Proceedings of the Edinburgh Mathematical Society: page 1 of 29
doi:10.1017/S0013091525100989

ON THE CONVERGENCE OF NON-INTEGER LINEAR HOPF FLOW

BRENDAN GUILFOYLE'MORGAN ROBSON":2:3

" School of STEM, Munster Technological University, Kerry, Tralee, Co. Kerry, Ireland
2‘Department of Computing and Mathematics, South East Technological University,
Waterford, Ireland
® School of Mathematics, Trinity College, Dublin 2, Ireland

Corresponding author: Morgan Robson, email: morgan.robson@setu.ie

(Received 16 January 2025)

Abstract The evolution of a rotationally symmetric surface by a linear combination of its radii of
curvature is considered. It is known that if the coefficients form certain integer ratios the flow is smooth
and can be integrated explicitly. In this paper the non-integer case is considered for certain values of the
coefficients and with mild analytic restrictions on the initial surface.

We prove that if the focal points at the north and south poles on the initial surface coincide, the flow
converges to a round sphere. Otherwise the flow converges to a non-round Hopf sphere. Conditions on
the fall-off of the astigmatism at the poles of the initial surface are also given that ensure the convergence
of the flow.

The proof uses the spectral theory of singular Sturm-Liouville operators to construct an eigenbasis
for an appropriate space in which the evolution is shown to converge.
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1. Introduction and results

The literature on extrinsic curvature flows in R? primarily concerns flows whose normal
speed is a symmetric function in the radii of curvature [1], for which flows by mean
curvature, inverse mean curvature and powers of Gauss curvature are examples [4, 5,
13]. Symmetry is necessary for the normal speed to be well defined on general surfaces
[2] as the radii of curvature may be exchanged via re-parameterisation. However when
stationary solutions of such flows exist, they must necessarily be Weingarten surfaces
satisfying a symmetric Weingarten relationship — in which case if they are homeomorphic
to §2 (we will call such surfaces simply spheres), they are in fact isometric to S [7,
12], in which case we will call them round spheres. The current work differs from the
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2 B. Guilfoyle and M. Robson

literature in that the curvature flow considered, the linear Hopf flow, is not a symmetric
curvature flow, hence offers novelty in that stationary spheres of the (unscaled) flow
may be non-round. Rotationally symmetric surfaces support a canonical labelling of the
radii of curvature associated to the meridian and profile principal foliations, allowing
asymmetric curvature flows such as the linear Hopf flow to be sensibly defined on them.
Furthermore, rotational symmetry reduces the problem to one spatial variable, affording
extra tractability and allowing for a wider class of curvature flows to be considered on
such surfaces, e.g. [17, 18]. Explicitly, we consider in this paper solving for the curvature
flow X : S2 x [0, 00) — R3 satisfying

o\ L
X S
<8t> = (ary + bra + o), and X(5%,0) =Sy, (1.1)

with the initial data Sy being a C2-smooth, rotationally symmetric topological 2-sphere.
Here a,b,c € R and X , 1 and 71,79 are respectively the position vector, normal vector
and radii of curvature of the evolving surface. A flow linear in the radii of curvature
is called a linear Hopf flow [11]. We will further assume that b >0 which implies the
parabolicy of a related flow (cf. equation 3.4) and also that a is constrained by

—a/b=2n+ 3, (1.2)

with n € (—1,1) — note this implies a < 0. The quantity —a/b is called the flow slope.
The flow slope places both topological and regularity restrictions on stationary solutions
to the flow: Stationary solutions of the flow can only be non-round, strictly convex and
topological 2-spheres when —a/b > 1, i.e. n > —1 ([12], Corollary 3.5.). In addition the
radii of curvature of such stationary solutions can only be smooth functions if n € Ny
(cf. Theorem 2.6). Convergence of the linear Hopf flow was shown in [11] when n € Ny,
wherein r1 and 7o are shown to converge as t — oo through families of smooth functions
to limits that are also smooth — namely the radii of curvature of a stationary solution.
However in the non-integer case n € (—1,1) considered here, stationary solutions with
smooth radii of curvature do not exist and ry, ro converge to functions which are not
smooth, complicating the analysis (cf. the discussion in S 3) To state the main results, let
0 be the angle between the normal of S at a point and the axis of rotational symmetry and
denote the second order Legendre differential operator for u,v € R by Z# (cf. equation
(3.6)). Let L2 ,(0,7) be the space of square integrable functions with weight sin 6 on

sin 6

the interval (0, 7).

Theorem 1.1 Consider the linear Hopf flow (1.1) and (1.2) for n € (—=1,1). Let
Sp be a C4-smooth strictly convex rotationally symmetric initial sphere. Assume that Sg
satisfies the following conditions

W) 2y (295) € Eusl0.m),
(2) n-lim <30(29)) =n- lim <80(f2) =0.

6—0 \ sin“ @ f—m \ sin
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If the focal points of Sg at the north and south poles coincide, the flow converges to a

round sphere of radius — %5 Otherwise the flow converges to a non-round Hopf sphere
with astigmatism at the equator given by the signed distance between the focal points at

the poles of Sy.

If Sy has isolated umbilic points at the north or south pole, a sufficient condition to
imply (2) can be given in terms of the surfaces umbilic slopes, which quantify the rate at
which Sy becomes umbilic (see S 2 for details).

1. (2*) At each pole of Sy, the umbilic slope is greater than 3.

It is not immediately obvious which classes of surfaces satisfy condition (1). However a
sufficient condition can be given in terms of the asymptotic fall-off of s and its derivatives
as 0 — 0, 7.

1. (3) séi) ~ ¢;sin™ " at @ = 0,7 for m > n+3, i = 0,1,2 with possibly different
constants ¢; at #=0 and 0 = 7.

Condition (3) is in fact enough for convergence as it implies both conditions (1) and (2).
Theorem 1.1 will be a consequence of the following more technical theorem.

Theorem 1.2 Let Sy be a C?-smooth strictly convex rotationally symmetric 2-sphere.
If the astigmatism s of Sy satisfies both of the following conditions

. s ds " s
(i) g S L2 9(0,7), T € ACioc(0,7), 2, <n+20) € L2,4(0,7),

Sin
d s
.. . < 2n+1 _
() lim <Sm "% (M)) =0

then the conclusion of Theorem 1.1 holds.

Theorem 1.2 has a weaker differentiability requirement of the initial surface than
Theorem 1.1. Indeed, (I) implies Sy is C3-smooth everywhere apart from possibly at
the north and south umbilic points, and C*-smooth almost everywhere. Under the addi-
tional assumption that Sy is C*-smooth, conditions (I) and (II) are implied by (1) and
(2) respectively and Theorem 1.1 follows.

