3.10). At p = 2, the derivative count is two
for coefficient one and one for coefficient two, both already established. At p = 4 all the
needed derivatives are available from the stronger case. O

3.3 An exact Green formula for the mass
Define the test functions
Wy =N, Wi=rz; (1<i<3). (3.11)
The background identities and the radial equation give
LWy =0,  LW; =—3mor 2z;. (3.12)

Lemma 3.3 (Green representation of the mass). For every sufficiently small member of
the actual branch,

20 = 2u(0) = 5 { [0, ~ W00 g, — [ (WuLis = oLW,) AV, }. (3.13)

In particular the right-hand side is an absolutely convergent integral expression. More
generally the linear functional

1
Gu(u, F,B) = o { /S (WD W, — W, B) dAg, - /M(WMF —uLW,) dVgO} (3.14)

10



is bounded in the norms |ullg + ||F'll2p + || Bl|co(s). For finite angular type coefficient jets,
this same functional computes the coefficient of their metric mass.

Proof. First fix €; no parameter limit is taken in this argument. The assumed weighted
regularity gives 1, V%) = O(r~7). The difference between the actual metric perturbation
#*go — go and 41)b consists of terms with scaled components and first derivatives

O(r) + O(r ™).

Indeed ¢* — 1 — 49 = O(3?) and go — b = O1(r—3). Since a mass test function and its
derivative have size O(r) and the sphere area has size O(7?), these terms give flux errors

O3 2"+ 0(r ™) — 0. (3.15)
For the tensor 4¢b in dimension three,
divy(44b) — d try(4epd) = —8de,

and the remaining two terms of the prescribed mass integrand add 8t dV),. Thus the flux
difference is 1/(27) times the flux of v grad, V,, — V), grad, 1. Replacing the hyperbolic
normal by ds produces a vanishing error since the relative normal change is O(r~3). For the
time test, replacing v/1 + 72 by N also produces a vanishing error, because their difference
and its first radial derivative are O(r~2). The sphere area forms are the same.

The go divergence of ¥ grad W, — W), grad v is LW, — W, L1). Apply the divergence
theorem to [0, T x S2. The outward normal of this integration domain at its inner boundary
is —0s, yielding exactly the sign of the boundary term in (3.13). Finally Ly = O(r~27) by
(3.6); hence the bulk integrals converge, and T" — oo proves the identity.

For the asserted boundedness, W, = O(e®) and dV,, = O(e?**) dsdw. The W, F term
is dominated by a constant times

1 2522,

which is integrable by (3.1). The uLW; term is dominated by C|lu ge=?¢, and LW, = 0.
The boundary terms are bounded by the stated norms. For finite coefficient jets, apply
the same finite-radius identity coeflicientwise. Lemma 3.2 supplies their differentiated
asymptotics, and all nonlinear coefficient products discarded from the flux are O(r~%) with
first derivatives. Thus their coefficient flux is also (3.14). O

3.4 Approximation on the full space of seeds

Let 7, o denote the real vector space of smooth TT tensors in C1®. No boundary sign is
imposed on this space. We shall construct coefficient functionals on it even when no actual
branch is being considered.

Lemma 3.4 (Rotation approximation and coefficient continuity). Every q € 7, is a
limit, in || - ||3, of finite angular type tensors q, € Iro. The approzimants may be chosen
as averages of rotated copies of q. Their weighted norms are uniformly bounded, and the
construction preserves a nonnegative boundary value qss|s when that condition holds.

The maps q — u1[q] and q — us2[q] defined for finite angular type seeds extend uniquely
by these approzimations to continuous, respectively linear and quadratic, maps on Iz o with
values in the weighted uniform norm. The corresponding pairs (Fj, B;) in (3.8) extend
continuously in the norms || - |25 and || - [|co(s)-

11



Proof. Let U(R)q denote the pullback by a rotation R € SO(3), and let dR be normalized
invariant volume. Define

1+trR>”

iy (R) = ( ;

/ by dR = 1, qyz/ b (R)U(R)qdR.
S0(3) 50(3)

The expression raised to the power v lies in [0, 1] and attains one only at the identity. The
normalized densities therefore concentrate there. To verify this directly, outside any fixed
neighborhood their base is at most 1 — §, whereas on a smaller neighborhood of positive
volume it is at least 1 — §/2; the ratio of the corresponding integrals tends to zero.

The map R — U(R)q is continuous in || - [[g. On a compact part of M this follows from
smoothness. On the tail, the bound Ce~("=5)% is uniform in R, so the strict weight margin
controls it. Concentration gives ||, — ¢||g — 0. Rotations preserve gy, the end background,
and s. They commute with trace and divergence and preserve the weighted regularity.
Consequently each average is smooth and T'T, with the asserted uniform bounds. They also
preserve the radial normal, so positivity of ¢ss|s is retained by the nonnegative average.

For fixed v, the density is a polynomial in matrix entries. After a change of integration
variable, the rotation orbit of ¢, depends on translates of this polynomial. These translates
lie in a finite-dimensional polynomial space; their coefficients multiply finitely many fixed
averaged tensors. Thus g, has finite angular type.

It remains to check that the coefficient limits are independent of the approximation.
On a bounded set in ||g||g, comparison applied to (3.8) gives, for finite type seeds g, g,

luila] = uilgllls < Cllg = dlls,

| F2lq] — F2[d]ll2s + || B2la] — B2[dllcocsy < Cllg — 4l
[uz(g] — u2[dllls < Cllg — qllg-

Here the elementary product estimate is

llal* = 13ll5 < (llalls + lalls)la — dlls-

The comparison constant has no angular-cutoff dependence. These estimates prove existence,
uniqueness, and continuity of the limits in the complete weighted uniform space. Formula
(3.8) preserves their linear and quadratic dependence. No derivative convergence of the
limiting coefficients is needed in this construction or in the mass functional. O

3.5 Actual expansions and mass coefficients

Proposition 3.5 (Expansions of the given branch). For every prescribed seed and branch
in the theorem, set p = 2 and take u;, F}j, Bj from Lemma 5.4. If the seed has the form
(3.9), we may instead take p = 4 with the finite coefficient construction. In both cases,

p
=Y ujl| =0,
j:l ,3

p
Ly =Y €F| =0,
Jj=1 23

p
dsls — > _ € B; = O(ePth). (3.16)
=t o)
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The area and all four mass components have actual expansions to the same order. Their
mass coefficients are

ailal = Gu(uj, Fj, By),  pule) = pu(0) + D ay la] + O("*). (3.17)
j=1

In particular, the actual deficit satisfies
D,(e) = calg)e® + O(€%) (3.18)

for every seed under consideration. The coefficient co is a continuous quadratic form on
Tra i the || - || topology, invariant under rotations. For seeds of the form (3.9) there is
additionally the actual expansion

D,(€) = calq)e® + c3lq)e® + calg)e* + O(€). (3.19)

The subsequent geometric arguments determine the signs and the vanishing of these coeffi-
cients.

Proof. Initial estimate. The given convergence of 1 in C2“ implies that |[1)||co is small.
Write A(v)) = Vi1, extending the quotient by zero at ) = 0. Then ||Vy||co = o(1). Moving
this term to the potential in (3.6) leaves an interior source bounded by Ce2e~27* and
boundary derivative bounded by Ce. Since 1) = o(e™?%), Lemma 3.1 gives

[z = OC(e). (3.20)

Finite angular type seeds. Suppose first that the needed coefficients have been con-
structed by (3.7). The first bound (3.20) starts an induction. If

1 = Pi-1lls = O(e),

then 1 and P;_1 are both O(ee*/gs ). For such arguments, the mean value theorem applied
to (3.5) gives

Neq() = Neg(Pj1)| < Cee P |ip — Pj_q| = O(dH1e™259).

Taylor substitution into the finite polynomial P;_; leaves an error of this same order after
its coefficients through degree j are extracted. Every interior term contains at least two
decaying factors, counting the factor @) as two. On S,

|Be,g(1) — Beg(Pj—1)| < Ce|p — Pj_1| = O(€j+1)’

and the boundary Taylor error has the same order. Thus v — P; has interior source
O(e/1e728%) and boundary derivative O(e/T1). Tt is o(e™?*) at infinity, so comparison
improves its weighted norm to O(e/T!). This proves all three assertions in (3.16) inductively
through the required degree. In particular, it proves the fourth-order assertions in the
special case (3.9).

Arbitrary seeds through degree two. Let g, be the approximants of Lemma 3.4, and
put d, = ||l¢ — qv||g. Write w;,, F},, B;, for their coefficients. These have uniform bounds
in the norms of that lemma. We compare them directly with the given branch for ¢; no
branch for g, is introduced. Using (3.20), the equation for 1) — eus, has source O(e2e~2%)
and boundary derivative O(ed,, + €2). Hence

[t — eur g < Cled, + €2). (3.21)
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Expanding the nonlinearities once more, formula (3.8) and (3.21) imply

(| Lap — 62F2,y”25 < C(ezdy + 63),
105¢|s — €B1y — € Byl cosy < C(e + €%)dy, + €%). (3.22)

For clarity, the only quadratic interior discrepancies are 12 — e2u? 1, and € (Qq Qg );
their weighted norms are bounded by the first right-hand side. At the boundary the linear
discrepancy is €(hq — hg,)/4, and the next one contains ehg) — 62hquu1,y, producing exactly
the second bound. All remaining terms are cubic with the stated weights. Comparison
applied to ¥ — euy, — 62’LL2,1, now gives

9 — eur,, — 62u2,1/||,6’ < C((e + 62)dv + 63)'

The constants are independent of v. Letting ¥ — oo and using coefficient continuity proves
the full three estimates (3.16) for p = 2 and the original arbitrary seed.

