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Abstract. Under mean radius of curvature flow, a closed convex surface in Euclidean space
is known to expand exponentially to infinity. In the three-dimensional case we prove that the
oriented normals to the flowing surface converge to the oriented normals of a round sphere
whose centre is the Steiner point of the initial surface, which remains constant under the flow.

To prove this we show that the oriented normal lines, considered as a surface in the space
of all oriented lines, evolve by a parabolic flow which preserves the Lagrangian condition.
Moreover, this flow converges to a holomorphic Lagrangian section, which forms the set of
oriented lines through a point.

The coordinates of the Steiner point are projections of the support function into the first
non-zero eigenspace of the spherical Laplacian and are given by explicit integrals of initial
surface data.

0. Introduction

Consider the evolution of a sphere f : " x [0, o0) — R**! by mean radius of curvature
flow (MRCF):

aft &
o = Z ri N, (1
j=1
where N is the unit normal vector of S; = f;(S") C R**! and ry, r2, . .., r, are the radii of

curvature of S;.
As noted in [1], this flow, referred to there as the inverse harmonic mean curvature flow,
is expanding and the support function r of the surface evolves by the linear strictly parabolic

equation
0
— — Agn |r =nr.
<ar ’ )

As a result, the support function for a closed convex surface increases exponentially, and the
surface expands to infinity. Moreover, in [7] it is proven that by rescaling the flow about the
origin, the surface converges to a round sphere with centre at 0.

In what follows we extract more information about this flow for n =2 and prove the
following theorem.
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MAIN THEOREM. Under mean radius of curvature flow, the oriented normal lines to any
convex surface with support function ro as initial data converge to those of the round sphere
with the centre at Steiner point (x!, x2, x3) of So:

3 27 pm )
it = / ro(0, ¢) sin” 0¢'® do d¢,
4 0 0

3 2n pm
JERES / ro(6, ¢) sin 6 cos 0 d6 de, @)
4 0 0

where (6, ¢) are standard spherical coordinates.

Thus, the Steiner point is invariant under the flow.

We prove this by computing the flow of the oriented normal lines to the surface as it
evolves by MRCF. These normals form a surface in the space of all oriented lines.

In particular, recall that, given any smooth oriented convex surface S; in R3, the set of
oriented normal lines to S; forms a surface ¥, in the space L(R?) of all oriented lines of R3.
This surface is of necessity Lagrangian with respect to the canonical symplectic structure on
L(RR?) and, since S; is convex, ¥, is a section of the bundle 7 : L(R?) = TS?* — S? [3, 4].

Conversely, for any Lagrangian section ¥ of IL(R?), the line congruence determined by
Y is integrable; that is, there exists an embedded surface S in R3 orthogonal to the lines
(see [4, Proposition 10]).

The evolution of the Lagrangian section induced by MRCEF, in contrast to the flow in R3,
converges without rescaling, and we prove the following theorem.

MAIN THEOREM (reformulated). Under mean radius of curvature flow, any initial
Lagrangian section converges smoothly to a quadratic holomorphic Lagrangian section of
L(R3) determined by

F=3x" +ix? =206 — (x' —ix?)&’]
with coefficients given by the formulae (2).

A holomorphic Lagrangian section corresponds to those oriented lines that pass through
a fixed point in R3, and so, while the convex surfaces in R> run out to infinity under the
flow, their normal lines converge to the normals of a round sphere (without rescaling the
flow). Note that a surface can be both Lagrangian and holomorphic in this setting because the
associated Kaehler metric is of neutral signature [4].

The proof involves showing that, under MRCEF, the Lagrangian sections flow by a linear
strictly parabolic equation system — see Proposition 2. Then, utilizing spherical harmonics
to solve the equation in terms of the initial spectral decomposition we study the asymptotic
behaviour. The fundamental result for the parabolic equation that we use is contained in
Proposition 4.

In the next section, we describe the geometric relationship between R and L(R?).
Comparison of MRCF in the two spaces is carried out in Section 2, while in the final section
we prove the Main Theorem.
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1. The space of oriented lines

The space L(R?) of oriented lines of Euclidean R? can be identified with T'S?, the total space
of the tangent bundle to the 2-sphere. TS? carries a neutral Kihler structure (G, J, ) which
is invariant under the Euclidean group acting on oriented lines. In what follows, the terms
holomorphic and Lagrangian refer to the complex structure J and symplectic structure €2,
respectively. The metric G is of neutral signature; hence planes can be both holomorphic and
Lagrangian. Further details on the neutral Kéhler structure can be found in [3, 4].

For local computations, let £ be the standard complex coordinate on S? coming from
stereographic projection from the south pole so that & = tan(6/2)e’? for the spherical polar
coordinates 0 <6 < w and 0 < ¢ < 2. Extend this to complex coordinates (£, 1) on an open
set of TS? by identifying X € T:S? with (¢, 1) € C? when

X = a _0
=7 oE +n oF

Consider the set of oriented normal lines to a surface S. These form a Lagrangian surface
¥ C TS?. As there are no flat points, the Gauss map of S is invertible and hence X is a
Lagrangian section of the canonical bundle 7 : TS* — S2. In terms of local coordinates, the
surface ¥ is given by & > (&, n = F(£, £)) for some complex-valued function F.

