THE AFFINE BERNSTEIN THEOREM
IN DIMENSIONS THREE THROUGH NINE

OPENAI

ABSTRACT. We prove the Euclidean-complete affine Bernstein conjecture in dimensions three
through nine: a smooth locally uniformly convex affine maximal graph is an elliptic paraboloid
whenever its induced Euclidean metric is complete. The same conclusion holds, without an
initial graph assumption, for connected smooth open (noncompact and without boundary) affine-
complete locally uniformly convex immersed hypersurfaces that are classically affine maximal in
these dimensions.

1. INTRODUCTION

The affine Bernstein problem asks whether a complete locally uniformly convex affine maximal
hypersurface must be an elliptic paraboloid. The meaning of completeness is essential: com-
pleteness for the metric induced from Euclidean space and completeness for the affine metric
are different hypotheses. We prove the Euclidean-complete graph assertion in dimensions three
through nine.

Let Q C R™ be a nonempty open convex domain, and let u € C°°(Q2) have positive-definite
Hessian. Write

ij 2 2, \—1 _ 2, \—(n+1)/(n+2
U = det(D*u)(D*u);;',  w = (det D*u)~ "D/ (nF2),
The affine maximal equation is
(1.1) Uij’wij = 0.
It is the Euler equation for affine area [(det D?u)"/("*2) dz.

Theorem 1.1. Let 3 < n < 9. Suppose u € C(Q) has positive-definite Hessian and satisfies
(1.1). If its graph is complete for the induced Euclidean metric

9ij = 0ij + uuy,
then Q =R" and
u(z) = 3xT Az +b-z+c

for a positive-definite symmetric matriz A, a vector b, and a constant c. In particular, the graph
is an invertible affine image of the standard elliptic paraboloid.

Theorem 1.1 resolves the Euclidean-complete affine Bernstein conjecture for smooth locally
uniformly convex graphs in dimensions three through nine. It includes the entire graph assertion
and imposes neither a growth bound nor completeness of the affine metric.

Chern asked whether an entire locally uniformly convex affine maximal surface must be an
elliptic paraboloid [5]. Calabi developed the affine variational framework and proved the surface
conclusion under both Euclidean and affine completeness [4]; see also [10, Section 1]. For a graph,
the affine (Berwald—Blaschke) metric is

g?]ﬁ = (det D2u)_1/("+2)uij,

Date: September 24, 2026.
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so its completeness is a different condition from that in Theorem 1.1. Trudinger and Wang proved
the Euclidean-complete surface theorem, dispensing with affine completeness [9, Theorem 1.1]. Li
and Jia gave a separate proof of the surface theorem under affine completeness alone [7].

The analytic reduction in higher dimensions is also due to Trudinger and Wang. Their interior
estimates and rescaling argument prove rigidity for Euclidean-complete graphs in every dimension
provided the separation of the graph from its tangent planes has a modulus of strict convexity
that remains uniform under normalization of tangent-plane sublevel sets [9, Theorem 4.2 and
Corollary 4.3]. They establish this uniform control in dimension two by studying convex limits
and their supporting contact sets [9, Section 5]. Obtaining it in higher dimensions without an
additional hypothesis is the obstacle addressed here. Later work has developed alternative analytic
approaches: Wang and Zhou give a proof of the entire-surface theorem using the partial Legendre
transform, and higher-dimensional rigidity results under integral bounds on the Hessian and the
inverse Hessian determinant [12, Theorem 1.2 and Corollary 1.6]. Our proof instead derives the
required convexity control from the geometry of affine limits, with no growth or integral bound
assumed.

For locally uniformly convex hypersurfaces in dimension at least two, Trudinger and Wang
proved that affine completeness implies Euclidean completeness [10, Theorem A]; the converse
fails in general. Their global graph theorem [10, Corollary 1] therefore extends our conclusion to
connected smooth open affine-complete locally uniformly convex immersed hypersurfaces that are
classically affine maximal, without an initial graph assumption. The precise statement and proof
appear in Corollary 6.5.

The singular entire affine maximal graph constructed by Trudinger and Wang in dimension ten
[9, Section 7] is a weak solution. It is not smooth and does not furnish a counterexample under
the hypotheses of Theorem 1.1. Our argument identifies the dimension restriction in a quadratic
coercivity estimate, whose strict positivity holds through dimension nine.

The distinction between the classical equation and its determinant-power generalizations is also
relevant. For affine maximal type equations with w = (det D?u)?, Sun, Xing and Xu construct
nonquadratic Euclidean-complete examples in every dimension n > 2 for a € [-n/(n + 1),0) [8,
Theorem 1.3]. This interval excludes the classical exponent —(n + 1)/(n + 2) in Equation (1.1).

The main ideas. For a € (), let
lo(z) = u(a) + Du(a) - (x — a), Sula,t) ={x € Q:u(x) <lg(x)+t} (t>0).

These tangent sections measure the separation of the graph from its supporting planes. The
geometric objective is uniform balance: for one p > 0, reflection about the base point followed by
contraction by p takes every closed section into itself. This control must hold at every base point
and every height.

We obtain balance by studying full-dimensional closed convex limits of affine images of the
epigraph D = {(z,2) : x € Q, z > wu(x)}. Write the coordinates of such a limit as (s,y) €
R* x R**1=% A model with k directions is supported in s; > 0, contains {(s,0) : s; > 0}, and has
compact caps cut out by >, s; < T. Its transverse fibers are Ks = {y : (s,y) € Djin }, where Dy
denotes the limiting body. Maximizing k forces a uniform centering estimate — Ky C C, K for all
positive fibers: failure of this estimate produces an additional nonnegative direction by a further
affine rescaling. Normalized caps and convex limits also play a central role in the two-dimensional
argument of Trudinger and Wang [9, Section 5]; here the rescaling is organized by the maximal
number of nonnegative directions.

The analytic step excludes & > 2. Support functions of the fibers give a positive second
form and a natural invariant measure. The affine maximal equation yields an integral inequality
in logarithmic coordinates, forcing exponential growth of a related measure. A cap identity and
estimates for Hessian minors bound its mass on each normalized log cell, allowing only polynomial
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growth. Both estimates are used on smooth approximants over one sufficiently large finite box;
the limiting body needs no regularity.

These two ingredients—increasing the number of model directions when centering degener-
ates, and combining a logarithmic integral inequality with affine-invariant cell bounds—are the
principal technical contributions. The resulting uniform balance of tangent sections supplies a
scale-independent modulus of strict convexity. We then use the interior estimates and section-
rescaling argument of Trudinger and Wang [9, Sections 2 and 4]: normalized third derivatives stay
bounded, while transforming them back gives a bound tending to zero. John’s ellipsoid theorem
[6, 1] supplies the normalizations. The compactness arguments and the cap and tube estimates
used here are proved below.

Notation and organization. Closed sections use the corresponding non-strict inequality. The
symbol B;(x) denotes an open Euclidean ball, and B, = B,(0); its ambient dimension will be
clear. The notation H~! for a positive second form specifies the dual norm on covectors. All
constants in uniform estimates may depend on the fixed dimension and, where stated, on the
family of affine limits of the given epigraph.

Section 2 establishes the compactness and centering argument. Sections 3 and 4 derive the cap
identity and the tube inequality. Section 5 excludes models with several directions, and Section 6
deduces section control and proves Theorem 1.1.

2. CONVEX LIMITS AND CENTERED FIBERS

The objective of this section is to show that fibers are uniformly centered once the number of
model directions is maximal. We first obtain compact caps from graph completeness, then nor-
malize a hypothetical sequence of increasingly asymmetric fibers. Its limit supplies the additional
direction that contradicts maximality.