Mass, area, and the deficit. Apply the bounded functional in Lemma 3.3 to the three
remainders. This proves (3.17) directly. The area is the compact-boundary integral

_ 4
A, = /S(1+1/1) dA,,.

so its expansion follows from the first remainder alone. If A, = Ag + €A; + €245 + O(3),
then

Al =4 / wdd,, A= / (dug + 6u2) dA,,
S S

The mass norm is smooth near (mg,0,0,0) and b, is smooth near Ay = 4wa?. Their
expansions therefore have the same controlled remainders. The constant deficit is zero.
Also F1 =0, N|s =0, 9sN|s = K, and LN = 0, so

i /u1 dAg, = .(Ag)A;.

ap1 =
o

The spatial mass components have zero base value and first enter the mass norm quadrati-
cally. This proves that the linear deficit coefficient vanishes.
In degree two the scalar expression is explicitly

calq] = agy — —— Za,l b, (Ag)Ay — fb”(AO)AQ (3.23)

Lemma 3.4 and the bounded Green functional show that this is a continuous quadratic form
on the entire formal seed space 7;,. Formula (3.23) uses only the coefficient functions
and absolutely convergent Green integrals; it does not assume a geometric integral formula
for arbitrary seeds. Rotations leave the area invariant, fix the time mass component, and
rotate the three spatial components. Thus ¢y is rotation invariant. The identical finite
coefficient argument through degree four proves (3.19). O

Remark 3.6. The derivative control used in (3.15) comes from each actual member’s
assumed C>% decay. It is not a consequence of the weighted uniform Taylor estimates.
The radius limit is taken for each fixed member to obtain the exact identity (3.13); only
then are its integrals expanded. Similarly, each finite angular type coefficient is identified
with its own flux before passing to an approximant limit in the bounded functional (3.14).
No uniform convergence of discarded derivative flux errors in either parameter or angular
cutoff is used.
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4 CMC sphere jets and their Hawking mass

We use the finite Taylor conventions of Section 2.3. Taylor expansions of inverses, composi-
tions, and other smooth geometric operations at a rotation-invariant background preserve
finite angular type at each fixed order: each coefficient uses only finitely many linear
differential operations and tensor products.

4.1 The sphere construction
In the end put n = arsinh r, so that
b= dn? +sinh?no.

An estimate for a tensor below refers to its components in scaled coframes dn, r dz?, in
fixed smooth angular coordinate charts. A differentiated little-oh estimate includes all
mixed radial and angular derivatives of the stated total order.

Proposition 4.1 (CMC sphere jets). Let p > 1, and let G be a smooth Riemannian metric
jet of order p, with base Gy = go, whose coefficients have finite angular type. Suppose that
there are angular scalar jets C, E, with Cy = 2mqg and Eq = 0, such that

G —b=r"3(Cdn*+ Er?c) +o(r ). (4.1)

For the coefficient of degree 7, 1 < j < p, suppose that the remainder satisfies this estimate
after every mized radial and angular derivative of total order at most p — j + 1.

There is a smooth family of sphere jets ¥, 0 < s < 0o, given by graphs over {s} x S2,
with the following properties:

(i) X5 has constant outward mean curvature through order p, and ¥g is minimal through
that order.

(ii) The graph coefficients have finite angular type. The normal lapse [ for variation in s
has base value fy=1.

(iii) If A(s) and H(s) are the area and mean curvature jets, then the CMC Hawking mass

Afs) (1 C(H() - 4>A<s>> w2

ma(3s) =\ T4

satisfies, coefficientwise,

3
Jim mpr(Xs) = man(G) = «?O(G)Q - ZPi(G)Q- (4.3)

Here p,(G) is the coefficientwise flux (2.8), and the square root is its formal branch
with base value mg > 0.

The expression (4.2) is the CMC specialization of the asymptotically hyperbolic Hawking
mass used in [Amb15, Equation (2)]. The proof below checks its limiting normalization
against (2.8) directly.

Proof. We first solve the Jacobi equations on finite radial intervals. At infinity, hyperbolic
boosts account for the order-one degree-one displacement. The asymptotic CMC equation
selects a frame in which the spatial mass components vanish. We then choose the free
graph means to join those spheres to the minimal first leaf.
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The graph equation on finite radial intervals. For a normal variation with speed w,
the mean-curvature variation is

Jw = —Asw — (Ricg(v,v) + [TI]*)w. (4.4)

Indeed, the induced metric varies by 2wll, the variation of the unit normal is — grady, w,
and differentiation of the second form gives the Hessian term, the ambient curvature term,
and the quadratic second-form term. Tracing, including the variation of the inverse induced
metric, gives (4.4). A tangential velocity adds the directional derivative of H.

For a background coordinate sphere, Hy = 2N/r and

_ 2m 2N?
Ricg,(0s,05) = =2 — —5°,  [I]* = =5~
r r
Thus its Jacobi operator is
2 6my
Jg — _A’I’QO' - ’)"72 7"73 (45)
On degree-¢ spherical harmonics its eigenvalue is
Ll+1)—2 6m
Ae(s) = ( T2) + r30. (4.6)

It is strictly positive on every nonconstant mode. In particular, the degree-one eigenvalue
is 6mg/r® > 0. At s = 0, using 2mg = a(1 + a?), the constant eigenvalue is
2 6m 1 2K

—ata Tt as
and hence JJ = D, positive on all modes.

Write a graph as s + p(s, z;€), with pg = 0. At degree j, its mean-curvature coefficient
is

Jopj +Rj(s, ),

where R; is known from the metric coefficients and the lower graph coefficients. To make
the first sphere minimal, solve this equation at s = 0 with right-hand side zero, using D~".
At general s, prescribe any smooth round mean for p; that agrees with this value at zero,
and solve the projection of the equation onto the nonconstant modes. The operator (4.5)
preserves the splitting into constants and nonconstants, so the latter equation has a unique
solution. At each order it is a finite-dimensional linear equation with a smooth invertible
coefficient matrix at every finite radius. This produces smooth coefficients on each finite
interval. Induction also shows that the resulting graph at zero is exactly the minimal graph
jet already constructed there. The constant eigenvalue need not be inverted away from
Zero.

The flux aspect. For an angular scalar F, write (F), = (47)7! [¢2 F dA,. The asymp-
totic form (4.1) gives

_ C+3F
=G

Here 1 denotes only a flux aspect. To verify the formula directly, let e = G — b. Its leading
trace is (C' + 2E)r—3, and its radial divergence-minus-trace derivative is

(po(G),pl(G),pQ(G),pg(G)) - <,u(x)(1,a:))a, 2 (47)

(divye — dtrye)(0y) = 2cothn(C — E)r~3 — 20,(Er~3) + o(r—?)
= (2C + 4E)r—3 4+ o(r3).
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For Vo = V1472 or V; = ra;, let v =1 or z;, respectively. Both V' and 9,V have leading
term 7v. The terms (trye)dV — e(grad, V,-) add 2Evr=2 + o(r~2) to the normal flux
integrand. The total is therefore (2C + 6 E)vr=2 + o(r~2). Multiplying by 72dA, /(167)
proves (4.7). The first differentiated remainder assumed in (4.1) makes every omitted flux
integral tend to zero.

Boosted coordinates. Realize hyperbolic space as
(coshn,sinhnz) C R,

Let B(d) be the exponential of the Lorentz Lie-algebra matrix with time-space entries
d € R? and zero spatial rotation part. Thus B(0) is the identity. Write its action on future
null vectors as

B(d)(1,2) = k(z)(1, y(x))- (4.8)

For small d, k > 0. In pullback coordinates the old radius is kr + O(r~!), the old radial
distance is 7 + log k + O(r~2), and the old radial unit covector agrees with the new one up
to O(r~1) in hyperbolic norm. These statements, including all their needed derivatives,
follow by applying the matrix B(d) to the displayed hyperboloid coordinates. Since B(d)
preserves b, the leading coefficients of its pullback of G are

Cy=k3Coy, E;=k3FEouy. (4.9)

For example, the angular part of dlog k has hyperbolic norm O(r~1); it therefore changes
neither leading scaled diagonal coefficient in (4.1).

Differentiating (4.8) tangentially and taking Minkowski inner products gives y*o = k~20.
Consequently dA,(y) = k~2dA, (z), and (1,2) = kB(d)~*(1,y). Changing angular variables
proves the exact leading-flux transformation

(K *uy)(1,2)) = B(d)~ (u(@)(1,2)), - (4.10)

This establishes the needed covariance directly for the specified flux.