Our method of proof involves a spectral expansion in an eigenbasis of the non-integer
Legendre operator, defined on the weighted Hilbert space L% ,(0,7). The eigenbasis is
adapted to contain the stationary solutions of the linear Hopf flow. The restriction n €
(=1,1), is needed to guarantee such an eigenbasis expansion is possible. In Theorem 1.1
Condition (1) is a technical assumption needed to apply L2 ,(0,7) spectral theory. If
this assumption were dropped one may still expect convergence of the flow in a suitably
weak sense, just with geometric quantities becoming more singular at the poles § = 0, 7.
Condition (2) is controlled by the umbilic slope of the initial surface. In [11] it was shown
that if the initial surface umbilic slope is less than the flow slope, divergence of the linear

Hopf flow can occur. Hence one might expect such behaviour if condition (2) is removed.
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Section 2 fixes the notation used to describe geometrical quantities and derives some
consequences of rotationally symmetry. Section 3 discusses the geometrical properties
of possible stationary solutions of the linear Hopf flow and describes the evolution of
important geometric quantities under the flow. Critical to this description is the second
order Legendre differential operator £

Section 4 reviews the theory of singular Sturm-Liouville operators, which we require
to prove the existence of the adapted eigenbasis. In particular the LC property of a
singular Sturm-Liouville operator and boundary conditions required to generate possible
self-adjoint domains are discussed. An application of the Spectral Theorem 4.4 for LC
operators then guarantees the existence of a complete orthonormal basis of eigenfunctions
of such operators.

This is then applied in S5 where the main results are proven. This done by showing
that £ is LC for n € (—1,1) and by finding boundary conditions (namely conditions
(I) and (II) of Theorem 1.2) to define a self-adjoint domain for £, which is appropriate
for the flow.

The eigenbasis is then given explicitly in terms of Legendre functions and the various
geometric quantities are similarly expressed. Finally the evolution is solved in terms of the
eigenbasis as an expansion which decays exponentially in time to the stationary solution
of the flow.

2. Rotationally symmetric surfaces

The class of surfaces we concern ourselves within this work are elements of the set

W = {S C R?: S is an embedded C?smooth topological 2-sphere which is

rotationally symmetric and strictly convex.}.

The terminology “topological sphere” which we will abbreviate as just “sphere” is taken
to mean a closed surface of genus 0. A given surface S € # will be orientated with
outwards pointing normal # in a right handed coordinate system X = (2!, 22, 2?). Align
the z3-axis with the axis of rotational symmetry of S. S is parametrized by pushing
forward the standard polar coordinates (6, ¢) of S? onto S by the inverse of the Guass
map N1 : 5% — S. Hence 0 € [0, 7] measures the angle made between the normal vector
7 of S, and the axis of rotational symmetry whereas ¢ € [0, 27] measures the angle made
by a clockwise rotation from the z2x3-plane. As a consequence of rotational symmetry
many quantities f : § — R are independent of ¢, in which case we write for short-hand
f(0) instead of f()?(@, @)). In particular the radii of curvature of S, r1 and ry, associated
to the meridian and profile principal foliations respectively, are functions of 6 only. If S
is assumed strictly convex then away from the umbilic points of S, r1(0) and r4(0) are
C™~2-smooth functions whenever S is C™-smooth. In the case of rotational symmetry
the radii of curvature inherit the regularity of S even at the umbilic points of S (i.e. at
=0 and § = 7). If S is C3, then the radii are C' even at the umbilics. If S is C*
they are C?2. See [12, pg 6] for further details. Of critical importance to our study is the
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astigmatism of S given by
§=r9—T1.

It is noted that s vanishes at, and only at, the umbilic points of S. In particular s(0) =
s(r) =0 and s = 0 if and only if S is a round sphere.

Our description of S in R? will be facilitated by the support function r : S — R defined
by r = X -f. In the present setting r is a function of 6 only and X (6, ¢) can be recovered
from r and its derivatives via:

d . d
z! + iz% = (sin ¢ + i cos @) (rsin0+ dgcosﬁ) , 22 =rcosf — d—;sinﬁ.

Remark 2.1. For later convenience, note that the focal points [10] of S at # =0 and
7 lie on the axis of rotational symmetry with 23 coordinates

fo=7(0) —71(0), fr = —r(m) +7r1(m).

This can be deduced by the above equation for X and the equations of the focal sheets
Fi :X—Tiﬁ,i: 1,2.

We collect together some useful relationships between the above quantities on
rotationally symmetric surfaces.

Proposition 2.2. The following relationships hold

cos?f d r d?r
T e @(0056)’ r27@+r’ (2.1)
r—C20050+Cl+/sin9[/ _S dQ} de, (2.2)
sin ¢
for constants C;,Cy. If in addition surface is C3, the derived Codazzi-Mainardi equation
holds:
dr
d—ol = (ro — 1) cot 6. (2.3)

Proof. The derivation of equation (2.1) can be found in [8] or derived from the def-
inition of the support function. Equations (2.2) and (2.3) are derived by integrating or
differentiating equation (2.1) respectively, with respect to 6. O

Remark 2.3. Given § € # with support function r, the transformation r — r + C;
translates S at each point along its normal line by a distance C', i.e. S moves to a parallel
surface. The transformation r — r+C5 cos 6 translates the entire surface a distance of C
along the z3-axis. Therefore s determines the oriented, affine normal lines of the surface.
See [9] for further details.
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2.1. The slope at an isolated umbilic

If S possesses isolated umbilic points at its north and south poles, i.e. at § = 0, 7, then
we define the umbilic slopes of S as

o = lim (7“2<Q>—7"2(0>> , 1 = Jim (7“2(@—7“2(”)) .

0—0 7‘1(9) —7“1(0) 0—m \ T1 % —7‘1(7'(')

If S is C3-smooth, the umbilic slopes are just g% evaluated at § =0 and 7 respectively.
We remark that coordinate substitution 6 — 7 — 6 corresponds to reversing the direction
of the 3 axis, transforming jig into ji, and vice-versa. Hence arguments that are made
concerning the umbilic at one pole will often hold at the other pole also. When this is the
case we will simply say the argument follows by reflection. The question of what values
of umbilic slope are possible on various spheres is an area of active research [7, 12, 14].
The derived Codazzi-Mainardi equation (2.3) is a necessary integrability condition for a
C3-smooth surface to be rotationally symmetric and has some striking consequences in
this direction, two of which are the following proposition and theorem.

Proposition 2.4. Let S € # be a C? sphere with an isolated umbilic at 0= 0. For
any a € R

. S _
(1) po>a+1 = élm (751110‘9) =0,

—0

: s _
(2) pp<a+l = éli% (sinae) = *oo0.
If § has an isolated umbilic at @ = w then the value of p, dictates the behaviour of s as
0 — 7 in the same way.