Throughout this section, n > 2, Q C R™ is nonempty, open and convex, and u € C*°(Q2) has
positive-definite Hessian. We assume only that its graph is complete for the induced Euclidean
metric. No differential equation is needed in this section. For a € ), write

lo(z) = u(a) + Du(a) - (z — a), ga() = u(x) — lo(x).
Lemma 2.1. At every finite boundary point b € 052,

lim wu(z) = +o0.
Q3x—b

The epigraph
D={(x,z) :z€Q, z>u(z)}
is a closed full-dimensional convex set with boundary equal to the graph of u. For every a € ()

and t > 0, the set {x € Q : go(x) < t} is compact and contained in Q. Consequently the cap
Dn{z—l.(z) <t} is compact.

Proof. Suppose z; — b € 00 and u(z;) < A. Fix a € Q. Convexity, followed by continuity at the
interior point a + q(b — a), gives
u(a+q(b—a)) < (1 —q)u(a) + qA, 0<gqg<1.

An affine supporting function at a gives a lower bound on the same segment. The resulting
bounded convex function of ¢ has finite total variation and a finite limit as ¢ 1 1. Its lifted curve
has finite Euclidean length, since

1 d 2 1
/ \b—a|2+‘u(a+q(b—a)) dqub—aH/
0 dq 0

d
d—qu(a +q(b—a))| dg < oc.
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Its tail is therefore Cauchy in the graph metric, but its base coordinate tends to b ¢ . This
contradicts completeness. The asserted boundary limit follows. It also shows that a bounded
convergent sequence of points of D cannot have its base limit on 9€2. Thus D is closed, and its
boundary is exactly the graph.

Choose r,¢ > 0 such that B,.(a) C 2 and D?u > cId on this ball. Along every ray from a,
convexity of g, together with g,(a) = 0, gives

ga(w)Z%]w—a\ (x €, |x—al>r).

Indeed, g, > cr?/2 at the point of the ray at distance r, and its quotient by the distance is
nondecreasing. Thus each stated sublevel is bounded. The boundary limit just proved makes
it closed in R™ and contained in €2. On such a compact base, both [, and the cap height are
bounded, which proves the last claim. ]

We use local convergence of nonempty closed convex sets in the sense of locally uniform conver-
gence of their distance functions. This topology has the following elementary properties. Every
point of a limit is approximated by points of the approximating sets, and every limit of a con-
vergent sequence of such points belongs to the limit. If the limit has nonempty interior, every
compact subset of its interior is eventually contained in the interiors of the approximants. For
the latter statement, enclose a point in a simplex whose vertices lie in the limit, approximate
its vertices, and then use a finite cover of the compact subset. A sequence of closed convex sets
meeting a fixed bounded set has a locally convergent subsequence: their distance functions are
locally equibounded and 1-Lipschitz, and a diagonal application of compactness gives the distance
function of a nonempty closed convex set.

Let F(D) be the family of all full-dimensional local limits of invertible affine images of D,
including those images themselves. The family is invariant under invertible affine maps and
closed under further full-dimensional local limits. To justify the last assertion explicitly, the
distance-function topology is metrizable by

dioc(C, E) = Z 279 min {1, sup |dist(X,C) — dist(X, E)|} .

q:l ‘X|§q

If C; € F(D) tends to a full-dimensional set C, choose an affine image E; of D with djo.(E;, Cj) <
1/j. Then E; — C. Affine invariance follows because a fixed invertible affine map and its inverse
take bounded sets to bounded sets and preserve the two pointwise convergence properties above.
Thus affine maps varying with 7 may be applied before this diagonal choice.

Lemma 2.2. Suppose C; — C locally, and let £ be an affine function. If C N {¢ < b} is bounded
and contains a point ¢ with £(q) < b, then the caps C;N{{ < b} are eventually uniformly bounded.
They converge in Hausdorff distance to C N {¢ < b}.

Proof. Choose ¢q; € C; with ¢; — ¢, so €(q;) < b eventually. If points p; € Cj N {f < b} escape
every bounded set, pass to a subsequence for which
Pj —4qj
P — 451
For each fixed ¢ > 0, the points ¢; + t(p; — ¢;)/|p; — g;| eventually lie on the segments [g;, p;].
Their limit ¢ + tv therefore belongs to C' N {¢ < b}, contradicting boundedness.
Uniform boundedness and local convergence show that every limit point of the approximating
caps lies in the limit cap. Conversely, if  belongs to the limit cap, then (1 — n)z 4 nq lies strictly

below the top for every 0 < n < 1 and is approximated by points of the approximating caps.
Letting n | 0 and using compactness gives the reverse Hausdorff inclusion. O

— v, lv| = 1.
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Definition 2.3. A model with k directions, or a k-model, is a member C' of F(D) equipped with
affine coordinates

(s,y) € RF x R™, m=n-+1-k, 1<k<n+1,

such that
{(5,0) 52 0} € C € {(s,) : 51 = 0},
and every cap CN{>";s; <T}, T >0, is compact. Its transverse fibers are

Ks={y:(s,y) € C}.
The coordinates are part of the model data.

Lemma 2.4. For a k-model, addition of any vector (v,0) with v; > 0 preserves C. FEvery fiber
K, with s; > 0 is compact, full-dimensional in R™, and contains zero. Moreover,

(2.1) K, C K; (Si < ti), K)\S C MK, ()\ > 1).
At least one 1-model exists.

Proof. The recession assertion holds for any closed convex set containing the indicated orthant,
without a full-dimensionality assumption. For X € C and v; > 0, take the limit as n | 0 of

(1=n)X +n(v/n,0)eC

to obtain X + (v,0) € C. This proves fiber monotonicity. Since the ambient origin belongs to C,
contraction toward it proves the second inclusion in (2.1). Containment of zero and compactness
follow from the definition.

Take an interior ball of C' centered at (s°,4°); all coordinates of s” are positive. Given s; > 0,
choose 0 < n < 1 with nsY < s;. Contract the transverse slice of this ball by n about the ambient
origin, and increase the s coordinates to s. The resulting transverse ball lies in K, proving full
dimension. When m = 0 this assertion uses the usual convention for RY.

Finally, for any a € Q, the coordinates s = z — [,(x) and y = x — a make D a l-model by
Lemma 2.1. [l

We shall use the following precise consequence of the ellipsoid theorem of John [6]; see also
the contact-point formulation and nonsymmetric outer-radius deduction in [1, Section 0]. The
normalization is linear and therefore preserves the distinguished origin.

Lemma 2.5. Let K C R, d > 1, be compact and convex with nonempty interior and 0 € K.
There are an invertible linear map A and a vector ¢ such that

(2.2) Bi(c) C AK C Bylc), le| < d.

In particular AK C Bag; the origin is allowed to lie on OK. If in addition —K C C,K for some
Cy > 1, then

(2.3) EQ/(C*+1) C AK C Egd.

Proof. Choose a maximum-volume inscribed ellipsoid and take the linear part of its normalization
to a unit ball. John’s Theorem gives the two inclusions in (2.2). Since 0 € AK, the outer
inclusion implies |¢| < d. The centering assumption also gives By ¢, (—¢/Cx) C AK. The convex
combination of this ball and Bj(c) with respective weights C./(Cx + 1) and 1/(Cy + 1) is the
centered ball in (2.3). O

By Lemma 2.4, the set of direction numbers achieved by models is a nonempty subset of
{1,...,n+ 1}. Let k be its maximum.



6 OPENAI

Proposition 2.6 (Uniform centering at maximal direction number). Suppose m =n+1—k > 0.
There is a constant Cy > 1, depending on the family F (D), such that

(2.4) -K, Cc C.K, (s; > 0)

for every k-model and every admissible choice of its coordinates. In particular, zero is an interior
point of every such fiber.