The link between these holomorphic coordinates and flat coordinates (x 142 x3) in R3
is provided by the map ® : TS? x R — R3:

222(n—ﬁ§2)+2€(1+55)r . —2(né + 7§) + (1 — E2E)r
(1+§6)? ’ (1+§§)?
which sends an oriented line (£, n) and a real number r to the point on the line in R3 that is

an oriented distance r from the closest point on the line to the origin.
These equations can be recast as

xl—i—ix

3

L (M ix?)E 4+ (o —ix?)E+ 230 — E8)
B 1+&E '

The perpendicular distance x of an oriented line (£, 1) to the origin is found to be

1
n= E(xl +ix? =223 — (! —ix?)E?),

X2 _ 477’7_ '
(1+£8)?
Definition 1. The support function of a convex surface is the map r : § — R which takes a
point p to the signed distance between p and the point on the oriented normal line to S at p
which lies closest to the origin. Alternatively, it is the signed perpendicular distance between
the oriented tangent plane to S at p and the origin.

“)

The relationship between the support function r of S and the complex-valued function F
determining the Lagrangian section corresponding to S is

F=4(1+¢8)%r (5)

Define the complex slopes of F by

3F = —&, (1+s§)2a( >=p+ik. ©)

_F
(1+£€)2
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A section is Lagrangian if and only if A = 0 and this implies the existence of the real function
r satisfying equation (5). In addition, the radii of curvature of the surface S are determined
by

o =301 =%+ p)? =501+
Finally, translations in R? act on our functions as follows. Suppose we consider the translation
that takes the origin to (x' 4+ ix2, x3) = («, b). Then we have

of + a4+ b(l — £§)
1+ EE

1
nr—>n+§(a—2bé—6{$2), rer+

while o and r + p are invariant under translations.

2. Mean radius of curvature flow

Let us now consider the flow (1) for a strictly convex surface S; in R3. Using coordinates
(x' +ix2, x?) on R? and Gauss coordinates & on S, let ; : S2 — R be the support function
of S;. Then, with (r = r;, n = n,), differentiating equations (3) in time yields

Dty 20, % b % b
" T e T G renra T ixeEor
d ;5 26 ) 260 9 _ 1—EED

X =- — —n— — 7+ > 7,
o1 (I+eb2ar’  (I+ebror " 14ekor
and projecting this we obtain

o+ N =+ )N
— =—N=(+nr)N.
ar ot T

Finally, from the relationship between section and support (5) we have

r+r=2r+p) =2r+2(1+ 55)23(7— )
(1+£8)?
=2r + (1 +££6)%33r =2r + Agr.
We have therefore proven the first part of Proposition 1.

PROPOSITION 1. Under MRCE, the support function evolves by

<% — ASz>r =2r, 7

while the perpendicular distance function of the normal lines evolves by

d
(5 — Asz)x2 =2x% — 4(p* + lo|?).

Proof. The first we have proven, and the second follows from a similar calculation. O

In the space of oriented lines, the set of oriented normal lines to S; forms a Lagrangian
section of TS? — S? given locally by a complex function F : C — C. We lift the flow to the
space of oriented lines in Proposition 2.



A converging Lagrangian flow 347

PROPOSITION 2. Under MRCEF, the Lagrangian section F evolves in TS? by the linear

parabolic system
G 28
— —Ag |F=—- —0F
ot 1+&§&

Proof. Differentiate the relationship (5) in time to obtain

2§

_9F. O
1+ &¢

9 1 9
ZF=-Q 20—r =A@ F —
gl = FE8ATr =g

Finally, we compute the flow of the derived quantities.

PROPOSITION 3. Under MRCE, the slopes evolve by

0 0
— — A =2p, — — A A= =2A,
(at Sz)” P <ar S)

<% _ AS2>0' = —2(1 +28&)0 +2(1 + £§)(Edo — £do).

Proof. Differentiate the defining relationships (6) in time and use the previous proposition. O

Note that the flow equation for A is such that, if A =0 initially, it remains so for all
time. Since Q|y = AdéA, we say that the flow in T'S? is Lagrangian, since it preserves the
Lagrangian condition.

In fact, even if the initial surface is not Lagrangian, we prove in Proposition 5 that under
the flow it becomes Lagrangian.

3. Proof of the Main Theorem

Consider the flow

0
<§ —Asz>f=2fv (8)

for f: S x [0, 00) > R with f(-, 0) = fo(-).

Definition 2. Define the spherical area A2 (f) of f by

Asz(f)=/szfdA-

PROPOSITION 4. The above flow converges if and only if the Ag (fp) = 0.
For A2 (fo) =0, it converges smoothly to an eigenfunction for the spherical Laplacian
with eigenvalue 2.
For Ag (fo) # 0, there exist a positive constant Cy and a constant Co depending only on
fo such that
|f] > C1e* + Co.