Proof. We prove the result for # =0, the § = 7 case follows by reflection. Since the
umbilic at 6 =0 is isolated, there exists 6 € (0, §) such that s #0 for 6 € (0, 6]. Therefore

by the Codazzi-Mainardi equation (2.3), %}

the surface is assumed strictly convex and C3-smooth

# 0 on this interval also. Furthermore since

drg . .

, % is continuous and bounded.
drg . .

Therefore 52 is continuous on (0, 4].

From the Codazzi-Mainardi equation and the definition of s one can derive the
separable ODE:

drg tan @ ds

Integrating from 6 to & gives

s
o d?"Q
|s| = |s(0)] exp {/9 cotd (1 - drl) d@}
6
5(9) sina9-exp{/ cot 6 <a+ 1— dr2> d@} ,
"] d’l"l

sin® ¢
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for all 6 € (0, d]. Dividing both sides by sin® § we derive the relationship

J d7“2
exp / cotﬂ(a+1—) do Vo € (0,4].
0 drq

Now let 6 - 0. If ug > a + 1 the quantity in parenthesis diverges to —oco, implying
s/sin® @ — 0. On the other hand if pg < a + 1 the quantity in parenthesis diverges to
+o0o which implies |s/sin® 6] — co. O

s(9)

sin® ¢

sin® 6

s(6) ‘_

Remark 2.5. Proposition 2.4 shows how the umbilic slopes dictate the rate of van-
ishing of s at the north and south poles. We remark that if it is the case that pg or p, is
equal to a+ 1, then s/sin® @ can exhibit either of the two behaviours in Proposition 2.4
or tend to a non-zero constant, as illustrated by the three examples s = sin® #-1n (2 csc 6)°
for e = —1,0, 1.

Theorem 2.6 If the radii of curvature of S € # are C* and S has an isolated umbilic
at the north or south pole, then the umbilic slope at that pole when it exists, takes a value
of an odd integer greater than or equal to 3.

If furthermore o+ 1 is the value of the umbilic slope at a given pole, the limit of
s/sin® @ as we approach the pole is finite, non-zero.

Proof. Let p be the umbilic slope at # =0 and assume it is finite. Since S is strictly
convex, rotationally symmetric and smooth, s and all odd derivatives of s vanish at § =0,
i.e. 5(0) = s2m+1(0) = 0 for all m € N.

Now assume for contradiction that all even derivatives also vanish. Then s(™ (0) = 0
for all m € Ny. In particular for any S € N, by L’Hopitals rule

lim< > >—...—1s<5>(0)—0.

6—0 \ sin® 6 B!

Using the contrapositive of (2) in Proposition 2.4, it follows that g4 > S 4+ 1 which
contradicts the assumption of p being finite. Therefore there exists some k € N such that
3(2’“)(0) # 0, without loss of generality take k£ to be the smallest natural number such
that this holds, so 5™ (0) = 0 for all m < 2k. The smoothness assumption on S grantees
the existence of 5(2%)(0) and therefore we have the following limit

s 1
1 —_— = = — (Qk)
glr% (sin2k9> (2k)!8 (0) # 0, +o0.

This time using the contrapositive of both (1) and (2) in Proposition 2.4 we have
@ >2k+ 1 and p < 2k + 1 which proves the first claim. The second claim follows from
the above limit. If the isolated umbilic is at § = 7 we argue by reflection. 0

Although the umbilic slopes are not generally quantised for non-smooth spheres with
isolated umbilic points, the regularity of a sphere still places restrictions on the possible
values of the umbilic slope.
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Proposition 2.7. If S € # is of regularity C# and has isolated umbilic points, then
the umbilic slopes of S are greater or equal to 3.

Proof. First argue at the § =0 umbilic. By L’Hoépital and the assumed regularity of
S, we have the existence of the following limit:

R U N B B X
650 \sin20,/ 650\ 2cosfsind | 2d62

Hence by the converse of (2) in Proposition (2.4), we have that uo > 3. The case at § = 7
follows by reflection. O

(2.4)

0=0

3. Linear Hopf flow

3.1. Stationary solutions

The stationary solutions of the linear Hopf flow (1.1) are surfaces satisfying the
curvature relationship

0=ary +bry +c. (3.1)

The surfaces in # for which a general linear curvature relationship such as equation (3.1)
holds are called linear Hopf spheres.

Proposition 3.1. The linear Hopf spheres which solve equation (3.1) for given
parameter values a, b and c have astigmatisms of the form

SHopf = Co sin?" 29, (3.2)
and support functions of the form

s 2n+2
C Sin
T Hopf = P + Cqcosf+ Cy

2n+ 2

0 0
- cos@/ sin?" 1 9dg | (3.3)
0

where Cy and C; are constants and —a/b = 2n + 3.

Proof. Combing the derived Codazzi-Mainardi equation (2.3) with the curvature rela-
tionship (3.1) results in a separable ODE which is solved to give equation (3.2). The
support function (3.3) follows by integrating equation (3.2) by quadrature as in equation
(2.2), except with an extra constant other than Cy and C;. This additional constant
is then determined by requiring that the radii of curvature derived from the support
function satisfies equation (3.1). Equation (3.3) then follows. O
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Any surface with isolated umbilic points satisfying equation (3.1) necessarily has
umbilic slopes taking the common value

Lo = pr = —a/b.

Furthermore, if this surface is in # and smooth, Theorem 2.6 implies —a/b = 2n + 3
for some n € Ny. Therefore the only non-round strictly convex linear Hopf spheres with
smooth radii of curvature are ones with odd umbilic slope greater than or equal to 3. As
to allow for convergence of the linear Hopf flow to non-round, smooth and convex spheres,
the work undertaken in [11] investigated the linear Hopf flow with —a/b restricted to an
odd integer > 3 with initial data in %. The central result is then:

Theorem 3.2 [11] Let Sy € # be a smooth initial surface with equal umbilic slopes
= o = pir. The linear Hopf flow (1.1) and (1.2) behaves in the following manner:

(1) if 2n + 3 < p, the evolving sphere converges exponentially through smooth convex
spheres to the round sphere of radius 2(7176-&-1)’

(2) if 2n 4+ 3 = u, an initial non-round sphere converges exponentially thorough smooth
convex spheres to a non-round linear Hopf sphere,

(3) if 2n+ 3 > u, the sphere diverges exponentially.

Since in the current paper we consider n which is generically non-integer, we cannot
expect non-round stationary solutions with smooth radii of curvature as in Theorem 3.2.
We also remark that the flow in Theorem 3.2 fixes b =1, whereas in this work we allow
b > 0. These conventions are equivalent up to a parabolic scaling ¢ — bt of equation (1.1).