Proof. Suppose that no uniform constant exists. Choose k-models and positive fibers for which
the inclusion with constant j fails. Positive diagonal changes in s put those fibersat 1 = (1,...,1),
and Lemma 2.5 provides linear changes in y. Denote the resulting models by C; and their fibers
at 1 by F;. Thus

(2.5) El(cj) - Fj C Egm, |Cj’ <m, —Fj §Z jF]

All these coordinate changes preserve the model properties and the failed inclusion.
For T>1and 0 <s; <7T, Lemma 2.4 gives

(2.6) K9 c K¥) ¢ TF; € Bomr.

Pass to a local limit C' and a subsequence with ¢; — ¢. The limit is contained in the nonnegative
s halfspaces, contains the entire orthant at y = 0, and has compact caps by (2.6). Moreover,

[1,2]k X El(cj) C Cj,

so its limit has nonempty interior. The closure properties of F(D) show that C' is a k-model.
Its fiber F' = K; is the Hausdorff limit of F;. Only one inclusion needs explanation. If

(s9),y;) € Cj tends to (1,y) € C, let

a._mm{ll 1}
7 EOLNON

The denominators are positive for large j, and a; — 1. Contracting by a; and then increasing
the s coordinates gives (1,a;y;) € C;. Thus every point of F' is approximated from the exact
fibers F}; the other inclusion follows from local convergence. Uniform boundedness makes this
Hausdorff convergence. If zero were interior to F', the F; would eventually contain a fixed ball
centered at zero. Their common outer bound would then give a fixed centering constant, contrary
to (2.5). Hence 0 € OF.

A supporting linear functional of F' at zero can be made the coordinate y1, with F' C {y; > 0}.
This inequality holds on all of C: contract any (s,y) € C until each s; < 1, then increase the s
coordinates to 1 and apply the inequality on F. Since F' has nonempty interior, an additional
invertible linear choice of transverse coordinates makes an interior point of F equal to (y1,y’) =
(1,0), while retaining the global support y; > 0.

We now construct a model with k£ + 1 directions. Put d =m — 1. For 0 < e < 1/2, let

F.={y eR?:(1,69) e C}.

This compact slice contains zero in its interior when d > 0. Indeed, if B,((1,0)) C F, contracting
by € about the ambient origin and then adding (1 — €)1 in the s coordinates shows that

B.. C F. C R%
When d > 0, apply Lemma 2.5 to choose an invertible linear map A, on R? so that
Pl(ce) C AeFe C P2da |C€| < d.

If d = 0, take A, to be the unique linear automorphism of R? and omit all statements about its
balls. Use the affine images

C.={(s,7,2): (s,er,A-'2) € C}.
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Y1 T
(€74,0)
s r=y/€
z = Aey/
(1,0) —_— AF,
F. 1=
€ = an
Y z
Origi%al fiber Rescgled slice
s=1 s=1

FIGURE 1. The change from (y1,%’) to (r, z) at the fixed base point s = 1, shown
schematically with one 3’ coordinate. The actual fiber need not have the smooth
or symmetric shape drawn here. The slice y; = € becomes the slice » = 1, while
A¢ normalizes its remaining transverse coordinates. The interior point (1,0) of
F is sent to (e71,0). The right panel shows only this point, the origin, and the
distinguished slice; the shape of the transformed fiber is omitted.

They are supported in s;, 7 > 0, contain the origin, and their slice at (s,7) = (1,1) has the stated
normalization.

Figure 1 illustrates the supporting fiber and the slice used in this rescaling. The remaining step
is to turn control of that one slice into a uniform bound for every fixed cap.

Here is a uniform bound for their caps. Suppose (s,r,z) € Cc with s;,7 < T, where T" > 1.
Increase s to T'1 and contract by 1/7. This gives

(1,q,2/T) € C,, qg=r/T €0,1].

The point (1,2,0) also belongs to Ce, since 2¢ < 1 and it is obtained by contracting (1,1,0) € C
and then increasing s. Interpolate these two points with weight

1

=——c¢€|1/2,1
0=y el
on (1,q,z/T). The resulting point is (1,1,az/T), so the normalized slice gives
(2.7) 2| <4dT  (d > 0).

Equivalently, a slice outer radius R gives the bound 2T'R. When d = 0, the bounds on s and r
themselves suffice. Thus caps in the new nonnegative coordinates are uniformly bounded.

Extract a local limit Cy as € | 0, also taking c. — ¢g if d > 0. For each fixed s; > 0 and r > 0,
the point (s,7,0) belongs to Ce as soon as

er <min{l,sq,...,8k}

For r > 0, this follows by contracting (1,1,0) € C by er and then increasing s; for = 0 it follows
from the original orthant. Hence Cy contains these points. Closedness adds all faces with some
s; = 0, so it contains the entire nonnegative (s, r) orthant at z = 0. The support inequalities pass
to the limit, and (2.7) makes its caps compact.

For d > 0, the limit also contains {(1,1)} x Bi(cg). The recession argument in Lemma 2.4,
which does not require full dimension, permits addition of every nonnegative (s, r) direction. Thus

[1,2]%* x Bi(co) C Co,

which proves full dimension. For d = 0, the contained orthant already has full dimension. Finally,
affine invariance and diagonal closure of F (D) give Cy € F(D). It is a (k+1)-model, contradicting
maximality.
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This contradiction allowed the initial models, fibers, and admissible coordinates to vary arbi-
trarily. It therefore proves the uniform assertion (2.4). Its last conclusion follows, for example,
from (2.3). O

We record the quantitative geometric consequence needed for the later estimates on fixed boxes.

Corollary 2.7. Under the hypotheses of Proposition 2.6, any chosen positive fiber of any k-model
can be moved to s = 1 by positive diagonal changes in s and normalized by an invertible linear
change in y so that

_ — 2
BTOCKICBRoa 'I"O:m, R0:2m
For every fixred 0 < a <1 < b, these normalized models satisfy
(28) Earo C K C EbR() (S € [CL, b]k)

Their caps for fized positive linear forms in s and fized positive top levels have uniform bounds,
and they contain a fized interior ball about (1,0).

For any sequence of affine images of D converging to one of these models, comparable cap and
fiber bounds hold eventually, uniformly on each fixed positive box. The constants are independent
of the chosen fiber; the required index may depend on its normalization. For finitely many chosen
fibers, one index suffices for all of them.

Proof. The normalization follows from Proposition 2.6 and Lemma 2.5. Monotonicity and con-
traction toward zero give aK; C Ks C bKy on [a, b]*, proving (2.8). If £(s) = 3, a;s; with a; > 0
and B > 0, put 7' = max{1, B/ min; a;}. Then

cn {E < B} - [O,T]k X ETRO'

Also K D B,, /2 whenever each s; > 1/2, which supplies the fixed interior ball about (1,0).
Lemma, 2.2 transfers each cap bound to the approximants; the strict point below its top is the
origin. For a fixed box [a, b]*, a smaller product [a, b]* X By, /2 is a compact subset of the interior
of the model, as is seen by first enlarging the positive s box slightly. Interior convergence therefore
gives the lower fiber bound on the entire box, and a containing cap gives the upper bound. These
constants depend only on the displayed fixed parameters. Taking the maximum of the finitely
many necessary indices proves the final statement. ]

3. AFFINE AREA AND A CAP IDENTITY

From this section onward, the original graph also satisfies Equation (1.1). We derive stationarity
in arbitrary affine coordinates and a cap identity that will control the inverse-Hessian weight in
the logarithmic cell estimate. The affine-area variational framework is due to Calabi [4]; the
formulas needed here are derived explicitly. Throughout,

1
n+2
For a smooth locally strictly convex hypersurface parametrized by X, an inward conormal is a
covector v annihilating its tangent space and pointing into the convex body. Its second form is
H;; = vX;;; we choose the sign so that H is positive definite. If v{ = 1, its affine area density is

(3.1) dA = (det H)’|det(Xy,. .., X, )| day - - day,.