The asymptotic CMC equation. For large s, put R = r(s) and ng = arsinh R. In
the coordinates obtained from B(d), seek a graph

UZ??R-i-hg), (4.11)

where d and h are jets with zero base values, and every coefficient of h has zero constant and
degree-one components. The parameters d, h are held fixed when computing an individual
leaf. We claim, coefficientwise for bounded input jets in fixed finite angular spaces, that

R3(H — 2cothng) = —(Ay +2)h — (Cyq + 3E4) + o(1). (4.12)
Here are the estimates underlying this claim. In b, the unit normal to (4.11) is

0, —r~2grad,(h/R)
VI+r2[d(h/R)Z

Its divergence gives

Hy, =2cothng — R73(Ag +2)h + O(R™Y).
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Indeed the slope has hyperbolic norm O(R~2), its normalization differs from one by O(R™%),
and the second Taylor term in 2 coth(ng + h/R) is O(R™*). These estimates hold for every
coefficient of the finite Taylor expansion when the input coefficients are bounded.

On an unshifted sphere the perturbation in (4.1), after boosting, changes the radial
lapse by CqR™3/2 + o(R™3). This contributes —C4R™3 + o(R™3) to H. The relative
area density changes by EqR™3 + o(R™3); its radial logarithmic derivative contributes
—3E4R3 +0(R™3). The mixed components in the remainder contribute o(R~3), including
their tangential-divergence term. For completeness, on a fixed surface the comparison
between two metrics b and g is

IL(X,Y) = G, ) I(X, Y) — §(v5, (V9 — VO)xY).

It follows by splitting V&Y into its tangential and normal parts and using normal or-
thogonality. After tracing, the linear metric correction depends smoothly on the tangent
plane, the background shape operator, and the scaled components of § — b, V®(§ — b).
The slope of (4.11) tends to zero, and its background shape operator differs by o(1) from
that of a coordinate sphere. Its displacement is O(R~!) in radial distance. The leading
metric correction on that graph is consequently still —(Cy + 3E;)R~3. Quadratic metric
corrections are O(R~°). This proves (4.12).

The estimate just proved also justifies its use at every Taylor order through p. A
coefficient of G of degree j can undergo at most p — j spatial differentiations from Taylor
composition with the graph and the boost. Mean curvature requires one additional
derivative of the metric. Thus the mixed derivative allowance p — j + 1 in (4.1) controls
the coefficient of every remainder after multiplication by R3. The base gg has the required
bounds to all orders. Angular differential operators cause no further restriction within
a fixed finite-dimensional angular space. More explicitly, denote the degree-j residual in
(4.1) by &;, and set

wi(R) = max sup
i (R) atb<p—j+1 ;>pR/2

b (,.3 pscaled
A
Then wj(R) — 0. For every n < p, bounded coefficients of d, h in fixed finite angular spaces
give the estimate

|[B*(H = 2cothig) + (Ag + 2)h + Cy + 3Ed]nHoo < Chyu (Rl + ij(R)> .
j=1

Here V denotes the finitely many angular spaces and M a bound for the input coefficients;
the fixed metric coefficients may also enter the constant. The explicit base residual is O(r—°)
with all derivatives and is included in the R~ bound. The preceding graph estimates, the
product rule, and the derivative count prove this estimate term by term. It is an estimate
for Taylor coefficients, exactly as needed for the recursion.

Solving the rescaled equation. Project R3(H — 2 cothnr) onto the nonconstant modes
and set the projection equal to zero, through order p. At the background, the finite-radius
linearization preserves the splitting between the A-modes, of degrees at least two, and the

three boost modes. Set
V1+ R?

“B=TNR)
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A graph variation h/R in n has physical normal displacement arh/R. Equations (4.5)—(4.6)
give its exact degree-f multiplier in the rescaled equation:

ap(l(l+1) —2+6mo/R),  €>2. (4.13)

An infinitesimal boost has n-displacement d - z. Its physical normal displacement is agrd - x,
so its multiplier is 6moag. These blocks converge respectively to £(£+ 1) —2 and 6mg, both
invertible. Equivalently, the latter sign and coefficient follow by differentiating 2mok =3 in
(4.12), since k = 1 +d -z + O(|d|?).

At each Taylor order only fixed finite angular spaces are involved. In particular, the
Taylor coefficients at d = 0 of the boost map and its compositions are finite sums of
coordinate functions and angular derivatives of the given profiles. This assertion concerns
the finite Taylor expansion: it does not require a finite harmonic cutoff to be preserved by
a finite nonzero boost. One can see the closure directly from the infinitesimal boost field

Ko = (a- )0, + cothn grad,(a - x).

It follows by differentiating the hyperboloid coordinates. Its Lie derivative, repeated finitely
many times, uses only radial derivatives, angular derivatives, and multiplication by degree-
one profiles, also for tensor fields. It follows that the inverses of the finite-dimensional
blocks above are bounded for all sufficiently large R and converge as R — oo.

Now solve successively for the coefficients of h,d. At each order their linear operator
is the displayed background linearization. The remaining source depends only on lower
solved coefficients and the prescribed metric coefficients. Equation (4.12), with its uniform
coefficientwise remainder estimate, shows inductively that this source converges once
the lower coefficients do. The converging inverse then gives bounded coefficients of h, d
with limits. This starts at degree one and proves the assertion through order p. Smooth
dependence on s follows at every finite radius from the smooth finite-dimensional equations.

In original coordinates these spheres are graph jets over the background sphere: the
angular map has identity as base and can be inverted formally. Their round mean graph
heights are smooth scalar functions of s. Choose the free means in the finite-radius
recursion to agree with these functions for all sufficiently large s, and to agree with the
minimal graph’s means at zero, using a smooth interpolation. Inductive uniqueness of
the nonconstant graph coefficients makes the resulting recursion coincide with the far
construction. This gives the family on the whole half-line. Its base is the coordinate-sphere
family, so its lapse has base one.

The Hawking mass limit. Let d,, be the coefficientwise limiting boost. The degree-one
projection of (4.12) gives

(Hdoowi), = 0, pa = (Ca+3Eq)/2.

Writing
Hy(R) = 2cothng, Br = R3(H — Hy(R)),

the round average of that same equation gives
Br = —2<,ud>0 + 0(1)
The area of (4.11) satisfies

A
AT R2

=1+46r, dgp=O0(R? (4.14)
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coefficientwise. To see the relevant cancellation, the relative hyperbolic area density is
h -2
1+200thnR§+O(R ),

and the metric correction is O(R~3). The sole possible relative term of order R~! integrates
to zero because every coefficient of h has zero round mean.
Since Hy(R)? — 4 = 4/R?, direct substitution into (4.2) gives

my = — RTéR\/l +0p — Hb(?&Q(l +0R)%/?

BQ
- 87}2}%(1 +6r)%2.

Therefore
im mpy(Ss) = (Hdo o

S—00

By (4.10), this last scalar is the time component of B(ds )~ !p(G), whose spatial components
vanish. Lorentz invariance and its positive base value mg identify it with the formal square
root in (4.3). O

Remark 4.2. For the conformal jets used in the quadratic argument, the coefficient of
degree one solves a homogeneous finite-mode equation Lu = 0; Lemma 3.1 gives all its
differentiated asymptotics. The degree-two coefficient needs only the first differentiated
asymptotic in Proposition 4.1, which is supplied by the given C1* decay of a finite-angular-
type seed and the same radial equation. The fourth-order construction will be used only
after the seed has been reduced to Q(v) = Hessv — Bv, with v a homogeneous solution
containing only constant and degree-one angular modes. Then all spatially differentiated
decay estimates needed above hold. These are distinct uses of the proposition; higher radial
decay derivatives of an arbitrary seed are not required.

4.2 The Hawking variation identity

On the sphere jets of Proposition 4.1, write
1 _ _
s

Here averages are with respect to the induced metric; the round average retains the
subscript 0. Let J be the full Jacobi operator (4.4), and let II° be the tracefree second
fundamental form.

Lemma 4.3 (CMC Hawking variation). The following identity holds through the order of
the sphere and metric jets:

d [ A HA[,/Scalg+6+|II°2\ 1
T = 1o ae [f< 5 >+f<5fJ5f>]. (4.15)

Proof. The area and mean-curvature variation formulas give

A = AHY, H =Jf.

The latter is a constant on each leaf; any tangential transport term vanishes since H is
constant there. For brevity put
Am 3H? _ Scalg 46 + [1I°]?

c=A AT e 2
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Differentiation of (4.2) gives

A HA
mly = ,/mﬂgﬂ(f H). (4.16)

The Gauss equation and |II|? = H?2/2 + [11°|? imply

3H?
Jl_KE+3_T_QH7

where K is intrinsic Gauss curvature. The sphere jets have [ Ky dAg = 47 coefficientwise.
One can verify this without a limiting argument: the variation of integrated scalar curvature
on a closed two-dimensional metric is the integral of a divergence minus its variation tensor
paired with Ric —% Scal g. The latter tensor is zero in dimension two, so that integral is
constant under every variation and equals its round value. Applying the same identity to
the Taylor coefficients proves the assertion for jets. Consequently

(J1) = ¢ —(Qn).

The operator J is self-adjoint on the closed leaf. Since (§f) = 0 and Jf = H' is
constant,

H = f(c—(Qm)) + (0f J1),
0=(8fJf) = f(of J1) +(3f J&f).