3.2. Time evolution of geometric quantities

The curvature flow equation (1.1) is equivalent to the following evolution equation for
the support function

or o?r or
a5 :b@ +acot0%+(a+b)r+c, (3.4)

as can be seen from the definition of r and equations (2.1). We remark that the coordinate
singularities in equation (3.4) prevent us from using regular Sturm-Liouville theory to
derive an associated eigenbasis, which motivates the singular theory discussed in S 4.

The solution (¢, #) to equation (3.4) may be found by first considering the behaviour of
the astigmatism s(¢, 8). The support function r(¢, §) may then be recovered via quadrature
by equation (2.2) up to two time-dependent constants determined by an initial condition
and equation (3.4).

Proposition 3.3. Under the linear Hopf flow the astigmatism evolves as

0 s s
o N R 7 S (R 3.5
ot (sin”+29> " (sin"“@) (3:5)
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where 8 € (0,7), —a/b=2n+3 and

2 2
Ly L R W

Y002 06 (36)

sin® 6’
is the Legendre operator.

Proof. Differentiating equation (2.2) twice gives a relationship between s and the
derivatives of r. The claim follows after inserting this relationship into equation (3.4) and
performing some algebraic manipulation. O

Remark 3.4. As expected the astigmatism of the appropriate linear Hopf sphere is
stationary under the flow since

SHopf .
% =sin" 0 € Ker £
sin""* 6

A crucial ingredient for solving equation (3.5) in the case n € Ny, is that the eigen-
functions of £ are the associated Legendre polynomials. The associated Legendre
polynomials, P} (cos#), are polynomials in sine and cosine and form an orthogonal basis
of C°[0,n]. In particular they span the higher index terms (I > n) of the following
astigmatism decomposition for smooth surfaces:

Z a; + by cos 0) sin?+2 4. (3.7)
1=0

In [11] this decomposition enabled the flow to be solved explicitly when n € Ny by
projecting the flow equation (3.5) into each eigenbasis of £ and solving for the time
dependency of the coefficients a;(t),b;(¢). The term with coefficient a,, is the astigmatism
of the linear Hopf sphere with umbilic slope 2n + 3, therefore in the case of convergence
of s to a linear Hopf sphere, b; — 0 for all [ € Ny and a; — 0 for all ] € No\{n} as t — oo,
leaving only the linear Hopf term. In the case of convergence to a round sphere, a,, = 0.

We try to emulate the above argument in this paper for n ¢ N. In the non-integer case
there are some significant differences; the eigenfunctions of £ are no longer trigono-
metric polynomials and are not terms in the series expansion (3.7). Furthermore it is
no longer clear if the non-integer Legendre functions are orthogonal or form a basis.
Finally, when n ¢ N the astigmatism of the stationary solution swopt is non-smooth,
hence we expect the eigen basis to be non-smooth. To address these points we will write
the Legendre operator in its Sturm-Liouville form

2

sinf | 00 (3.8)

sin 6

Lr = 1 {8 <sin 98> +v(v+1)sinf —

and show using Singular Sturm-Liouville theory that we can find an orthogonal basis in
which the surfaces astigmatism can be decomposed.
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4. Singular Sturm-Liouville operators

In this section, we summarize the theory of singular Sturm-Liouville problems following
[21]. In S5, the theory will be used to deduce the existence of an orthogonal eigenbasis
for the non-integer Legendre operator associated with the linear Hopf flow.

Consider the general Sturm-Liouville operator

7 (o) +at)]. (4.1)

where 1/p,q,w € Lloc((a, b); R) are locally Lebesgue integrable real-valued functions on
the interval (@, b) and w > 0. Operators of this form are called singular Sturm-Liouville
operators. The Legendre operator discussed in S 3 is an example of such.

View T as a linear operator on Lz((a, b), w(z)dx; (C), the Hilbert space of complex-
valued square integrable functions with weight w, denoted simply by L2 (a,b). Under the
standard inner-product of the L2 (a,b) spaces

b PR
(F. 9w = / f(z) - (@) - w(a)dr,

the operator T satisfies the so-called Greens formula

r=b"

+{,Tg)w, (4.2)

I:G.Jr

(T1,9)w = p() (£@)g' @) = £/ (2)g(x))

where the evaluation of the boundary term is to be understood as a limit. Greens formula
allows us to investigate the symmetry of T in L2 (a,b) so long as the functions f and
g are chosen to be such that the terms in (4.2) are well defined. For this purpose the
mazximal domain is introduced:

Dmax = {f € L?u(aab) : fapf/ € Acloc(a,b)an € L?p(aab)}a

where ACjo¢(a, b) is the space of functions which are absolutely continuous on all compact
intervals of (a, b).

The requirement that f,pf’ € ACyc(a,b), is enough to ensure that f, pf’ are differ-
entiable almost everywhere and their derivatives are Lebesgue integrable, which gives
meaning to equation (4.2).

In the case that the coefficient p satisfies 1/p € ACjoc(a,b), the description of Dyax
simplifies to

Dpax = {f € L (a,b) : f' € ACioc(a,b), Tf € L2, (a,b)}, (4.3)

in particular the elements of D, ., must be C 1(a7 b) and have second derivative a.e. Such
is the case with the Legendre operator (3.8).
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Sturm-Liouville operators often come supplied with boundary conditions as to make
the boundary term in equation (4.2) vanish, i.e.

(Tf,9)w = (f,Tg)w- (4.4)

These boundary conditions constitute part of T’s domain of definition, which naturally
must be a subset of D ax.
In non-singular Sturm-Liouville theory! the well-known boundary conditions

arf(a) +agp(a)f'(a) =0,  B1f(b)+ Bap(b)f'(b) =0, o1,00,51,62€C, (4.5)

define a domain Dg o for T which make T|DS‘A‘ self adjoint [16]. It is for this reason
Ds. A will be referred to as a self adjoint domain for 7.

In singular problems however, the quantities f(z) and p(z) f'(z) may not exist as x — a
or b, even if f € Dy ax. Therefore boundary conditions such as (4.5) are not appropriate.
To facilitate the description of boundary conditions for singular problems the Lagrange
bracket

1, glp() = p(a) (F(@)g @) - 1'(@)g(@) ) (46)

is introduced. Unlike the terms in boundary condition (4.5), the Lagrange bracket
[f,g]p(z) is finite in the limits  — a, b so long as f, g € Dyax.

In order to give appropriate boundary conditions in the singular case, we first give a
definition.

Definition 4.1. Given a singular Sturm-Liouville operator T, we say T is limit-circle
(LC) at x=a if for a given x € C all solutions of the eigenvalue equation

Ty = xy,
are in L2 (a,c) for some c € (a,b). Otherwise we say T is limit-point (LP) at a.
Similarly we say T is LC at x=b if correspondingly y € L?(c,b) and LP at b
otherwise.
T is said to be LC(LP) if it is LC(LP) at both a and b.
Remark 2. T being LC or LP is independent of x € C [21].