Changing ¢ by a tangent vector leaves the determinant unchanged. Multiplying v by a positive
scalar multiplies the two factors by reciprocal powers. A parameter change contributes the Jaco-
bian to the power 2§ +nd =1, so (3.1) is a well-defined density. For the graph X (z) = (=, u(z)),
choose v = (—Du, 1), £ = (0, 1); then

dA = (det D*u)° daz.
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An invertible affine map with linear part L replaces the conormal by ¥L~!. The second form is
unchanged and the tangential determinant acquires a factor det L. Thus

(3.2) dAp ) = | det L™ dAy,.

With the unit inward normal, the same formula reads dA = K°® dS, where K is Gauss curvature
and dS is Euclidean hypersurface area.

Lemma 3.1 (Stationarity). The equation in Theorem 1.1 implies stationarity of affine area under
every smooth compactly supported variation of the graph. Every invertible affine image of the graph
is stationary under such variations as well.

Proof. The Hessian cofactor matrix satisfies 9;U% = 9;U% = 0. This follows by differentiating
its alternating determinant formula: terms cancel in pairs by symmetry of the third derivatives.
Since

(det D?u)°(D%u) ™t = wU,
the first variation in a compactly supported graph direction 7 is

6/ tr((D*u)"'D?*p) dA = 5/ nUYw;; dz = 0.
Q Q

Here and below repeated coordinate indices are summed. For a compactly supported parametrized
variation, its normal part can be represented locally as a graph variation, while its tangential part
is a reparametrization. A partition of unity therefore gives stationarity for parametrized variations.
Formula (3.2) transfers this statement to every affine image. O

Lemma 3.2 (Area in a ball). For each n and R > 0, the affine area of the part in Br of any

smooth positively curved convex boundary in R™ is bounded by a constant depending only on
n, R.

Proof. The Gauss map is injective: two distinct contact points with the same supporting normal
would force a boundary segment in their supporting hyperplane, contrary to positive curvature.
Thus [ K dS over the part in the ball is at most the area of S™.

For the Euclidean area bound, cover this part by the 2(n + 1) sets on which some signed
component of the unit normal is at least (n + 1)~'/2. On each set, convexity makes projection
to the corresponding coordinate hyperplane injective: points with a given projection lie on a
line meeting the body in an interval, and the chosen sign selects one endpoint. The projection
Jacobian is at least (n41)~1/2, and its image lies in the radius-R ball. This bounds J dS. Finally,

Hoélder’s inequality gives
6 1-46
/K%Sg(/f(dS) </dS) .

Lemma 3.3 (Cap identity). Let M be an affine image of the original graph, bounding its convex
body D'. Let o € int D', let £ be an affine function on the ambient space, and let ¢ € C(R).
Suppose that the restrictions of ¥(£),v'(£),4" (£) vanish outside a compact subset of M. Then

(3.3) /M [0 — XAl (€) + n(E(0) — (X)) (€) —nln + 1)(0)] dA = 0.

Here df is restricted to the tangent space. The first term does not depend on the scaling of the
inward conormal.

0

Proof. The identity is affine invariant up to the common area factor in (3.2), so it suffices to work
on the original graph. Put H = D?u, write 0 = (0’,0,41), and use v = (—Du, 1). Set

q(x) = l(z,u(x)), Z(@)=v(o—X)=o0pi1 —u+(x—0) Du.
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If /., denotes the ambient vertical coefficient of ¢, then
DZ=H(z—-0), tr(H'D?*Z)=n+(z—0)-DlogdetH,  D?q={(.H.
Testing Lemma 3.1 with Zv(q) gives

0= [ 1214} (@) + nZ0'(@) +2(0 o) - Dav' (@)
+ni(q) + ¥(q)(x — o) - Dlogdet H| dA.
Because dA = (det H )5 dz, integration by parts in the last term replaces it by
—6~" [n(q) + (& — o) - Dq¢'(q)] -
The coefficient of ¢ is consequently —n(n + 1). The coefficient of ¢’ is
n[Zt, — (x — ') - Dq] = n[t(o) — q].
This is (3.3). Compact support justifies both integrations by parts. O

Remark 3.4. For later use, ¥ may be convex and zero above a fixed cap height, without having
compact support as a function on R. If that cap is compact, its restriction to M satisfies the
support condition in Lemma 3.3. Also, if B.(0o) C D', the supporting-plane inequality gives

(3.4) vio—X) > r|v| (X e M).

4. AN INTEGRAL INEQUALITY FOR CONVEX TUBES

Let E C R™! be a closed full-dimensional convex set whose boundary is smooth, has positive
second fundamental form, and is stationary for affine area. In the applications, F will be an affine
image of the original epigraph. Fix a splitting

Rn+1:R’§xR;”, 2<k<n, m=n+1-—k,
and an open box B C (0,00)*. Suppose that for every s € B the fiber
Ks={yeR"™:(s,y) € E}

is compact and contains 0 in its interior. Our goal is the logarithmic inequality in Proposition 4.1,
whose constant depends only on n, independently of the box and the shapes of its fibers.

4.1. Support coordinates and invariant measures. Fibers over compact subsets of B are
uniformly bounded. Otherwise there would be (s;,y;) € £ with s; bounded and |y;| — oco. After
passage to a subsequence, y;/|y;| — e € S™L. Fix so € B, so that (so,0) € E. For every fixed
t > 0, convexity and closedness give

. t t
(s0, te) Jlg]élo [(1 |yj‘> (s0,0) + |yj‘(s],y]) €FE.
This contradicts compactness of K,. Thus the part of E over any compact base subset is compact.
The projection of OF to the s variables has full rank above B. Indeed, otherwise a conormal
at such a point would have zero y component. Its supporting hyperplane would then give a
supporting hyperplane to the projection of E at an interior point of that projection, which is
impossible. Thus 0K is smooth, and the restriction of the second fundamental form makes it
strictly positively curved. Its outward Gauss map is a diffeomorphism onto S™~! when m >
1. The Gauss maps also depend smoothly on s, since their angular differentials are invertible.
Consequently the support function h(s,e) = maxyck, e -y is smooth and positive on

T =Bx S,
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and the corresponding part of OF is parametrized by
(4.1) X(s,e) =(s,Y(s,e)), Y = he + Vgh.

Here Vg is the round connection. This support-function reconstruction and its angular matrix are
classical; see, for example, [11, preprint version, Section 7, Equations (7.15)—(7.17)]. We compute
below how they enter the second form and affine-area density of the present tube. When m =1,
we regard SY = {—1,1} as the two outward directions of the interval Ky; Equation (4.1) then
means Y = he on the two endpoint sheets. Throughout this section, angular matrices in this case
have size zero, their determinants equal 1, and angular derivatives, traces, and contractions equal
0. The measure dw on S is counting measure.
Set

B = —D?h, R = V%h + hld, v = (Dsh, —e).
The identities e-Y = h, e-Ys = hg, and e-d.Y = 0 show that v annihilates the tangent vectors of
X. Tt is inward because the fiber lies on the side e-y < h(s, e). Differentiating the same identities
gives

VXsisj = _h5i8j7 vXsie, =0, vXeue, = Rap-
For the last equality we used d.Y = R in round orthonormal frames. Thus the second form for
this conormal is

(4.2) H = diag(B, R).

Both blocks are positive definite. Taking £ = (0, —e) gives v = 1 and |det(X1, ..., X, &)| = det R.
The affine-area formula therefore becomes

(4.3) dA=1Iyds dw,  Iy= (det B)’(det R)'°,

where we used (n+ 1) =1—19.

To compare fibers after linear normalizations, we also need a measure invariant under separate
linear changes of s and y. The vector V' = (0,—Y") points from the fiber boundary toward its
origin, and ¥V = h > 0. Normalizing the conormal to take value 1 on V therefore defines the
positive metric

G =H/h.
Its Riemannian volume is

(4.4) dp = po ds dw, pio = h™"/?/det B det R.