The scalar jet f is invertible because its base value is one. Eliminating the common term
gives

cf —H'= f(Qu) + [1(3f J5F).
Substitution into (4.16) proves the identity. All calculations may first be made on a
compact radial interval. Smooth representatives of the metric and graph jets realize the
ordinary geometric variation identities there, and the imposed CMC identities hold to the
required Taylor order. O

4.3 The first nonzero coefficient

Proposition 4.4 (Leading coefficient as a positive integral). Use the construction of
Proposition 4.1 through order 21, where l > 1, and let Ajeas = A(0) be the area jet of its
minimal first leaf. Suppose, as ambient and leafwise coefficient identities, respectively, that

Scalg +6 = € |k[2 + O(?M),  II°=€U+O0(e),  6f = F+0(e). (4.17)

Here k is a smooth tensor on M ; the fields U, F on the background spheres are identified
with fields on M. Then every coefficient below degree 21 of may(G) — b (Ajeas) vanishes,
and

[mAH(G) - b* (Aleaf)] 21

L oo 418
7/ N(s)/ (1P + (U2 + 2P J2F) dAg, ds > 0. (4.18)
0 {s}xS2

~ 167

All norms in this formula use the background metrics. The displayed iterated integral is
finite. If it vanishes, then k,U, F' vanish for s > 0, and also at the boundary by continuity.
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Proof. The first nonzero coefficient F' has zero round mean on each background sphere:
extract degree [ from fEs 0f dAg = 0, using the vanishing of all lower coefficients of J f.
Every term in the bracket in (4.15) starts at degree 2I. At that degree, all exterior factors
can therefore be evaluated at the background:

= | A
A0:4ﬂ'7‘2, H0:2N/7”, f():l, %H():N
™

The same reasoning evaluates the norms, the induced measure, and the Jacobi operator
inside the leading terms at the background. Composing the ambient scalar coefficient with
a graph displacement changes only higher degrees. It follows that

N(s
il = ook [ K+ WP 2P 2Py, (1.19)

and all lower coefficient derivatives vanish.
The integrand in (4.19) is nonnegative after sphere integration. Indeed, on the mean-zero

field F,
(l+1)—2  6mg
; = 2
/{S}st FJOF dA,, —;( Tt > 1Eell3 2,20

Only finitely many modes occur, and every displayed eigenvalue is strictly positive at a
finite radius. Also N(s) > 0 for s > 0.

For any finite T, integrate the coefficient identities on [0, 7. The first leaf is minimal
to the required order, so mpg(Xg) = bi(Aear) through that order. The coefficientwise
endpoint limits exist by (4.3). For degree 2[, the right-hand side of the integrated (4.19)
is an increasing function of T' and its limit equals the finite limiting endpoint coefficient.
This proves both its convergence and (4.18). For lower degrees the integrated derivative is
zero, proving their claimed vanishing.

This order of operations uses only smooth jets on finite radial intervals and coefficientwise
endpoint limits. In particular, convergence of the derivatives of the asymptotic graph
coefficients or of their lapse is not needed to obtain the integral’s convergence. If the
integral is zero, each of its continuous nonnegative sphere-integrated summands is zero for
every s > 0. The positivity just established forces k = U = F = 0 there. Smoothness gives
their boundary values. O

5 The quadratic estimate and its complete kernel

All contractions in this section, unless a different metric is indicated, use gg. We write
dVy and dAg for its volume form and its induced area form. A function appearing in an
integral over S is understood to be restricted to S. Introduce

Q(v) = Hessgy v — vB.

The boundary normal n = 05 points into M; the outward normal of the domain M along
its inner boundary is therefore —n.
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Lemma 5.1 (The weighted TT square identity). Let k be a smooth TT tensor of finite
angular type, with decay k = O(r~7) for some v > 3/2. Let v be the decaying solution of

Lv=0, v|sg=D " (ksls). (5.1)

Then Q(v) is TT, Q(v)ss|s = kss|s, and
/ N|k[*dVy — /{/ vDv dAg :/ Nk — Q(v)|? dVj. (5.2)
M S M

All integrals in this identity converge. In particular, no sign assumption on kss|s is needed.

Proof. The operator D = —Ag + 2k/a is strictly positive on all spherical harmonics.
Lemma 3.1, applied to the finitely many modes of the boundary datum, gives the unique
solution of (5.1); it has v = O(r~3) with the differentiated asymptotics needed below.

The background identities tr B = 3, div B = 0, and B = Ricgy, +3go imply, by commut-
ing the derivatives of a function,

trQ(v) = Av — 3v = Lv, (divQ(v)); = V;Av + (Ric;; —Byj)V/v = V; Lv.

Thus Q(v) is TT. Since S is totally geodesic, the tangential trace of Hessv on S is Agwv.
Moreover By(0) = k/a. Taking the tangential trace of Q(v) and using its vanishing full
trace therefore yields

Q(v)ssls = —Agv + 2(k/a)v = Dw. (5.3)

Set w = Ndv — vdN. With the averaged convention for the symmetric gradient,
sym Vw = (Vw;+V,w;)/2, the mixed products cancel and the static identity Hess N = NB
gives

sym Vw = N Hessv — vHess N = NQ(v).

Symmetry and vanishing divergence of k consequently give, on Mp = {0 < s < s(R)},

N(k,Q(v))dVO:/ k(v, w?) dAg.

Mg OMp

On S, N = 0 and AN = kds, so that w! = —kvn. Since v = —n there, the inner
contribution is +x [q vkss dAg. At infinity, |w| = O(r~2), and hence the outer contribution
is O(r~7) and tends to zero. We obtain

/ N{k,Qv))dVy = n/ vkss dAg = Ii/ vDv dAy. (5.4)
M S S

The same calculation with k replaced by Q(v) gives [, N|Q(v)[*dVy = k [gvDvdAy.
Expanding the square proves (5.2). Finally, NdVp has radial size O(r®)dsdA,, so the
integral of N |k|? converges because 2y > 3. The stronger decay of Q(v) gives all remaining
convergence assertions. O

5.1 The boundary area correction

For the moment let ¢ have finite angular type, and use the conformal metric jet g = ¢%go
through order two. Write u = w1 [q], so that Lu = 0 and us|s = ¢ss/4. Apply Proposition 4.1,
and let Ajear denote the area of its first, minimal Taylor leaf. This notation concerns that
formal leaf alone; it is not an enclosing-area infimum. Let

U=,  F=I[f-fh,
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where f is the lapse and f its area average on each leaf. Thus F has zero round mean on
each background sphere.

Let v solve (5.1) with k = ¢q. At the fixed boundary, the conformal boundary equation
gives

Hy(S) = e 8qss.

If hy is the first normal height of the minimal Taylor leaf, its mean-curvature equation is
Dh1+QSs:07 hlz_v’S-

The height difference from that leaf to S is therefore ev|s + O(e?). Area has zero first
variation at a minimal leaf, and its Hessian at the base sphere is D. Taylor expansion
about the minimal leaf gives

2
A(S) — Ajear = %/S’UDU dAg + O(e®) as an identity of jets. (5.5)

Indeed, a first-order perturbation of the area Hessian would multiply two first-order
displacements and first enter order three. The first variation at the minimal Taylor leaf
vanishes to the order needed. This reasoning also applies when its leading displacement
points across the boundary: it uses only the smooth boundary jets and their Taylor
extension, as in the construction of the formal leaves.

Proposition 5.2 (The quadratic deficit). On the real linear space of all smooth TT seeds
with the prescribed decay, the first deficit coefficient is zero and the second coefficient ca[q]
s a continuous, rotation-invariant, nonnegative quadratic form. For a finite-angular-type
seed it is given by

old = 1= [ N (la= Q)P + [P +2FJ2F) v, .
5.6
2
T = By L
r T

The last term is integrated on the spheres before radial integration. For every actual branch
in Theorem 2.1,
Dy(e) = ealale? + o). (5.7)

In particular, ca[q) > 0 implies a strictly positive deficit for all sufficiently small positive €.

Proof. For a finite-angular-type seed the scalar constraint gives Scal, +6 = e2q|? + O(e).
Proposition 4.4, with [ = 1, shows that the constant and first coefficients of the mass norm
minus by (Ajear) vanish, and that its second coefficient is

16/ (Ig)* + |U)? + 2FJ°F) dV,.

The areas in (5.5) agree through order one, so the first coefficient of the original deficit
is also zero. Since b/, (4ma?) = k/(87), the contribution to its second coefficient from that
area difference is —k(167) ! [vDvdAg. Lemma 5.1 now proves (5.6) with precisely the
displayed factor and sign.

On a spherical harmonic with —A,, eigenvalue A > 2, the eigenvalue of J? is

A—2 6m0




Thus its quadratic form is strictly positive on mean-zero functions at every finite s, and
N > 0 for s > 0. This proves nonnegativity for finite-angular-type seeds without any
boundary sign restriction.