The next theorem states the parallel of boundary condition (4.5) for LC Sturm-Liouville
operators.

Theorem 4.3 [21] Let T be a LC Sturm-Liouville operator and n,¢ be real valued
functions in Dyqq such that [n,9],(a) = 1 and [n,¢],(b) = 1. Consider the separated

1 which requires the stronger condition 1/p, ¢, w are Lebesgue integrable over (a, b)
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boundary condition

o [u, n]p(a) — aslu, ¥]p(a) =0 (a1, 2) € C*\{0} (4.7)
B lw, n]p(b) — Bau, ], (b) =0 (B1, B2) € C*\{0}, (4.8)
where
[u, flp(a) = lim [u, f],(z) [u, flp(b) = lim [u, f],(2).
T—a z—b

Then given «;, Bi, 1 = 1,2 as above, the domain
Ds.a. = {y € Dpag : equations(4.7)-(4.8) hold},

s a self adjoint-domain for T, i.e. T|DS.A. is a self-adjoint operator.

In addition if T is a LC Sturm-Liouville operator then T has a compact resolvent [20].
Together Theorem 4.3 and LC operators having compact resolvents allow us to apply the
following spectral theorem once an appropriate Dg a. has been found.

Theorem 4.4 Spectral Theorem [19] Let H be a separable complex Hilbert space
with inner product (-,-) and let T : Dom(T) C H — H be a linear, self-adjoint operator
on H with compact resolvent. Then, there exists a sequence (A,)n C R and a complete
orthonormal basis (en)n of H with e, € Dom(T) for all n € N such that

)T ,
(2) Dom(T) = {z € H|(An(z, en))n € £°},
(3) Tax = § Az, en)e, for all x € Dom(T).

n=1

5. Proof of Theorem 1.2

We will solve equation (3.5) in terms of an eigenbasis expansion of the operator Z.
Theorem 1.2 will then follow by the asymptotic behaviour of the solution as ¢ — oc.
The proof is organised into three parts: Firstly we show the existence of the appropriate
eigenbasis using the theory in S4. Secondly we determine the basis explicitly as the
Legendre functions {P,}, (cos#)}3°_, and derive the corresponding expansions for s, r1
and r. Finally, we use this basis to solve the time evolution problem

Ou="b- LM, [0,00) % [0,7]
u(t,") € Ds.a.,, te][0,00) (5.1)
U = ug, {t =0} x [0,7].

The function space Ds . is a self adjoint domain for .Z* and plays the role of an effective a
parabolic boundary condition in (5.1). If s is the astigmatism of a rotationally symmetric
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surface, making the substitution u = s/sin™"2 6 turns the time evolution problem (5.1)
into one describing the evolution of a surfaces astigmatism under the linear Hopf flow,
i.e. equation (3.5). The solution s(t,0) is then integrated for the support function r(t, )
and both are shown to exhibit the asymptotic behaviour as t — oo

S(t7 9) ~ al * SHopf) T'(t, 0) ~ T'Sphere + al * "Hopf (52)

where 7sphere i the support function of a sphere with radius —aib and 7 is the signed

distance between the focal points of the initial surface at # =0 and 7.

5.1. Existence of the eigenbasis and the self-adjoint domain

First we remark for which values of n that £ is LC.
Proposition 5.1. .Z" is LC if and only if n € (—1,1).

Proof. To check if £ is LC, solve the eigenvalue problem .Z'u = xu. Recall when
checking LC/LP, we are free to choose x as we please. If we set x := —n(n+ 1) we must
solve the problem

! i sian—u —LQu—O
sin 0 do do sin?9

If we can show that any two linearly independent solutions are square integrable (with

weight w = sin#), it follows that every solution is square integrable by the triangle
inequality. First assume n =0. Then the eigenvalue problem is simply

1 d o du
5in 6 40 (Sm“’de) =0,

with two linearly independent solutions In cot (g) and a constant function. These are
square integrable. Now assume n # 0, then two linearly independent solutions are

0
uy = cot™" (2> .
We have then,

) T 4o 0 - T 0 1+2n ) 0 1F2n
||Ui||L§in6(O’w) :/0 cot (2> -sin 0df = 2/0 [cos <2>} . |:Sll’1 (2>] de,

which is convergent if and only if —1 < n < 1 and therefore £ is LC if and only if
n e (—1,1). O

For such values of n we may now use Theorem 4.3 to find self-adjoint domains for
Z". Furthermore, as to make the convergence obvious, we’d like the eigenbasis of £
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to contain explicitly the stationary solution to equation (3.5):

SHopf
sin"*2¢’
it is therefore necessary that Siilflj_pzf 5 € Dsg. a.. Finding such a self-adjoint domain will be

the content of the next proposition.

Proposition 5.2. The separated boundary condition

d U d U
. s 2n+lp & _ : sa2n+1 g —
o [sm b3 (sin"@)] 0. jim [Sm b0 (sin”@)] 0. (5:3)
generates a self-adjoint domain for the Legendre operator
Dg.a. = Dyas N {u € L2, 4(0,7) : boundary condition (5.3)holds.} , (5.4)

where Dyaq 18 given by equation (4.3) for (a,b) = (0,7) and T = £. Furthermore
SHopf/ sin"+2 0 e DS,A.-

Proof. The expression for Dy, for the Legendre operator takes the form

Diax = {u € LZ,4(0,7) : 94 € AC10c(0,7), L' € L2, (0, )}

sin 6 sin 6

Theorem 4.3 tells us that all self adjoint domains of the Legendre operator generated by
separated boundary conditions are given by functions u € Dy, satisfying

Qg [u7 n]sine(o) + a2 [’U,, ’(/)]sin9<7r) = O&ﬁl [u7 T]]sin@(o) + ﬁ2 [’U,, w]sin9<7r> = 07

where {1,9} C Dmax and [7,%]sing(0) = [, ¢¥]sine(m) = 1, with (a1, a2),(B1,52) €
C2\{0}.