This definition makes G and p invariant under separate invertible linear changes of s and y. To
check the normalization explicitly, let (s',3") = (As, Ly) and, for an old unit normal e, put

t=|L"Te, e =L Te/t.

The new support function obeys h’(As, e') = h(s, e)/t, and its conormal is diag(A, L)~ Tv/t. Under
the induced parameter map the new second form pulls back to H/t. Dividing it by h/ = h/t
recovers (G, including the change in angular parameters.

For s covectors we henceforth use the inner product and norm given by hB~!, and for angular
covectors those given by hR~!. We write both as (-,-) and | - |, with the variables specifying the
block. Thus, for example,

’DSQP =h (Dsg)TBileg

All unqualified integrals below are over 7. Every cutoff in the s variables has compact support in
B, so these integrals and the corresponding variations have compact support on the hypersurface.
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4.2. The stationarity equation in support coordinates. The support coordinates have iden-
tified both affine area and the invariant volume. We next express stationarity through their density
ratio. This supplies the differential identity whose weighted integral will have a strictly positive
quadratic part in dimensions three through nine.

We first record the cofactor identities needed for integration by parts. Since B = D%(—h), its
cofactor is divergence free in the flat variables. The angular tensor R is Codazzi:

v(kac = Vb}%ac-

One way to see this is to differentiate d.Y = R in the ambient Euclidean space. Commuting the
two derivatives of Y and taking tangential components gives the displayed identity; the normal
components cancel because R is symmetric. Equivalently, the curvature terms from commuting
third derivatives of h cancel the derivatives of hld.

For completeness, if A is any symmetric Codazzi tensor of positive size r, its cofactor is diver-
gence free. In normal orthonormal frames the cofactor is

(COf A)U = (T _1 1)! 5;322?;‘412]2 T Airjr>
where the symbol on the right is the alternating Kronecker symbol. On differentiating and con-
tracting the derivative index with 4, each resulting term contains V;A4;_;, = V;, A;j,, symmetric
in two indices against which that symbol is alternating. Each term is therefore zero. Symmetry
gives the divergence identity in either contracted index. For r = 1 the cofactor is the constant 1;
for the empty angular block no identity is needed. In particular,

(45) Duy(cof BY =0, V(cof R)™ =0,
Define

det B\° n+ 2

(4.6) = (detR) , f =1log(a/h), c= 0

The function f records the ratio of affine area to invariant volume: by Equations (4.3) and (4.4),
—n/(2(n+2 —n/2
% — /2 <detB) /2] _ <a> / — e nf/2
du det R h

A variation h+en, with n € C°(T), gives a compactly supported smooth variation of X. Positivity
persists for sufficiently small € on its compact support. Differentiating Equation (4.3), using
stationarity, and dividing by J gives

The colon denotes contraction in the indicated orthonormal frames. The scalar factors in this
expression satisfy

IyB™! = (cof B)a~ "V, LhR™' = (cof R)a.
Two integrations by parts using Equation (4.5) therefore yield
(4.7) —(cof B) : D?(a=™* ) + (n + 1)(cof R) : (V4a + ald) = 0.

There is no angular boundary term. In the case m = 1, the calculation is performed separately
on the two endpoint sheets and the second term is absent.
Writing ¢ = log a, we have

DX (a= Dy = (n 4+ 1)a~ "tV (=D?t + (n 4+ 1) Dst ® Dyt),
Via = a(Vit+ Vst ® Vst).
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Dividing Equation (4.7) by (n + 1)1 gives
(48) B71: D%loga — (n+1)(Dsloga)" B"'Dsloga
' + R :Viloga+ (Vsloga)"R™'Vgloga +tr R~! = 0.

Introduce
p = Dslogh, d= Dsf, pe = Vglogh, de = Vsf,

T.g=hB~': D%, T.g=hR™':Vig.
Direct differentiation of h gives
(4.9) Tilogh = —k —|p|>,  T.logh=mn—k—htr R™' — |p.|*.
Substitute loga = logh + f in Equation (4.8) and multiply by h. The angular trace and |p.|?
terms cancel, and Equation (4.9) gives

(4.10) n—2k+Tof —[p|> — (n+ D)|p+d? +Tef +2(pe, de) + |de|* = 0.

4.3. Weighted integration and coercivity. Equation (4.10) contains derivatives with different
drifts in the base and angular variables. We integrate with the invariant measure pu, retaining
both drifts until the cancellation in Equation (4.15). The dimension restriction enters only in the
quadratic form that remains.

The matrix densities for T and T, relative to ds dw are

4.11 ohB™! = (cof BYh e/, pohR™' = (cof R)h2ecT.
!

For example, the first follows from \/det R/ det B = a™¢ and hi=/2q=¢ = p"e~¢f; the second
follows in the same way with the signs of the exponents reversed.

Let v € C2°(B). The logarithmic derivatives of the scalar factors in Equation (4.11) are —np—cd
and 2p, + cd,, respectively. One integration by parts and Equation (4.5) therefore give, for every
smooth g on T,

/ v*Tyg dp = / {v2<np + cd, Dsg) — 2v(Dsv, Dsg>] dp,

/’UQTeg dp = —/1)2(2]7e + cde, Vgg) du.

The angular identity has no cutoff term because v depends only on s. Taking g = logh in the
first identity and using Equation (4.9) yields

(4.13) /112 [k: + (n+1)[p* + c(d,p>} dp = 2/1}(st,p> dp.

(4.12)

Next integrate Equation (4.10) against v? and apply Equation (4.12) with ¢ = f. Expanding the
squares gives

[ 5 0dP 410 + 2 + oy ) — (0 20)|
(4.14)

— —2/U<st,d> dp.

In particular, subtracting twice Equation (4.13) gives the exact cancellation
n
5 /v?(ldl2 + |de|* = 2[p|* = 2) du = — 2/v<st,d> du

(4.15) 2
- 4/U<st,p> dp.
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We combine these identities to control both the p-mass and the derivative terms. For a pa-
rameter A > 0, add 2\/n times Equation (4.15) to Equation (4.13). The resulting left integrand
is

Fx=k—=2x+(n+1=2))p|* + c{p,d) + A(|d]* + |d.[*),
and the identity is

A 4\
(4.16) /U2F)\ dp = /v <st, <2 — 8n> p— nd> dp.

In an orthonormal frame for the s covectors, the coefficient matrix for each paired component of
p,d is
n+1—-2\ (n+2)/4
( (n+2)/4 A > '
At X =1, its determinant is
) (n+2)?  (n—2)(10 — n)

" 6 16 '
This is positive for 3 < n < 9, but the scalar term k — 2 vanishes when k& = 2. Choosing A slightly
below one makes the scalar term positive while preserving the positive quadratic form. For the
rest of the argument impose 3 < n < 9 and fix A\ = 15/16, which works throughout this range.
Then k£ — 2X\ > 1/8, and the determinant satisfies

(n+2)>  —8n?+88n — 137 LT

16 128 ~ 128
where the last inequality follows by concavity of the quadratic and its endpoint values. Both
diagonal entries are positive. Thus there is a constant x, > 0 such that

Fx > fin(1+ [pl* + |d” + |de[).
Young’s inequality absorbs the right side of Equation (4.16), giving

(4.17) /v2(1 L2 (dP? 4 def?) du < C’n/|st\2 dp.

A(n+1-2\) —

(3<n<9),

All constants here depend only on n; the estimates are uniform for 2 < k < n.

4.4. The logarithmic inequality. For 1 < ¢ < k, put «; = log s; and define the measure
k -1

(4.18) do = (1 + Z |Ds log si]2> du, |Ds log s = #

i=1 S;

This measure is invariant under invertible linear changes in y and positive diagonal changes in s:
the metric G and its volume are invariant, while each «; changes only by an additive constant.