Proposition 3.5 defines ¢ on the full real space 7, , of smooth TT seeds as a continuous,
rotation-invariant quadratic form, independently of branch existence and boundary sign,
and proves ¢; = 0. For an arbitrary seed ¢, take the finite-angular-type TT approximants
¢y from Lemma 3.4. The formula proved above gives c2[g,] > 0, and continuity in || - ||3
gives ca[g] > 0. Proposition 3.5 also supplies (5.7) for every prescribed actual branch. [

5.2 All null directions

Define the fixed vector space
K={Q(v): Lv=0, vdecays, wvl|g € spang{l,x1,z2,23}}. (5.8)

The decaying solutions in this definition have finite angular type and O(r~3) decay with
all the differentiated bounds obtained from their homogeneous radial equations.

Corollary 5.3 (The complete quadratic kernel). The kernel of co is exactly K, a four-
dimensional real vector space. In particular, the nonzero degree-one directions are genuine
quadratic null directions.

Proof. First suppose ¢ has finite angular type and c3[g] = 0. Equation (5.6) and the strict
positivity just proved imply

q=Q(v), U=0, F=0 ons>0. (5.9)

Smoothness extends these equalities to the boundary. Coordinate spheres are umbilic
under conformal changes of gg. At the base minimal sphere, the tracefree second-form
variation due to a normal height hq is —(Hessg h1)°: the radial curvature term is pure
trace. Since h; = —v|g, the vanishing of U|g implies (Hess,(v|g))® = 0. For completeness,
the divergence of this equation on the unit sphere gives d(A,v 4 2v) = 0. Subtracting the
mean reduces it to Hess,(v — v) = —(v — v)o. This equation determines its solution along
every geodesic from its value and differential at one point, and its solutions are precisely
the linear coordinate functions. Thus v|g is a constant plus a linear harmonic.

Uniqueness of the decaying Dirichlet problem for L then excludes every other angular
mode throughout M. Each degree-one radial coefficient is a multiple of the same decaying
solution of

N 2
V'+2—V' — (34 = |V =0. (5.10)
T 72

Hence g € K. Conversely, every element of I is null, as we now check; the conditions
U = F = 0 do not impose a further restriction on its degree-one part.

Take ¢ = Q(v) € K. The first conformal coefficient u also has only constant and linear
modes, by its Neumann equation and decaying uniqueness. Let h(s, z) be the first height
coefficient of the CMC spheres, and put p = N/r. Conformal variation of mean curvature
and first variation of the lapse give

[H]1 = JOh + 4(us — pu), [f]1 = hs + 2u. (5.11)

Here the second identity follows by taking the normal component of the velocity of the
graph s+ eh(s, x) in go + 4eugp. On the degree-one part, the CMC equation therefore fixes

23
h=——(us — . 5.12
(s = pu) (.12
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All formulas in the next calculation are componentwise on that part. The background
equations and (5.10) give

3mg 1 1 2myg 2
;) 2 " _ /
p—TT—ﬁ, p_1+7"72_7“73’ u-—2pu+<3—|—r2)u
Consequently,

1

7"7388 [r3(u' — pu)] = 3p(v/ — pu) + " — p'u — pu/

2 3m0
= (3 + i f — 3p2> U= (5.13)

It follows that hy = —2u on the degree-one part, so its lapse fluctuation vanishes. The

freely chosen radial mean of h changes [f]; only by a radial function, which disappears
upon subtracting the mean. Thus F' = 0 independently of the radial labeling.

At every background sphere, the tracefree second-form variation of these graphs is
—(Hess, 2, h)°; the conformal variation and radial curvature terms are pure trace. The
constant and linear modes of h have vanishing tracefree spherical Hessian, so U = 0 as well.
At S there is also exact agreement with the prescribed first minimal height: on degree one,

4ug(0)

Di="50  h(0) = —=5 = = ~u(0)

We already have ¢ = Q(v), and hence (5.6) proves cz[q] = 0. Existence and uniqueness for
each of the four boundary modes show that I has dimension at most four; it has dimension
exactly four because (5.3) and invertibility of D make the map from these boundary data
to Q(v) injective.

It remains to rule out additional null directions of arbitrary angular type. Let Z = {q :
c2[q] = 0} in the full smooth TT space. A nonnegative quadratic form has a linear kernel:
if ca[q] = 0, nonnegativity of co[q + th] for all real ¢ forces its polarized bilinear form to
vanish on (g, h) for every h. By Proposition 5.2, Z is also closed in | - |3 and invariant
under rotations. For g € Z, let ¢; be its polynomial rotational averages from Lemma 3.4.
Each such average is a norm limit of finite linear combinations of rotations of ¢; therefore
g; € Z. Each ¢; has finite angular type, so the preceding argument puts it in K. Since
¢j — ¢ in norm and the fixed finite-dimensional space K is closed in that norm, ¢ € K.
This proves the full assertion without applying a pointwise geometric limit to the CMC
fields U and F. O

Remark 5.4 (The boundary sign and the null space). If v|s = ¢+ d - z, then

QW)wls = Doc+ Did-x,  Do=2 Dy= 242800

a a a a
Thus Q(v)ss|s > 0 is equivalent to Dyc > Dq|d|. A nonzero pure dipole fails that condition,
but a sufficiently large positive radial component makes a mixed radial-dipole seed satisfy
it. This is a compatibility statement about seeds, not an existence claim for branches
satisfying outermostness and outer area-minimization. In particular, the boundary sign

cannot be used to discard the degree-one null directions from the proof.

6 Fourth order in the quadratic kernel

We now treat the kernel left by Proposition 5.2. A statement about a fourth-order jet is
an identity modulo €, in the conventions of Section 2.3; it does not assert the existence of
the corresponding geometric object at a nonzero parameter.
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Proposition 6.1 (The quartic coefficient). Suppose that ca|q] = 0. Write the representation
furnished by Corollary 5.3 as

q = Q(v) := Hessg, v — Bu, Lv =0, v =uvo(s) +vi(s,x),
where v1 has only degree-one spherical modes and v decays at infinity. Then

colg] = c1lq] = calg] = c3[g] =0,  calg] > 0.

If vi # 0, then calq] > 0. In particular, in that case the actual deficit D4(€) is strictly
positive for all sufficiently small positive €.

The proof has three steps. Lemmas 6.2 and 6.3 change the slice and compare its
boundary area with a minimal leaf, giving a quartic TT square. If that square van-
ishes, Sections 6.4-6.5 force the degree-one profile to vanish. The actual expansion from
Proposition 3.5 then proves the assertion for the given branch.

Throughout the proof we use the stronger decay supplied by the kernel representation.
The homogeneous separated equations for v, and Lemma 3.1, give O(r~3) decay with every
required derivative for v and ¢ = Q(v). The conformal coefficients through degree four
consequently have differentiated O(r~3) decay and finite angular type. Put

U= [¢e]17 Lu = 0.

We use the fourth-order jets of the original data g. = ¢*gg and K, = e¢-2q. Their initial
constraints and their boundary expansion equation hold as Taylor identities.

6.1 A change of slice at the level of jets

Lemma 6.2 (The corrected slice). There is a decaying finite-angular-type function w, with
wlg = 0, for which the following construction is defined through degree four. Formally
evolve the initial jets in Gaussian time and take the graph

T = —ev + w. (6.1)
The induced metric and future second fundamental form, denoted by g and IN(, satisfy

K =k +0(e%), trg, k =0, divg, k =0, (6.2)
_ 4 2 5
Scalz +6 = € |k[g, + O(€”). (6.3)

Here k = O(r=3), with all derivatives needed for the fourth-order CMC' construction.
Coefficientwise through degree four,

g—9e=0(r"" (6.4)

with the required differentiated bounds. Thus the mass covectors and their Lorentz norms
agree through that degree. Moreover,

(7 — ge]la = —2vq — Bv? — dv ® dv = — Hessy, (v?) + dv ® dv + Bv?. (6.5)

Proof. We give the formal evolution and its constraint justification before performing the
graph calculation. Write

g = _dtQ + ’Y(t)v 7(0) = e IC(O) = K,
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and determine a full formal time series recursively from

at’Y = 2]C)
0K = — Ricy =37y — (tr, K)K + 2K o, K. (6.6)

The coefficients take values in the ring of smooth spatial jets modulo €°. At each time order
the right side is a known spatial differential expression in previously determined coefficients,
so the recursion is well defined. A substitution ¢ = T' = O(e) uses only finitely many of
these coeflicients. Keeping a full time series here ensures that taking time derivatives never
treats an omitted time coefficient as zero.

Let H = tr, K. The time-index Christoffel symbols are

F’L] — K@], Ft] — ]C/Lj,
and direct contraction of the curvature gives

mij = Ric%ij +8tICZ-j + HK:Z'J' — Q(IC Oy ]C)ij,
mtt = — trv(ath) + |’C|3, mﬁ = (diV’y K:)l — @H (67)

Consequently E := Ric + 37 has E;; = 0. The initial Hamiltonian and momentum
constraints give Fy = FEy; = 0 at t = 0. For completeness, the Hamiltonian constraint is
Scal, +H? — |K|2 = —6; tracing (6.6) at t = 0 therefore gives tr, 9K = —3 +|K|2, which
proves the asserted tt equation with the required sign.