Take (n,¢) = ﬁ (Sin" f,sin™" 9). It is straightforward to check that this choice of n
and 1 satisfy the above requirements. From Theorem 4.3, the boundary conditions with
this choice of 17 and v are

d U « d
. S 2= (- sin™ =
glg(l) [al sin 9d0 (sinnﬁ) + 1540 (w - sin 9)] 0, (5.5)
. . d u B2 d .
2n+1 g N . n =
(}gl}r [[31 sin edH (sin”@) + S Tgd0 (u - sin 9)} 0. (5.6)
If we let umopt = SHopt/ sin”*2 0 then
. on d UHopf \ __ 1 d . n
Sln2 +1 9@ (Sinnpe) = 07 m@ (’LLHOpf - S1n 9) = 2nC cos 9,
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and so boundary conditions (5.5)-(5.6) are satisfied by umops only when as = B2 = 0.
Therefore setting a; = 81 = 1 and ay = (2 = 0, gives the self adjoint domain

d U
D = Dmax L2 Pl i o ( ) - '
S.A. N {u € 51119(07 7T) 9_135}77 |:SlIl ede sin” 6 0

It is quick to check that unopt € Dmax, completing the proof. O

Proposition 5.3. If s is the astigmatism of S € ¥/, then s/ sin"™20 € Dg 4. if and
only if (I) and (II) of Theorem 1.2 hold.

Proof. Making the substitution « = s/sin™ "2 turns the maximal domain conditions
(5.1) and boundary condition (5.3) into conditions (I) and (II) respectively. O

Under stronger assumptions on the surfaces regularity, conditions (I) and (IT) can be
replaced by less technical, sufficient conditions, i.e. those which appear in Theorem 1.1.
First an elementary lemma is given concerning the asymptotic behaviour of functions in
L2 ,(0,7) near the boundary points 6 = 0, .

sin 6

Lemma 5.4. If f € C°((0,7);R) satisfies asymptotic conditions

k() k7r
fwsinpeaseﬁ() and fwsinpeasﬁﬁw, p<l1,

for constants kg and k. then f € L% ,(0,7).
Proposition 5.5. IfS € # is in addition C#-smooth, it is sufficient for s/sin" 26 €
Dgs. 4., that both (1) and (2) of Theorem 1.1 hold.

Proof. Under the assumption S is C* it will be shown that (1) implies (I) and (2)
implies (II).

Assume the astigmatism s of S satisfies (1). There are two sub-conditions of (I) left
to demonstrate. It immediately follows that % € ACjc(0,7) since S € # and is C*.

The last subcondition of (I) follows by first applying L’Hopital’s rule to show s has the
following asymptotic behaviours near the boundary of (0, 7);

s 1 d?s

1 a2
- 5=~ w7 5 as @ — 0 and - 82 ~— & as 0 — .
sin"t2¢9  2sin" 0 d6?|,_, sin"t29  2sin™ 6 do?

O=m

Therefore since n < 1, Lemma 5.4 gives s/sin" ™26 € L2 _,(0,7) and (I) is satisfied.
To show (II) holds, re-write (II) as

ds
lim (“—2(n+1)cos0 > ):0.

6—0,x \ sinfd sin“ 6
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Again using L’Hopital’s rule (remarking that condition (2) implies the existence of the
relevant limits) one can write condition (II) as the pair of equations

n - lim iz =0, n - lim .52 =0,
6—0 \ sin” 0 6—7 \ sin” 6

which is (2). O

Proposition 5.6. Let S € # be C* and satisfy (3). Then both (1) and (2) of
Theorem 1.1 hold.

Proof. First we show that (3) implies (1). By lemma 5.4, it is enough to show that
(3) implies

s k
gn ~
" <sm”+2 9) sin? 6§’

around 6 =0 for some p <1 and some k, and likewise at § = 7. We have

om s B 1 @ (2n+3) cosf ds 2(n+1)(1 + cos? 0)s
" \sin"*260)  sin"*2 0 d6? sin"*39  df sin"* 9 '

It is easily shown that if s and its derivatives have the asymptotic behaviour given
by (3), then by Lemma 5.4 the asymptotic fall off of £ (s/ sin"*? 9) is sufficient for
£ (s/sint2 ) € L2 (0, 7). To prove (2) we have

sin 6

S S

om—2
—_— = — - sin 0 — 0as 0 — 0,7
sin?@  sin™0 T

since m >n+3 > 2 forn e (—1,1). O

5.2. The eigenbasis expansion

Now the domain Dg a. has been determined, the next proposition will determine
explicitly the eigenfunctions of .Z" when Dom(Z?) = Dg.a..

Proposition 5.7. If u € L% ,(0,7) and n € (—1,1), then u can be decomposed in
Lgine(ovﬂ) as

oo
U= Yonsin" 0 + Z Y P (cos 6). (5.7)

m=1

where PV is the Legendre function of order u and degree v.

Proof. Take £ to be the Legendre operator with the self-adjoint domain Dg .
given by Proposition 5.2. Since by Proposition 5.1 £ is LC, it is a compact operator
and therefore by the Spectral Theorem 4.4, L2 ,(0,7) has a complete orthonormal basis

sin 6
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consisting of Z"’s eigenfunctions and kernel. The kernel and eigenspaces of £ are
spanned by the following linearly independent sets of functions depending on if n=0 or
n#0 [3, pp. 352-353]:

n=0 0<|n| <1
Kernel {Qq(cosb),1} {P?(cos#),sin" 0}
Eigenspaces | {Q, (cos8),P,(cosf)} | {P}(cos8), P, " (cosh)}

The functions {P ', (cos#)}o°_, will be shown to be the only functions from the above

list belonging to Dg A, i.e. the only functions that satisfy the boundary conditions (5.3).
It is first remarked that the Legendre operator £} satisfies

Lh=2", Yy, v € R.

This is easily checked by noting the quantity v(v + 1) is preserved under the transfor-
mation v — —v — 1, corresponding to a reflection of the v axis over the point v = —1/2.
Since the set Eigenfunctions of £} are clearly invariant under such a transformation of
v, it may be assumed without loss of generality that v > —1/2.

The function sin™ # and the constant function 1 are easily seen to satisfy the boundary
conditions (5.3). For the other functions, the derivative formula [3, p362]

dRH(cos0)

sin 6 10

=1 —p+v)R), (cosf) — (v+1)cosOR(cosb) (5.8)

for RE(cos®) being either P4 (cosd) or QF(cosf), can be used to write the boundary
conditions (5.3) (with u = R¥(cos#)) as

S1

m
in?" g d (M) =sin" 0 {(1—p+ V)Rl (cosf) — (1 4+ n +v) cosORY(cos 0)}.

de sin™ 0
(5.9)
Boundary term asymptotics at §=0.
At =0, the asymptotic behaviour of P4 (cos @) is given by [3, p361]
P“(cosﬁ)fvl( 2 )H w#1,2,3 (5.10)
v T(1—p) \sind) ’ R '

It follows from equation (5.9) with R¥(cosf) = P4 (cos @) that near # =0 the asymptotic
behaviour of the boundary term is

. d [ Ph(cosb) b+ p) . .
2n+1 v ~ n—p
S 0d9 ( sin" ¢ ) I'(1—p) sin™"*6,

which vanishes in the limit # — 0 if and only if either 4 = —n or n — u > 0. Recall
that in the above eigenfunctions = £n and so the boundary condition at § =0 is only
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met when g = —n. Hence P} (cosf) ¢ Dg a.. To show that Q,(cosf) doesn’t satisfy the

boundary conditions, use the following asymptotic formula as § — 0 [3, p361] :

Q,(cosf) = %ln ( > —vy—¢Yw+1)+0(1 —cosb),v#—-1,-2,-3,... (5.11)

1 —cosf
where vy is Euler’s constant and 1 is the logarithmic derivative of the Gamma func-

tion: ¢ (v) = T"(v)/T'(v). Hence inserting equation (5.11) into equation (5.9) yields the
asymptotic behaviour of the boundary term for n =0:

sin 9% (Q,(cos8)) =(1 4 v) {Q, 41 (cosb) — cos 0Q,, (cos §) }
=(1+v) {00891/)(1/ +1)—vv+2)+ %(1 —cosf)In (12(3059>}

+ O(sin? 6).