Proposition 4.1. Let 3 <n <9 and 2 < k < n. On any tube satisfying the hypotheses of this
section, there is a constant Cy,, depending only on n, such that every v € C2°(log B) satisfies

(4.19) / v(log s)? do < Oy, / [Vi(log s) [ do.
T T

Here logs = (log sy, ...,logsk) and the gradient on the right is Fuclidean. No completeness of
the metric G is required.

Proof. Since Tsa; = —|Dsa;|?, Equation (4.12) gives
/vQ\Dsail2 dp= - /v2<np+cd, Dsoy) dps

+2/U<st,Dsai> dp.
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Young’s inequality, followed by Equation (4.17), therefore gives
2 12 2
/v |Dscvi|” dp < C, / |Dsv|* dp.
Summing these inequalities and the term controlling [v?du in Equation (4.17), we obtain

/u2 do < Cn/]st|2 dg.

Finally take v(s) = v(logs). The chain rule and Cauchy—Schwarz in the positive inner product
hB~! imply

k 2

2(8277) (10g S)Dsai

i=1

‘styz =

k
< |Vo(log s)]%k Z | Dsay|?.
i=1
Equation (4.19) follows from Equation (4.18). Every integration used a compactly supported
cutoff on the smooth tube, which also proves the last assertion. ]

5. EXCLUDING MODELS WITH SEVERAL DIRECTIONS

We now combine the logarithmic inequality with estimates on smooth approximants of a model.
All curvature quantities in this section belong to the approximants; no differentiability of the
limiting body is used.

Proposition 5.1. Suppose 3 < n < 9. The largest number of directions of a model in F(D), in
the sense of Definition 2.3, is one.

We first establish the area estimate that prevents the measures in the logarithmic inequality
from vanishing. The comparison uses concavity of the affine-area integrand and stationarity, as
in the local maximization argument of Trudinger and Wang [9, Section 6, Equations (6.2)—(6.4)].
Here the comparison is applied to uniformly normalized caps of smooth approximants.

Lemma 5.2. Let D; be affine images of D converging locally to a full-dimensional closed convex
set C. Suppose that a nonzero linear function ¢ and a number b satisfy

CN{l < b} is compact, intCN{l<b} #2.
There are ¢ > 0 and jo such that

dAj >c (] > jo)

/E)Djm{kb} o

Proof. Lemma 2.2 gives a uniform bound for these caps. Choose a closed ball B,.(0) in int CN{¢ <
b}. After decreasing r, the same ball lies in D; for all sufficiently large j. Fix g > 0 with
5(0) < b— €0-

Let e; be the unit vector in the image of the original upward vertical direction under the affine
map defining D;. It is a recession direction of D;, and 0D); is graphical along it. The component
{(e;) is bounded below by a positive constant. Indeed, the ray o+ te; lies in Dj; if £(e;) <0, the
whole ray lies in the cap, and otherwise its initial segment of length (b — £(0))/¢(e;) lies there.
Uniform boundedness of the caps excludes both a nonpositive component and components tending
to zero. Consequently

.y
V; = 1 satisfies £(V;) =1, |Vi| < C.
J £<6j) J J‘
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Use the coordinates
X=(¢+7V], ¢ € ker .

These coordinate maps and their inverses are uniformly bounded. With an orthonormal basis
of ker/, their determinants have absolute value 1/|¢|, where |¢| is the Euclidean norm of the
covector. In these coordinates 0D; is the graph of a smooth strictly convex function g;, and the
cap corresponds to 7 < b.

The sets

Ej ={C:g;(¢) <b}
are uniformly bounded. Every closed sublevel of g; at a level at most b is compact within its

domain: its lifted graph lies in a compact cap, and the closed hypersurface 0D; is precisely the
graph in this direction. Writing (; = o — £(0)Vj, the common interior ball gives

gj(() <b- €0 (C € Bkeré(CjaT))'

Here Byer¢((j,7) is the radius-r ball in ker ¢ centered at (. The centers (; and the sets E; are
uniformly bounded. We may therefore choose one a > 0 so small that the quadratics

QJ(C) =b- 7"‘ |C CJ’Q

satisfy

250 €0

Let x be a smooth convex regularization of the positive part, with 0 < x/ < 1, equal to 0 for
arguments at most —n and equal to the argument for arguments at least 7, where 0 < 1 < £¢/6.
On Ej set

9j = 95+ x(45 — 95)-
This equals ¢; on the indicated base ball and equals g; near the level b. Extending by g; outside
E; gives a smooth perturbation whose difference from g; has compact support in F;. Its Hessian
is positive definite, since it is a convex combination of D? g; and quj, plus a positive semidefinite
matrix.

The function F(H) = (det H)? is concave on positive definite matrices: the determinant n-th
root is concave, and nd =n/(n +2) < 1. Concavity and Lemma 3.1 give

| P ¢ < / F(D%;) d¢
Ej

45 / F(Dg;)(D%g;)~" : D*(g; — g;) d¢

_/F 24.)

The first integral is bounded below by |Byer¢(0,7)[(20)™ > 0. Affine covariance of area, with the
uniformly controlled coordinate determinants above, proves the assertion. O

5.1. Positive mass away from the coordinate faces. Fix a model C' with the maximal
number k of directions, and choose affine images D; — C'. Write its coordinates as (s,y) € RFxR™,
where m = n + 1 — k. Choose b > 0 so that the cap for y(s) = s1 + - -+ + s contains an interior
ball strictly below its top. Such a choice is possible because C has nonempty interior. The cap is
compact by Definition 2.3. Lemma 5.2 gives

(5.1) Aj (aD] N {50 < b}) >c>0
for large j, and all these caps lie in a fixed ball.
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For any fixed 0 < € < 1, convergence and the uniform cap bound imply that s; > —e everywhere

on the approximant caps once j is sufficiently large. In the part where s; < g, stretch the single

coordinate s; by 1/e. The transformed boundary part lies in a fixed ball, independent of € and j.
Lemma 3.2 and the |det L|™ covariance of affine area give

(5.2) A;(OD; N {ly < b, s; <e}) < O™,
Only the boundary part under consideration needs to lie in the ball. Choose € so small that the
sum of these k bounds is less than ¢/2, and then choose j large enough. Equations (5.1) and (5.2)
leave area at least ¢/2 in a fixed bounded region where all s; > «.

If m = 0, the model is the nonnegative orthant in R"*!. The remaining region is contained in

a compact subset of its interior, which lies in int D; for large j. It cannot contain any points of
0D, a contradiction. Hence

(5.3) kE<n, m > 1.

For the rest of the section, suppose that k£ > 2. On every fixed compact box of positive s’s, the
fibers of D; are uniformly bounded and contain zero in their interiors for large j. This follows
from Proposition 2.6, Lemma 2.4, and Lemma 2.2. Thus the tube coordinates and measures (4.3),
(4.4), and (4.18) are available there. For a base set E C (0,00)*, write p;(E) and o;(E) for the
masses of E x S™ 1. In particular, define

Qr = {s € (0,00)" : |log s|ee < L}, log s = (log s1,...,log sk).
The preceding area bound gives a fixed positive box @) such that fo gm-11Ip ds dw > ¢/2 for
large j. On this box h is uniformly bounded above, and

/ det R ds dw < C.
QxS5m—1

Indeed, det R dw is Euclidean area on the boundary of a uniformly bounded convex fiber. When
m = 1, it is counting measure on the two endpoints, with det R = 1. Using the density ug from
(4.4), the exact factorization

I = pg’h™ (det R)' =%
and Holder’s inequality yield

‘< / Io ds dw < C;(Q)%.
QXSm71

5 =
Since o; > pj, enlarging () to a fixed @1, proves that there are Lg,co > 0 with
(5.4) 0i(Qry) = co for all sufficiently large j.