The contracted Bianchi identity propagates these remaining equations formally. Indeed,
if e= FEy and j; = Ey;, the trace reversal of £ has components

~

Ey=e/2, Ey = ji, Eij = evij/2.
Its vanishing divergence, evaluated with the displayed Christoffel symbols, is
Ore = 2div., j — 2He, Ouji = 10,e — Hy;. (6.8)

This homogeneous system determines each next time coefficient of (e, 7) from the preceding
ones. All coefficients vanish by induction. Thus

Ric = —3g (6.9)

as a formal time series modulo €.

There is no extension hypothesis hidden in this construction. The original coefficient
fields are smooth up to S, and their constraint residuals and all one-sided spatial derivatives
vanish there. The recursion and (6.8) therefore also hold in their spatial Taylor jets at
S. Each finite calculation below involves only finitely many such derivatives. They may,
if desired, be realized in a collar across S by their Taylor polynomials in s, to an order
larger than the differential order of that calculation. Curvature and its residual are formed
before substituting a displacement of order e. Their retained boundary jets vanish, so
the substitution is valid even when the leading displacement is negative. This neither
constructs nor uses an actual Einstein extension on the other side of S.

Gauss—Codazzi applied as a differential identity to any spacelike graph now gives

Scalgjice +6 = ‘Kslice’2 - (tr Kslice)2a diV(Kslice - (tr Kslice)gslice) = 0. (6-10)

Equivalently one can form Gaussian coordinates about that graph by the Taylor recursion
for its normal geodesics and use (6.7). Either interpretation needs only differential identities
of finite jets.
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We next compute the graph second form explicitly. With T; = 9,7, its tangent fields
are X; = 0; + T;0;, and its future unit normal is

B 8,5 + gradv(t) T

V1= AT

T
Using —g(nr, Vx, X;) gives

—~ K:Z'j (t) + (HeSSW(t) T)ij — T (Tﬂc% (t) + Tiji(t))

Kij =
Y1 14T,

The Hessian connection in this formula is taken at fixed time before evaluation at t = T'.
The induced metric is g = y(T") —dT @ dT.

At the background initial slice, £ = 0 and 9;C = —B. A first-order time displacement
b therefore changes the second form by Hessb — Bb = Q(b). Equation (6.1) gives

(6.11)

t=T

[K]1 =¢—Q(v) =0.

We choose w to remove the trace at the next degree. This can be done with an explicit
scalar source. Since [y(0)]; = 4ugo, the conformal Ricci variation and Lu = 0 give

[0:K(0)]1 = 2Hessu — 6ugo, [I£(0)]2 = —2uq.

At the background 92K(0) = 0: differentiating (6.6) there uses 9;y(0) = 0 and K(0) = 0.
Expanding (6.11) to degree two thus gives

k= Q(w) — 2uq — 2v Hess u + 6uvgo
+ 2du ® dv + 2dv ® du — 2(du, dv) ¢, go- (6.12)

In particular,
trg, k = Lw + 12uv — 2(du, dv),.

Choose the unique decaying solution of
Lw = 2(du, dv) g, — 12uv, w|g = 0. (6.13)

Its right side is O(r~%), with differentiated bounds, so Lemma 3.1 applies and gives
w = O(r—3) with the corresponding derivatives. Formula (6.12) gives the asserted decay
of k. The degree-two momentum equation in (6.10), together with try k = 0, gives
divg, k = 0.

The full transformed trace is O(e®). Its square consequently begins in degree six,

whereas .
\K% = 64\k|§0 + 0(65).

This proves (6.3); maximality at higher orders on the changed slice is not needed.
Finally,
A(T) = 4(0) = 2K(0)T + L27(0)T? + - -- .

In every retained coefficient the first term is O(r~°), and every subsequent term has at least
two decaying time-displacement factors multiplying bounded background time coefficients.
The recursion preserves these bounded differentiated estimates: in the scaled coframe
ds,r dx, the background connection and curvature, with their required derivatives, are
bounded; each coefficient is obtained by finitely many covariant differentiations, contractions,
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and inverse-metric Taylor operations from the smooth initial coefficients. The same bounds
hold for dT' ® dT, proving (6.4). An O(r=%) metric coefficient with its first covariant
derivative contributes O(r~3) to the integrated mass flux, since the test potentials and
their gradients are O(r) and the sphere area is O(r?). Thus the leading asymptotic data,
every mass component, and the mass norm are unchanged through degree four.

Since 92v(0) = —2B at the background, the degree-two difference is —2vq— Bv? —dv®@dv.
Substituting ¢ = Hessv — Bv and using Hess(v?) = 2v Hess v + 2dv ® dv proves (6.5). O

6.2 Transport of the boundary and its area

Lemma 6.3 (The null cut). For the changed slice of Lemma 6.2 there is a sphere jet St
based at S, such that

|5¥5 = [Slg. +O(e%), (6.14)
H:(S%) = €kssls + O(€%). (6.15)

Let Spin be the minimal Taylor leaf of the CMC' construction for g. Their height jets agree
through degree one. If
2= D7 (kssls), (6.16)

then the height of S* minus that of Smin is €22z + O(€%), and
5% — |Siminls = 1! /S 2Dz dA,, +O(&). (6.17)

These statements remain valid when some leading boundary displacements are negative.

Proof. On the original initial slice take the future outward null normal ¢ = ngytue + v to S.
Its affinely parametrized null geodesics determine a null hypersurface jet, with parameter
A zero at S. These are Taylor solutions of the geodesic and Jacobi equations for the formal
metric g constructed above. At the initial sphere the expansion is identically zero by the
original boundary equation.

Write x for the null second form and 6 = tr x for its expansion. The initial sphere
is umbilic in ¢%gg. Moreover the coefficient of ¢ in the tracefree tangential part of K,
equals the tracefree tangential part of Q(v). Since S is totally geodesic in go, that part is
(Hess,2,(v]s))°. It vanishes for the constant and degree-one modes of v|g. The vanishing
initial expansion and this shear calculation together give

x(0,€) = O(e?). (6.18)

The screen space is the positive-definite quotient ¢+ /span{¢}. In a parallel orthonormal
frame of this space the null shape operator obeys the optical Riccati equation

8)\)( = —X2 — Ry, o\ = —|X|2 —ﬁ(ﬁ, ﬁ).

These equations follow directly from the Jacobi equation: angular Jacobi fields remain
orthogonal to ¢, and their derivative matrix times their inverse is the shape operator. At
(A, €) = (0,0), spherical symmetry makes Ry a scalar multiple of the screen identity. Its
trace is Ric(¢,¢) = 0 by (6.9) and nullness, so this curvature endomorphism is zero. Thus
I\x(0,0) = 0.

It follows from (6.18) that every retained monomial of x has total degree at least two
in (A, €). Raychaudhuri and the identically zero initial expansion then imply

X = Oot(2), 0 = Oyt (5). (6.19)
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Here Oiot(j) means that each monomial A% has a + b > j. The order statements are
made in the formal series modulo €. Equivalently one can choose any sufficiently high
finite Taylor lift: an Einstein residual of order €’ integrated along a segment A = O(e)
contributes only beyond every degree used here. Since the logarithmic screen area density
has derivative 0, its change along such a segment vanishes through degree four.

Intersect this null hypersurface jet with ¢t = T'. At the background initial point, the
derivative of ¢ — T along its generator is one. Successive Taylor substitution therefore
solves for the intersection parameter, which is O(€). The angular projection has identity
background differential and likewise has a formal inverse. The resulting cut S* is a graph
over S in the changed slice.

The area conclusion also holds for this variable-parameter cut. If J4 are the transported
angular Jacobi fields, its tangent fields are J4 + (04A)¢. Nullness and g(Jy4, ) = 0 show
that the additional terms do not change the induced metric. Its area density is just the
transported screen density evaluated at the variable parameter. This proves (6.14).

The outward future null normal obtained from the new slice differs from ¢ by a scalar
with positive, nonzero background value. Expansion is multiplied by that scalar, so it still
vanishes through the needed orders. At leading order

trgs 5 K = —€ksls + O(e?),

because trgy, k = 0. Its zero null expansion gives (6.15).

Both S* and the minimal Taylor leaf have zero mean-curvature coefficients through
degree one. The difference of their first height coefficients is therefore annihilated by
the background operator D, which is invertible. At degree two, their already equal first
coefficients make all common nonlinear terms cancel, leaving D(hg — h3) = ky|s. This
proves (6.16). The first variation of area at the minimal Taylor leaf vanishes to the retained
order. A height difference beginning with €2z consequently has, at degree four, only the
base second-variation contribution % [y 2Dz dAy,. This is (6.17).

All of these assertions are identities in the joint spatial, A, and € Taylor jets at the
original boundary. The boundary-jet justification in Lemma 6.2 permits their evaluation at
negative leading displacements. Neither the sign of an affine segment nor that of a height
coefficient changes the order calculation or the area Hessian. No area inequality for an
actually extended manifold is being applied. O

6.3 The quartic square and its vanishing consequences

The two boundary comparisons in Lemma 6.3 are summarized in Figure 1. Null transport
preserves the boundary area to the degree being studied; the subsequent minimal-graph
correction produces the boundary term that the TT identity will absorb.