Proof. The flow (8) is linear and strictly parabolic, and therefore by standard theory [5], given
any initial function, there exists a smooth solution for all time. Let f; be the solution of the
flow for some initial fj.
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Integrating the flow equation over the 2-sphere we obtain

0
gAgz(f) = As:(f).

Thus, if Ag (fo) =0, then Ag2(f) = 0 for all time, while Ag2(fp) # 0 implies exponential
growth in time for the spherical area.
For fixed time ¢, decompose f; : § — R in terms of spherical harmonics ¥;" : § — R [6]:

l

00
ftzz Z Blelm,
=0 m=—I

where By, are complex and satisfy Bim = (— l)lBl_m for m # 0 and ‘Bio = Byo.
Since the flow is linear, we obtain a flow on the projection of f onto the spectrum of the

Laplacian:
dBim

5 = [2 =11+ D]Bim,

which integrates to yield

00 l
o
f = Z Z B €27+ DIrym

=0 m=—I

o
For convenience, we have denoted By, at t =0 by By,
In more detail, the spectral decomposition is given by

00 l
fr =Booe® Y§+ Biot Y7+ Bio Y+ Bu Y + > Y B @Dy
=2 m=—I

_ L jle o |39 £ l\/j° 1-¢  [3 o &
_2/;Booe W B g TV BT VBT

00 l
+Z Z Blme(2_l(l+l))tYlm

=2 m=—I

!

1\/T yw aE+at+b(l—§8) & SN (AR
=/ —Ax(fo)e™ — - + Bi (21 ym,
2V s 1+ &8 ,;mzl " :

where we note that, by the orthogonality properties of the spherical harmonics,

A (fo) = / fodA =B,
SZ

and we have introduced @ € C, b € R:

3 o 1 o
o= —\/; B, b= E\/; Bio.

If Ag2(fo) # 0, then | f;| exponentially blows up as t — oo, while for Ag(fo) =0, f;
converges to an eigenfunction of the spherical Laplacian with an eigenvalue equal to 2:
o€ + & +b(1-§8)

1+&&

as claimed. O

fr —

ast — 00,
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Proof of Main Theorem. We have seen that under MRCF the support flows by equation (7).
By Proposition 4, we need to determine the behaviour of the area Ag2(r). Note that this
integral is invariant under translation:

o€ 4+ a& + b(l —gé))

Asz(r)zASz<r— 1+€§

If we move the origin to the interior of Sy (which is assumed to be convex), we can make
r > 0 and conclude that Ag (r) > 0. Thus, by Proposition 4, the support function blows up
exponentially. More particularly, the spectral decomposition is

00 l
= "0062t + Z Z Vlm€[2_l([+l)]tYlm,
=1 m=—I

where rgg > 0. Clearly, rop is the radius of the limit of the rescaled flow for 7 = re 2 [7]—it
is the projection of the support function into the 0-eigenspace of the spherical Laplacian:

1 1 2r pm
roo = —\/i/ / ro sin 6 dO d¢.
2V« 0 0

Here, we have introduced standard spherical polar coordinates & = tan(6/2)e’?.

Now consider the flow in TS?. By the evolution equation for p in Proposition 3 we
require Ag (). In this case, however, we have

1
Asz(p) = 5 \/S\z ASZV dA =0,

and by the proof of Proposition 4,
00 l
p=3"3" pime iy
I=1 m=—1

where the constants p;,, are determined by the initial surface. Let

/3 b_1\/T
o= 27[/011, =3 n,Olo.

We claim that the oriented normal lines to the flowing surface converge to the set of
oriented lines passing through (x!' + ix?, x3) = (a, b). Using the power series expansion for
r corresponding to the one for f; in the proof of Proposition 4, we have

F=1(1+£85%r=—t—2b8 —a&®) + R, &, §),

where R(t, £, £) — 0 uniformly in any C*(S?) as t — o0o. This completes the proof of the
Main Theorem since the first term represents a global Lagrangian holomorphic section and



350 B. Guilfoyle and W. Klingenberg

[3 [3

1 ) 1
=a=—/=—pii=—== | YlpdA
¥ =e 27! 2n/Sz 1P

1 /3

—= —/ Y] Agr dA

2V 2w 2

[3

—/ YlrdA

2w S2

3 2w pm )
= f rsin? 6e'® do de,
T Jo Jo

we have

and similarly for x3.
The point («, b) is the Steiner point of the initial surface Sy [2, 8], which remains fixed
under the flow. O

In fact, one could drop the Lagrangian condition on the initial global section.

PROPOSITION 5. The flow converges to a Lagrangian holomorphic section even if the initial
section is not Lagrangian.

Proof. Recall that the section is Lagrangian if and only if A = 0. The flow equation for A
given in Proposition 3 can be written as

a
(a — Asz))\€2t = 0,

which by the maximum principle implies that there exists a constant C depending only on Ag
such that

Al < Ce™™,

so that A — 0 as t — oo.
Now the proof follows that of the Lagrangian case.
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