5.2. A uniform bound on each logarithmic cell. We now have positive mass in one fixed
logarithmic box. To control growth, we need a bound for the mass of every cell that is independent
of its logarithmic position. Centering provides this uniformity after affine normalization. The
cap identity controls an inverse-Hessian integral, and bounds for Hessian minors provide the
complementary factor in a weighted interpolation.

Lemma 5.3. There is a constant Ceep, independent of a € RF, such that
of {s : %e‘“ < 8; < 2e% for every z} < Ceen
for every sufficiently large j. The threshold for j may depend on a.

Proof. Rescale s; by e™% and make an invertible linear change in y. By Corollary 2.7, these
changes can be chosen so that the limit fiber above 1 = (1,...,1) satisfies

Br* C K1 C BR*,
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where 74, R, > 0 are independent of a. We use the same affine change on the approximants. The
measures o; are preserved by these normalizations.

Corollary 2.7 also gives uniform fiber bounds on the fixed box [1/4,4]*, uniform bounds for
caps with fixed positive linear forms and fixed top levels, and a fixed interior ball centered at
o= (1,0). Applying its approximation statement on a slightly larger positive box gives

(5.5) 0<ec1 <h<C; on[1/4,4F x sm!

and the same uniform cap and interior-ball bounds for all sufficiently large j. These constants are
independent of a; only the required index depends on the normalization.
Let Q = [1/2,2]¥ and 7 = Q x S™~1. By (4.18) and (5.5),

7;(Q) < C/ Vdet B det R (1 +tr B™') ds dw,
T
since s; 2 <4 on Q. To control the inverse-Hessian factor in this integral, we first prove
(5.6) / Iy tr B~ ds dw < C.
T

Forr=1,...,k, set

) =1+e,, 0(s) =a") - s.
Their values on @ lie in J = [(k + 1)/2, 2(k + 1)]. Choose a smooth nonnegative function p,
compactly supported below a fixed number by > 2(k + 1), with p > 1 on J, and put

v = [ =000 ar

Then ¢” = p > 0, and 1) vanishes above by. Although it is affine sufficiently far below, its surface
test is compactly supported in the bounded cap ¢, < by. The functions 1,1’ and the levels ¢, are
bounded there by uniform constants.

Apply Lemma 3.3 with the center o of the fixed interior ball. If its radius is rg, the supporting-
plane inequality gives

v(io—X) > rolvl.

The integrand involving ¢” in that identity is nonnegative over the whole cap. On the tube, take
the conormal v = (Dsh, —e); it has norm at least one, and

de, 1 = (a")TBa™,
The other terms in the cap identity have bounded integrals by Lemma 3.2 and the uniform cap

bound. Hence
/ Io (@™ TB ") ds dw < C.
T

Summing over r proves (5.6), since
k
S (@) =1d + (k+2)117 > Id.
r=1

We next claim that

(5.7) / det B(1+trB™') ds dw < C.
T

For each fixed e, the function —h(-,e) is strictly convex. Its gradient is uniformly bounded
on @ by (5.5) on the larger box. For a principal minor, hold the unused s-coordinates fixed
and consider the gradient in the selected coordinates. It is injective, because the corresponding
Hessian is positive definite, and its image lies in a fixed bounded box. The change-of-variables
formula bounds the integral of its Jacobian, which is precisely that principal minor. Integrating
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in the unused coordinates and in e gives a uniform bound. The determinant itself is the full
principal minor, and det B tr B~! is the sum of the principal minors of order k — 1. This proves
(5.7). As before, the uniform fiber bound also gives

(5.8) / det R ds dw < C.
T

Equations (5.7) and (5.8), together with Cauchy—Schwarz, give
/ Vdet B det R ds dw < C.
-

For the inverse-Hessian weight, set
1 n + 2

0= - tp=tr BL.
°21—-6) 2(nt1)’ BTY

The interpolation identity is
(5.9) Vdet B det Rtp = (Iptg)’(det Btg)'~?.
Since 0 < 6§ < 1, Hélder’s inequality applied to (5.9), using (5.6) and (5.7), gives

/ Vdet Bdet R tr B~ ds dw < C.
.

The last two bounds control both terms in the target integral and hence 0;(Q). Its invariance
under the preceding coordinate changes proves the lemma. O

5.3. The growth contradiction.

Proof of Proposition 5.1. A model with one direction exists by Lemma 2.1. Suppose that the
maximal number k is at least two, and fix the model and approximants used above. The case
k =mn+ 1 has already been excluded in (5.3); hence 2 < k <n.

Covering a logarithmic box by finitely many of the cells in Lemma 5.3 gives a constant Choy
such that, for every fixed L > 1,

(5.10) 0;(Qr) < Crox(L + 1)F for every sufficiently large j.

The constant is independent of L and j. The index threshold may depend on L, because only
finitely many cells are involved for each fixed L. By increasing that threshold, the tube coordinates
are also available on Q9.

For an integer [ > 1, choose a smooth cutoff 7; on R¥, equal to one on {|t|s < I}, zero outside
{|t|oc <1+ 1}, and with a uniformly bounded Euclidean gradient. Its gradient is supported in
the intervening shell. Proposition 4.1, applied with v;(s) = v;(log s), implies

Uj(Ql) < Cgrow(gj(QH—l) - Jj(Ql))

whenever the tube is available through Q;41. Here Cgoy is independent of [ and j. Box boundaries
have zero mass, because these measures have smooth densities in the tube coordinates. Writing
q=1+Cyl > 1 and taking an integer lg > max(1, L), iteration from (5.4) gives

grow
(5.11) 0;(Qr) > cogh0 (L > lp, L an integer)
for approximants on which all the indicated estimates hold.
Choose one finite integer L large enough that
coq" 70 > Chox(L + 1.

Then choose one j large enough for the initial mass bound, the finitely many cell bounds through
@1, and tube coordinates through Q2. For this same j, (5.10) and (5.11) contradict each other.
Thus no maximal model has k > 2, proving the proposition. U
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6. SECTION BALANCE AND RIGIDITY

We now convert the exclusion of models with two or more directions into uniform control of
tangent sections. This control supplies the modulus of convexity needed for the interior estimates
of Trudinger and Wang.

Lemma 6.1 (Uniform balance of tangent sections). There is a constant 0 < p < 1 such that, for
every a € Q) and t > 0, the compact convex body

Ko(t) = Su(a,t) —a
satisfies
(6.1) —pK,(t) C K (t).
The same p works for all base points and heights.
Proof. For a fixed a, use the ambient affine coordinates
s =2z —l4(x), y=2x—a.

The epigraph lies in s > 0, contains the ray {s > 0, y = 0}, and has compact caps by Lemma 2.1.
It is therefore a model with one direction, whose fiber at height t is K,(t). Proposition 5.1
says that the maximal direction number is one. The uniformity over models and coordinates
in Proposition 2.6 consequently gives —K,(t) C CK,(t) with one finite constant C. Taking
p =min{1,C~'} proves the claim. O

Lemma 6.2 (Doubling and extension of rays). The domain is Q@ = R™. Moreover, there are
constants 8 > 1 and A > 1, depending only on p, such that every tangent-subtracted line restriction

g(r) =u(a+re) —u(a) —r Du(a) - e

satisfies
(6.2) g(Br) < Ag(r)  (r>0).
One may take

P _(2+p)(1+p)
(6.3) B=1+ > A= ) .