Apply Proposition 4.1 to g through degree four. Its hypotheses follow from Lemma 6.2,
including the unchanged leading asymptotic data. Denote by f the lapse, by f its area
average on each leaf, and set

sf=f—f, U =0,  F=I[0f]

At degree two, the scalar contribution is zero by (6.3). Equations (6.14) and (6.17), and
the preserved mass, identify the quadratic coefficient of mass minus b, of the minimal-leaf
area with the original zero coefficient c3[g]. The leading-energy identity, Proposition 4.4,
with its scalar tensor equal to zero, gives

1

0= Tox

/ N(UL? + 2F100F) AV,
M
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null minimal

S in g, transport Stin g graph Spmin in G
H =0(e) H = 0(€?) H=0
area unchanged height gap €%z;
through degree four quartic area gap

Figure 1: The boundary comparisons in the changed slice. The diagram describes finite
Taylor families, including the possibility of negative leading displacements. The signed
height gap is hf — W™ = €22 + O(€3), and the corresponding area gap is |S* 5 — [Sminlz =
3€t [¢zDzd Ay, + O(€); see (6.17). All displayed geometric statements are understood
through the required Taylor order.

The lapse coefficient is mean free on each background sphere, and J? is strictly positive on
that space. Since N > 0 for s > 0, sphere integration and smoothness imply

U =0, F =0. (6.20)

We can now use Proposition 4.4 at order four: the scalar-curvature defect starts with
¢*|k|?, and both geometric square terms start in degree four. It follows first that mass
minus b, of the minimal-leaf area has no coefficients below degree four. The area correction
(6.17) also starts in that degree. Thus c3[g] = 0, as well as the previously known lower
vanishings.

Let v be the decaying solution

Log =0,  wpls = 2= D kss|s). (6.21)

It is supplied by Lemma 3.1. The TT tensor k has the decay and finite angular type
required in Lemma 5.1. Since ¥, (4wa?) = k/(8), subtracting the area correction from the
leading-energy identity and applying that lemma gives

1

C4[Q] = 16n

/M N (Ik = Qo) + U2 + 27200 Fy) AV, (6.22)

Indeed the subtracted boundary term is exactly x(16m) ! [y 2Dz dAy,. The integrals are
understood with sphere integration first, as in Proposition 4.4; no pointwise sign is asserted
for FoJOF,. Tts sphere integral is nonnegative. This proves c4[g] > 0, and equality implies

Sf=0(), II°=0() (6.23)
on every leaf. Boundary values follow by smoothness. We show next that (6.23) excludes a
nonzero degree-one part of v.
6.4 Round angular jets and conformal coordinates

We now assume equality in the quartic square. The vanishing in (6.23) makes the changed
metric a warped product through degree two. The following lemma will round its angular
metric before we compare it with the conformal class of gg.

32



Lemma 6.4 (Rounding a two-jet on the sphere). Let v = 0 + €P; + €2Py be a smooth
metric two-jet on S? of finite angular type. Suppose its scalar curvature is angularly
constant through degree two. Then there are a positive scalar two-jet ae, with ag =1, and a
diffeomorphism two-jet ®., based at the identity, such that

Ye = ac®ro + O(e3).
All coefficients can be chosen of finite angular type.

Proof. We first prove the infinitesimal decomposition used twice below. For a symmetric
tensor P on the round sphere, there are a vector field Y and a function h such that

P = Lyo + ho. (6.24)

For finite-angular-type P, the choices may retain that property.
Let P° =P — %(tra P)o, and identify vector fields and one-forms using o. Define

C(Y)Z] = VlY] + VjY;' — (diV Y)O'ij.
On the curvature-one sphere, commuting covariant derivatives gives
divC(Y) = (A, + 1)Y, (Ay + 1)df =d(As +2)f. (6.25)

Here the Laplacian on one-forms is the rough Laplacian VV;. The second identity also
holds after applying the parallel Hodge star * to one-forms.
Put a = div P°. To decompose it, solve the scalar equations

Asp = diva, Ayp = —div(xa)

with zero means. Both right sides have zero integral. In finite angular spaces these equations
are solved by inversion on the nonconstant spherical modes. The residual w = o —dp — xdyp
is closed and co-closed. Commuting derivatives of a closed one-form of zero divergence
gives V'V,w = w; integration against w forces w = 0. We have therefore obtained

a = dp + *dy.

The one-forms dz; and *dx; correspond to conformal Killing vector fields. Integration
by parts against the tracefree tensor P° consequently shows that « is orthogonal to all of
them. It follows that both ¢ and 1 have zero degree-one components. Thus we may solve

(Ar +2)A =, (Ay+2)C =79y

on their angular modes, and set Y” = dA + *dC. Equation (6.25) gives divC(Y) = div P°.

The tracefree tensor P, = P° — C(Y) is consequently divergence free. Such a tensor
vanishes on the round sphere; here is a direct verification. In an orthonormal frame write
its components as (‘g _ba>. Its two divergence equations are precisely the two independent

Codazzi equations V;(P);r = V;(Ps)i;. Contracting and commuting these equations on
the curvature-one sphere gives

V'Vi(Po)je = 2(Py) ji — 0k tte P = 2(Py) jie.

Integration yields — [ |V P[> = 2 [ |P,|?, hence P, = 0. Taking h =  tr, P — divY proves
(6.24). Every operation used above commutes with rotations or inverts a scalar operator
within finitely many spherical eigenspaces, so it preserves finite angular type.
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The scalar-curvature derivative in the direction ho is
(D Scal),(ho) = —Agh — 2h.

The derivative in a Lie direction is zero because the background scalar curvature is constant.
If the scalar-curvature variation of P is constant, (6.24) therefore implies that h consists only
of a constant and degree-one modes. A degree-one function hy satisfies Hess, hy = —hy0,
SO

hio = E_% grad, hy O

Thus P is a Lie derivative plus a constant multiple of o.

Apply this conclusion to P;. A formal inverse flow and a scalar scaling remove its first
coefficient. Both operations preserve the property that curvature is angularly constant.
The resulting metric two-jet has the form o + €2ﬁ2, so its degree-two curvature equation
is the same linearized equation, with no quadratic contribution from a first coefficient.
The argument just given removes P, by a degree-two flow and scaling. Undoing the two
operations proves the stated rounding. This proves only an identity of two-jets, which is
exactly what is required. O

Local conformal tangency forced by equality. Suppose now that c4lq] = 0. Fix
a compact interval I € (0,00). In coordinates of the CMC sphere jets we can remove
tangential shift through degree two by integrating its tangential reparametrization equation
on I. Its background value is zero, so the coordinate change is based at the identity. In
these coordinates (6.23) says that the lapse is a function of the leaf parameter only and
that IT = (H/2)giear through degree two. Since H is constant on each leaf, the normal
metric variation is

asgleaf = 2fII = ngleaf-

Consequently on I x S? the metric has the form
f+(8)2ds® 4 b(s)*ve(z) + O(€), (6.26)

where all quantities are two-jets, with backgrounds f, =1, b = r, and 7 = o. Angular
finiteness is preserved by these Taylor coordinate changes and integrations.
For this warped metric the scalar curvature through degree two is

4 d (V¥ b \?
b?Scaly, ———— ( — ) — 2 : 6.27
b7 (1) 2 (7) (627
Equation (6.3) makes it the constant —6 through degree two. The last two terms in (6.27)
are radial, so Scal,, is angularly constant to that order. Lemma 6.4 makes . round up to
diffeomorphism and scaling. Absorbing the scaling into b, we obtain f2ds® + b%o.

This last two-jet is locally conformal to a pullback of gg. Indeed solve, coefficientwise
on I,

/
Y e
== 6.28
") b (0:28)
with background y = s and a fixed identity background initial value at an interior point of
I. This is a nonsingular scalar ODE, and it gives

b2
f2ds® 4 b0 = W(dgf +7(y)?s) mod €.
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Composing the coordinate changes already made shows, in the original coordinates on the
interval, that
G=wTg+0(3), wo=1, Ty=id. (6.29)

Only this local statement is used.
There is a useful consequence of the known first coefficient in (6.29). Write w, =
1 + eai + €%as and express the diffeomorphism two-jet as

Wrgo = go + eLxgo + € (Lz90 + $LX 90)-

The graph calculation shows that g — g starts in degree two, so [g]; = 4ugo. Hence
Lxgo = Ago for some function A. It follows that

L% 90 = (XA +2?)go,
and the mixed scalar term a1 Lxgg is pure trace as well. Therefore

[9l2 = Lzgo + cgo (6.30)

for a function ¢ on I x S2. The original metric coefficient [g ] is itself pure trace. Thus
the same Lie-derivative-plus-trace conclusion holds for their difference. Since Hess(v?) =
%[’grad(UQ) 9o, (6.5) gives the necessary condition

dv®dv+ Bv? = Lygo+cgy on I x S? (6.31)

for some local Y, c. Their choices may depend on 1.

6.5 The degree-one obstruction

Lemma 6.5 (A nonzero degree-one mode is obstructed). Let v = vo(s) + V(s)x solve
Lv =0, where x is one fived unit-axis linear coordinate on S* and V = O(r=3). If (6.31)
holds on every compact radial interval in the interior, with possibly different local vector
fields and functions, then V = 0.