Letting 6 — 0 gives the limit

Sinf 55 (Q (c0s0)) =+ (14 0) (0w + 1) — (v +2)) # 0.

showing Q,(cos@) does not satisfy the required boundary condition at 6§ =0. The
remaining eigenfunctions are therefore

n=0 |0<n|<1
Kernel 1 sin™ 0

Eigenspaces | P, (cosf) | P, "(cosf)

Boundary term asymptotics at 0 = 7.
The boundary term now takes the simpler form

d /P" 0
sin?" ! 9@ (ysu(12008)> = (1+n+v)sin" 0 {P, 7 (cosf) — cos P, "(cosh)}, (5.12)

and the possible values of v such that the boundary term vanishes at § = 7 will be
determined.

Case 1: n=0
Suppose that P, (cos 8) satisfies the boundary condition at § = 7. From the connection
formula [3, p.362]:

% sin((v — u)m)Q, " (cos ) = cos((v — p)m)P, *(cos ) — P, *(— cosb),
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it follows that

P, (cos ) = cos(vm)P,(—cosf) — % sin(vm)Q,, (— cos )

= cos(vm)P,(— cos ) — 25%(’”) {; In (Hios@) —y =Y+ 1)}

+ O(1 + cosb) (5.13)

as @ — m with the second equality following from the asymptotic behaviour of Q, given
by formula (5.11). Inserting this into the boundary term (5.12) with n =0 gives

sin Gi (P,(cosh)) =(1+4+v) { — cos(vm)(Py41(—cos @) + cos P, (— cos §))

dé
sin(vm)(1 + cos ) 2
LA )
* T n 1+ cosf Y

~ 2sin(vm) (

(v +2)+ cosOy(v+ 1))} + O(1 + cosb)

™
2sin(vm)

(v +1) —¢(v+2)) #0,

™

as § — m, where the limit of P,(—cos#) and P,11(—cosf) have been calculated by
formula (5.10). Hence the boundary condition is not satisfied unless v # 0,1,2,. ...

Case 2: n#0
First the following representation for P, " (cos#) is introduced [3, p353]:

n 1+ cos®) "2 1 —cosf
P, (COSO):F(llJF")<1—cosﬁ> 2 Fy 1/+1,—1/;1+TL;T ) (5.14)

where the the function o F} (a, b; ¢, ) is the hyper-geometric series defined as

oFi(a,b;e, z) = ];J ((zg:z)!kzk, ze{zeC:|z| <1}, (5.15)

with

zz+1)...(z+k-1), £=1,2,3,...,
1, k=0,

being the rising factorial. It is remarked that oF}(a,b;c, 2z) is not defined when ¢ is a
negative integer. Furthermore o F}(a,b;c,0) = 1 and the convergence of the series on
the circle |z| = 1 depends on the sign of ¢ — a — b. To investigate the behaviour of the
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P, "(cos®) at § = 7 the following transformation is used [3, p390]:

oF1(a,b;e, z) zwgﬂ(a,b;a—kb—k 1—¢1-—2)

c)I'(a+b—c c—a—
+ 71“(1251()&1)) (1 - 2) Y% F(c—a,c—bil+c—a—bl—2).

The above transformation is valid whenever ¢ —a — b # 0,—1, -2, ... as ['(z) is singular
whenever z is a non-positive integer. For the hyper-geometric series in equation (5.14) for
any v, c—a—b = n and since it is assumed that n € (—1,1)\{0}, the above transformation
is valid for all v. The series representation for P, ™ (cos ) then takes the form

1 o\ "/ 1 0
+cos ) 2 F (l/—|—1,—1/;1+n,+cos )

I'(n) (
(n—v)IN14+n+wv) \1—cosf 2
1 —|—cos€) .

P, "(cosh) = T

n
27"I'(—n)sin™ 0
2

T Ta ()

o Fy (n—u,1+n+u;1+n, (5.16)

Rewriting the boundary term (5.12) with the above representation of P, " (cos 6) leads

to
ity (PE(cosd)) _ .
sin edﬁ( ™0 —(1+n+v){F(n)(1 cos0)"x(0) + 27 "I'(—n) sin OT(Q)}7
where
F V+2,—V—1;1+n71+C7059 F V—|—17—V;1+n’1+C7059
X(Q):2 1( P) )7CO802 1( S )’
Fn—v—-1T2+n+v) T(n—v)I(1+n+v)
and
2Fl(niyil’2+n+y;1+"7l+072ose) 2F1(nfv,1+n+1/;1+n,w>
T(0) = — cosf

r2+uv)l'(—v—1) 1+ v)I(-v)
After first using the reflection formula [3, p138]:
L(z+1) =2I(z2), z € C.

and then the series representation (5.15) for 2 Fy(a, b; ¢, z), one can write () as

o F1 (n—y—1,2+n+1/;1+n,1+CT059)—|—cos02F1 (n—y,1+n—|—y;1—|—n,1+°27059)
- T2+ ) (—v—1)

1 o0
- 1 0
F(y—|—2)F(—1/—1)[ +eos +;

(n—v—-1;24n+v);+cosb(n—v)(1+n+v) 1+ cosf l}
(1 +n) 2 ’

T(0)
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It follows that as @ — m the behaviour of x () and sin®" #Y () are

1 1
In—v-1I2+n+v) * F'n—v)I(1+n+v)’
sin?™ 07 (0) — 0

x(0) —

leading to the asymptotic behaviour of the boundary term

ony1,d (P, (cosB) 2"(1+v+n)I'(n) 2"(1+v+n)I'(n)
sin 0— — ~ + )
dé sin” @ Frlv+n+2)’'n—v—-1) Tw+n+1HI'(n—v)

To satisfy the boundary condition, we require the above terms to be 0 which is only the
case when v =n + m for m € NU {0}, so that 1/T(n —v—1)=1/T(n—v) =0.