Proof. Initially let I = {r : a + re € Q}, an open interval containing zero, and choose R € I with
R > 0. For 0 < ryp < R, the tangent section based at a + rge and having height

b=r0g(ro) — g(r0) >0

contains a on its boundary. Applying (6.1) to the displacement —rpe puts the displacement proe
in the same translated section. In particular (1 + p)rg € I, and the section inequality gives

g((1 + p)ro) < (1 + p)rog'(ro)-

Convexity and g > 0 give
9(R) —g(ro) _ 9(R)

!
< .
g(’l"o)_ R—rg ~“R—rg
Set 2+
p
0= ———, =0R.
21+p) "

Then (1 + p)8 = 3, with 5 as in (6.3), and

BREI,  g(AR)< L g(R) = Ag(R).
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Iterating the domain inclusion shows that the positive ray from a in direction e is contained in €.
Every oriented direction admits an initial positive interval by openness, so all rays from «a lie in
Q. This proves = R", as well as (6.2) on every ray. O

Fix a base point, translate it to zero, and subtract its tangent, so that u(0) = 0, Du(0) = 0,
and u > 0. Each section S,(0,t) can be normalized by a linear map that preserves zero, with
constants uniform in ¢t. For K = S,(0,t), apply Lemma 2.5 with d = n and C, = p~!. Tt gives an
invertible linear map L with

BZp/(1+p) C LK C Bign

A scalar adjustment therefore produces invertible maps A; and a fixed R > 1, depending only on
n, p, for which

(6.4) ve(y) =t u(Agy), B; C S,,(0,1) C Bg.

The scalar adjustment may be made with a strict margin, so the inner inclusion holds for the open
section. Balance and (6.2) are unchanged by these horizontal linear maps and positive vertical
rescalings.

Lemma 6.3 (A uniform normalized modulus). For all functions vy in (6.4), there is one positive
function b : (0,00) — (0,00) such that

(6.5) Sy, (x,b(r)) C z+ By (z € Byja, 7>0).
In particular, with v = (4R)™1,
(6.6) Su(z,tb(r)) C x +rSy(0,1) (z € v5,(0,1), r,t > 0).

Proof. Write v = v;. Since v(0) = Dv(0) = 0 and v < 1 on By, convexity gives 0 < v(z) < 1/4
on By/y. Fix such an z. For every unoriented line through z, choose its unit direction e so that
Dv(z) - e < 0. The ray in this direction meets 05,(0,1) at a distance at most 2R. At that
intersection, its tangent-subtracted gap

Gze(r) =v(x +re) —v(x) —rDu(x) - e

is at least 1 —v(x) > 3/4. Thus the positive-ray radius of the closed tangent section of height 1/4,
based at z, is at most 2R. Balance of that section bounds the opposite-ray radius by 2R/p: a point
on the opposite ray, reflected and contracted by p, must still fit on the first ray. Consequently
every unit direction e satisfies

1 2R
. ze(fx) = R * — T .
(6.7) IUSES N B
The gap ¢, . is nondecreasing on the positive ray. Define
R, 1
(6.8) N(r) = max {O, {bgﬁ r—‘ } , b(r) = SANG)”

Iterating (6.2) and using (6.7) gives
1
AN(T)QI,@(T) = Jz.e (/BN(T)T) > 1
Thus the tangent gap is at least 2b(r) at every point of distance r from z, and at every point
farther away. This proves (6.5).
If € v5,(0,1), then || < 1/4. Since By C S,(0,1), we obtain
Sy(x,b(r)) Cxz+ B, Cx+1rS,(0,1).

Applying Ay gives (6.6). All constants and the function b are independent of the height ¢, the
base x in the stated range, and the line direction. O
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Condition (6.6) is precisely the uniform strict convexity condition of [9, Condition (4.10)], with
base point zero. For the final step we use its underlying interior estimate, so that the effect of the
section rescaling is explicit.

Theorem 6.4 (Trudinger—Wang interior estimate). Let O C R™ be a bounded conver domain
and let f € C*(O) have positive-definite Hessian and solve the affine mazximal equation. Suppose
—1 < f <0. If a positive function by gives the section control

Sf‘o(x,bo(r)) C By(x) (x €O, r>0),

then f € C*(0), and for each O" € O and integer ¢ > 2 there are positive constants ¢, Cy such
that

D?f > cld, |Dif| < C;, onO.
The constants depend only on n, diam O, dist(O’,00), and the specified lower modulus by, with
additional dependence on q for Cy.

This is [9, Theorem 4.2], stated in terms of a prescribed lower bound for the modulus of convex-
ity. Its dimension is arbitrary. The sections S|, here are taken within O. Its proof combines the
linearized Monge—Ampére estimates of Caffarelli and Gutiérrez [3], Caffarelli’s Monge-Ampere
regularity theory [2], and Schauder estimates; see [9, Section 4]. The rescaling in the following
proof is the reduction in [9, Theorem 2.1 and its proof], with the uniform modulus now supplied
by Lemma 6.3.

Proof of Theorem 1.1. Proposition 5.1 applies for every 3 < n < 9. Lemmas 6.1 and 6.2 therefore
give ) = R™ and uniform section balance. Fix any base point, translate it to zero, subtract its
tangent, and use the normalized functions v; from (6.4).

These functions solve the same affine maximal equation. Indeed, for v(y) = t~'u(Ay), set

n+1

¢ =t "(det A)?, a=
n

Then
Wy = ¢; “wy 0 A, U, =t (det A)2A™ (U, 0 A)A™T,
so the contraction UY(wy);; is a nonzero constant multiple of (U%(wy);) o A, and vanishes.
Subtracting an affine function leaves the equation unchanged as well.
Apply Theorem 6.4 to f; = v: — 1 on O = By 4, with O = Byg. There —1 < f; < —3/4, and
Lemma 6.3 supplies the same lower modulus at every point of O. Restricting a section to O only
decreases it. We obtain constants independent of ¢ such that

(6.9) D?v(0) > cold, |D%,(0)] < Co.
Put H = D?u(0) > 0. The identity
D2, (0) =t YATHA,
and the first bound in (6.9) imply
teolz|? < (Ap2) TH(Arz) < Amax (H)|As2)?,
and hence

(6.10) 1A < \ A (D) Jeo 712,

For any three vectors 21, 22, 23, differentiation of u(x) = t v (A; 'z) gives
D3u(0)[21, 29, 23] = t D3u(0)[A; 21, A7 P2, A7 23],
Equations (6.9) and (6.10) therefore give

|D3u(0)] < Ct™Y? — 0 as t — 00.
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The base point was arbitrary, so D3u = 0. Thus
u(z) =32"Qr+b-x+c
on R™, with Q > 0. Its graph is an invertible affine image of {(z, |2|?) : z € R"}, as required. [

The affine-complete consequence. The graph theorem now gives the consequence announced
in the introduction. The completeness and global graph results of Trudinger and Wang represent
the hypersurface as a complete convex graph.

Corollary 6.5 (Affine-complete hypersurfaces). Let 3 < n < 9. Let M be a smooth locally
uniformly convex immersed hypersurface in R" whose underlying manifold is connected and
open (noncompact and without boundary). Suppose that M is complete for the affine (Berwald—
Blaschke) metric and is classically affine mazimal (stationary for affine area under compactly
supported smooth variations). Then M is an invertible affine image of the standard elliptic pa-
raboloid.

Proof. By [10, Theorem A], M is complete for the induced Euclidean metric. By [10, Corollary 1],
an invertible affine change of coordinates gives an affine image M that is the global graph of
a convex function u over a nonempty open convex domain 2 C R", not assumed to equal R".
The linear part L of this change uniformly compares Fuclidean lengths by its least and greatest
singular values, preserving completeness. By Equation (3.2), it multiplies affine area on compact
patches by the fixed positive factor | det L|"/ (n+2) preserving stationarity. Smoothness and local
uniform convexity give u € C°°(2) with positive-definite Hessian, and classical stationarity gives
(1.1). Theorem 1.1 now implies = R™ and that u is a quadratic polynomial with positive-definite
Hessian. Undoing the affine change of coordinates proves the conclusion. U
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