Proof. Set Yo = 22 — 1/3, a degree-two spherical eigenfunction. Project (6.31) onto its
scalar, gradient, and tangential Hessian modes. Write the contributing radial vector-field
coefficient as p(s)Y20s, its tangential coefficient as d(s) grad, Ya2, and the scalar-multiple
coefficient as ¢(s)Ya. These are the only generator components contributing to the tested
modes. This follows either from the one-form decomposition in Lemma 6.4 or by integration
by parts, using A,Ys = —6Y5. In particular, the coexact component is orthogonal to both
the gradient test and the electric Hessian test, and the other spherical eigenspaces are
orthogonal as well.
For clarity, the angular identity

dz ® dox = %HeSSUYQ + 2%0

shows all terms of the left side in these modes. With B = B,ds? + B;r?o, equality of the
radial, mixed, Hessian, and tangential scalar coefficients respectively gives

8%
V/2+BSV2 = 2p/+C, > :p—}-frzd/’
2
V? = 2r?d, V2 +r2BV? = 2rNp + r’c. (6.32)
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Terms involving vg have only degrees zero or one and do not enter these equations. Solving
the last three equations yields

& _ NV?

_ v . 3m0V2
42’ p 2r '

) Cc=

r3

Substitute these expressions in the first equation and use

2 2
Bszl—ﬂ, Bt:1+@’ N':r—i—@, N2=14,2_2"0
73 r3 72 r
After cancellation one obtains
N_\?2 6
(V’ - V) = 0y2, (6.33)
r T

The local generators have disappeared from this relation. Because the radial interval
was arbitrary, it holds throughout the end even though their choices need not agree on
overlapping intervals.
For z = V/r, (6.33) reads
1’| = Vomg r~3/?|2].

The coefficient on the right is integrable toward infinity, and z — 0. The integral differential
inequality, applied backwards between s and S > s, gives

12(5)| < |2(S)| exp (/S Voo ()32 dt) .

Letting S — oo proves z = 0 on the end. The homogeneous degree-one ODE obtained
from Lv = 0 then gives V = 0 by uniqueness. O

Completion of the proof of Proposition 6.1. The coefficient vanishings and nonnegativity
were proved in (6.20)—(6.22). Suppose that the degree-one part of v is nonzero and that
c4[q] = 0. All three degree-one radial coefficients solve the same decaying homogeneous
ODE. Decaying uniqueness makes them proportional, so after a fixed rotation their sum is
V(s)x for one axis and a nonzero radial function V. The vanishing consequences of (6.22)
give (6.31) on each interior radial interval. Lemma 6.5 forces V' = 0, a contradiction. Thus
c4lq] > 0.

Finally this is a statement about the actual deficit, not only a formal inequality. The
kernel representation gives precisely the finite angular type and differentiated decay needed
for the fourth-order expansion in Proposition 3.5. Lemma 3.3 converts the weighted
function and equation remainders to the mass remainder. Consequently

Dy(e) = calgle’ + O(€”)

in the case under consideration. Its positive coefficient gives strict positivity for all
sufficiently small positive €, with the interval allowed to depend on the fixed data. The
radial kernel, including the zero seed, is handled by the exact argument in the next
section. O
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7 Radial equality and the nonlinear conclusion

Proposition 7.1 (Exact radial equality). Suppose the fized TT seed q is invariant under
rotations of S?. Every branch in Theorem 2.1 is radial for all sufficiently small €, and on
that parameter interval

man(€) = bi(Ae).

This includes the zero seed, and requires no sign for qss|s.

Proof. We first prove radiality of the actual solution, rather than merely of its Taylor
coefficients. Fix a rotation R, and set ¢ = ¢. o R and w = ¢ — ¢.. Because ¢ is radial, ¢
satisfies the same equation and boundary condition as ¢.. Their difference satisfies

(Agy —c)w =0,  wsls = clwls, (7.1)
where divided differences of the nonlinearities give, uniformly on M and uniformly in R,
ce =3+ 0(1), ci = O(e).

Indeed, the derivatives of the interior and boundary nonlinearities with respect to their
positive scalar argument z are respectively

2
2(524 - 1) + 7%|q|2z_85 _%QSSZ_AL-

The asserted bounds follow from boundedness of ¢ and the given uniform convergence
¢ — 1.

Choose 3/2 < 8 < min(r, v/3). Then w = o(e™?%), and (7.1) has the form of Lemma 3.1
with V' = ¢, — 3, Robin coeflicient a, = ¢}, and zero interior and boundary data. For
sufficiently small e, uniformly in the rotation, ||V < ¢s and |jaslc < /2. The
comparison estimate gives w = 0, so the actual ¢, is radial.

Write the invariant seed as ¢ = A,(s) ds® + By (s)r?o. Its trace and divergence equations
give

B, =—A,/2, A, +3(N/r)A, = 0.

Consequently, for a constant C, € R,
-3 2 1o
qg=Cyr7(ds” — ST (7.2)

Fix a sufficiently small parameter. Define proper radial distance ¢ and the actual area
radius R by
dt = ¢?ds,  R=r¢?.
Then the actual metric and second-form data are
2 2 2 2 eCq
ge = dl* + R0, K. = -2kd¢* + kR0, k‘:—TRB.

A dot denotes an /-derivative. The momentum and scalar constraints are therefore

| e
P PR BN L )

7 7 zr t6= 6k2. (7.3)

The scalar-curvature formula here follows from the sectional curvatures —R/R and (1 —
R?)/R? of this warped product.
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Define R
M=3 (1+R? - R?+ R?%?) . (7.4)

Direct differentiation, using the momentum equation, gives
; R 2 p2 5 272
M:§(1+3R ~ R? — 2RI~ 3R*?) = 0

by the scalar equation in (7.3). No division by R has been used, so conservation is valid at
turning points of R as well. At the boundary the MOTS equation reads

2R
— +2k=0.
R +
Substitution in (7.4) yields
R
Mls = Bls (14 (Rls)?) = b« (4m(Rls)?) = bu(Ao). (7.5)

2

We identify the same constant with the specified mass flux at infinity. Put ¥ = ¢ — 1.
Its actual radial equation gives

v+ 9!~ 36 = 0W) +06°),

where (7.2) was used in the source estimate. The assumed weighted decay gives 1,19’ =
O(e™ ™), and N/r = 1 + O(e=2%). It follows that

P 4+ 2 — 3 = O(e™ %), ~v = min(27,7 + 2,6) > 3.

Variation of constants for the roots 1, —3 excludes the growing solution by the prescribed
decay and yields, as in Lemma 3.1, a constant ¢ = ¢(¢) with

e =1+cr 3 +o(r?), Dstpe = —3cNr~4 4 o(r™3). (7.6)

In particular,

DsPe

€

R=r+42cr"% 4 o(r ?), R=N+2r = N —6¢Nr—3 + o(r™2).

Using N2 = 1 + 72 — 2my/r, we obtain

14+ R? - R*= 2mo + 16c +o(r7h).
r
Also R3k?* = O(R™3), so
eli}m M =mg + 8c. (7.7)

For a direct flux normalization check, rotational invariance implies p; = 0 for i = 1,2, 3.
Equation (7.6) implies
ge — go = 4er3b + o(r™®)
in scaled components, with its first differentiated asymptotic. For a perturbation fb
in dimension three, the mass-flux covector integrand with test function V' simplifies to
2(fdV —Vdf). With f = 4er =3, V = Vo = V1 +7r2, and v, = V1 +120,, its normal
component is

2(f0,,Vo — Vo, f) = 32cr™2 + 24cr™2.

38



The error terms give zero limiting flux. Integrating over a coordinate sphere of area 4772
and dividing by 167 gives pg — mg = 8c. Since pg — mg > 0 as € — 0,

man = po = mo + 8¢ = M = b.(A)

for sufficiently small €, by (7.5)—(7.7). This argument includes C; = 0. In that case one
can also apply the comparison estimate of Lemma 3.1 to ¢ — 1 and conclude ¢ = 1
directly. O

Completion of the proof of Theorem 2.1. Fix the seed and the given solution branch. If ¢
is radial, Proposition 7.1 gives exact equality on a sufficiently small parameter interval.
Suppose henceforth that ¢ is not radial. Proposition 5.2 gives the actual expansion

D,(e) = calgle® + o(e?), c2lg] > 0.

If e[g] > 0, this proves strict positivity of the deficit for every sufficiently small positive e.

If c2[q] = 0, Corollary 5.3 gives ¢ = Q(v) with Lv = 0 and with only constant
and linear angular modes. Its linear part is nonzero, for otherwise ¢ would be radial.
These homogeneous modes have the stronger differentiated decay needed for the actual
fourth-order expansion in Proposition 3.5. Proposition 6.1 then gives

Dy(e) = calgle* +o(e*),  culg] >0,

with all coefficients below order four equal to zero. Again the actual deficit is strictly
positive for every sufficiently small positive e.

At € = 0 the background identity mo = b.(4wa?) gives equality. The preceding
alternatives exhaust all fixed seeds. Choose ¢y > 0 small enough for the applicable
alternative and the given branch, with ¢y < €,. This proves the exact inequality on
0 < € < €g, equality for radial seeds, and strict inequality for nonradial seeds at positive
parameters in that interval. The size of the interval is allowed to depend on the fixed seed
and branch; no uniform positive lower bound for co or ¢4 is asserted or required. O
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