The family {P,,},, (cos0)}5_, are thus the only family of eigenfunctions in Dg s, and
form an orthogonal basis of L2 (0, ), therefore if u € L% ,(0,7)

sin 6 sin 6

oo
u="y,nsin" 0+ Z Y P (cos 6),

m=1
for expansion coefficients {7y, n Foo—g- O

For well-behaved surfaces, Proposition 5.7 gives an expansion of the surfaces astigma-
tism in terms of the Legendre functions.

Theorem 5.8 Let S be a C?-smooth rotationally symmetric, strictly convex sphere
with astigmatism satisfying s/sin" 720 € L% ,(0,m). If n € (—1,1), the following
geometric quantities associated to S decompose as:

o0
§ =0, si*" 20+ sin" 0> "y, 0 P T, (cos 6),

m=1

o0
r1=Ci+ 2(71074,?1) sin?"*2 0 4 sin"*2 ¢ Z Ymn {P;J(:;f)(cos ) + cot HPT:J(:;,J{I) (cos 9)} ,

m=1

sin?"t2¢

o0
. n42 —(n+2)
D) 520 > gmn P (cos ),

m=1

(2
r = Cacos0+C1+v0,n |: — cos@/ sin?" 11 940
0

where C1 = r1(0), Cy = r(0) — r1(0) and the first equality is to be understood as an

equality in L% ,(0,7) where as the last two are point-wise.

Proof. The expansion for s follows from Proposition 5.7 by letting s = sin"*26 - u.
The expansion for r; can be derived by inserting the expansion of s into the integrated
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derived Codazzi-Mainardi equation (2.3):

scos@da

sin 6

r1<9)=r1(0)+/06

- 0
=r1(0) + 2(:107_’:1) sin?" 29 + Z Ym,n /0 cos@sin" T OP, 1, (cos0)db.

m=1

We then use the standard integral [3, p368)]
/sin’”'1 0P, " (cos0)df = sin" 1 0 - PP (cos )V, v € R,

to evaluate the following by parts:

n+m n+m n+m

0
/ cos@sin" TGP, " (cosf)dh = sin" 2 9P7(n+2)(cos 0) 4 cos f sin" 9P7(n+1)(cos 0),
0

where the boundary term at 6 =0 vanishes because of the asymptotic behaviour of
P,;(ﬁ:l), see equation (5.10). This completes the derivation for ry, to derive the expan-
sion of r one may either insert the astigmatism decomposition into equation (2.2) and
proceed as above, or we can integrate the decomposition of r1 by virtue of equation (2.1).

The calculation is analogous. 0

For a given rotationally symmetric surface S with astigmatism s, it is intriguing to ask
in what way does the expansion of s given in Theorem 5.8 convey geometric information
about S7

Corollary 5.9. Let v, be the erpansion coefficients as given in Theorem 5.8 for
€ (—1,1). We have the following equalities

n+3 n
Yon = \/M~(fo—fn), M = m.(rl(ﬂ)—n(o)).

hence vo ,, characterises the distance between the focal points of S while 1, characterises
the differences between the radii of curvature at each pole.

Proof. Starting with the expansion formula for s in Theorem 5.8, we divide by sin 6
and integrate to find the following expression satisfied by 7o »:

/ 240 = o, / sin2"*+1 94,
0 Slne 0

where the higher order terms in the expansion vanish via orthogonality. The integral on
the left hand side can be evaluated by using sequentially, equation (2.3), integration by
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parts, equation (2.1) and Remark 2.1:

/OW 00 = fo— fr,

sin 6

which proves the claim for vy, once the remaining integral on the right hand side is
calculated. The claim concerning v, ,, follows by letting # = 7 in the expansion of r;. All
higher order terms tend to zero as 6 — 0 apart from the m =1 which tends to a constant.
This follows by taking the limit of equation (5.16) as 8 — 7. Therefore

ri(m) =7r1(0) + Mn {sin”+2 9P;_$_71+2)(COS 0) + sin"*! 6 cos 9P;_E_q+1)(008 9)}‘

O=m
The m =1 term satisfies

(n+1)2n+2

o n+2 P—(n+2) . oon+1 . P_("H‘l) .
sin" " 6 (cosB) 4 sin™ " cos (cos ) — Tn+4)

n+1 n+1

as § — 7, again following from equation (5.16), which completes the proof. O

5.3. Time evolution of the eigenbasis expansion

In this section, we give a solution for each n € (—1,1) to the time evolution problem
(5.1) for all ¢ > 0 and for almost every 6 € [0, 7]. Furthermore this solution is unique
in the sense that it is equal point-wise to a strong solution of (5.1) whenever a strong
solution exists, for all most all 6 € [0, 7], for every t > 0.

Proposition 5.10. Fiz n € (—1,1) and let {€,}55_, be the Legendre functions

{P 1, (cos0)}ee_ ), normalised with respect to the L% ,(0,7) inner product, i.e.

P (cos®)

Cm = || n-+m

Pyt (cos )|

Let ug € Dg. 4. have the eigenbasis decomposition

o0
Uy = E A Com -
m=0

2
sin 0

and u : [0,00) = L2 ,(0,7) be the mapping defined by the series

u(t) = Z A (t)em, A (t) = am exp{ A\, bt}
m=0

where Ay, = —(2n + 1+ m)m. Then
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(a) For eacht >0, u(t) is an element of Dg. a. and

=3 An(t)en(d), (5.17)

m=0

point-wise for almost all 0 € (0,7) (with respect to the Lebesgue measure).
(b) Furthermore, u(t) is the unique solution to equation (5.1) with initial data uy.

Proof. First we prove (a). Let ¢t > 0. Since n € (—1,1) and b > 0, we have that A,, <0
for all m € N and so A,,(t) is decreasing in ¢, in particular |A,, ()| < |am|. It follows
that since ug € L2 ,(0,7), u(t) € L2, ,(0,7) also by the comparison test for series in
LSmG(O 7). To show membership of Dg 4. note that by the Spectral Theorem 4.4, Dg .

is characterised by those elements € L% ,(0,7) such that (A,(z,e,)), € 3, therefore
since ug € Dg A,

f: |)‘mAm(t)|2 < i |)‘maﬂ”L|2 < 00,

m=0 m=0
and u(t) € Dg.a. for all ¢ > 0. To show (5.17) holds we invoke the following theorem.

Theorem 5.11 [15] p267 Let {e,}n be an orthonormal series with respect to
L2 ,(0,7). The series

sin 6

> bnen(0)
n=0

converges absolutely for almost all 6 € (0,7) if the sequence (b, )y satisfies

oo

> 1bal*(logs(n))* (logy (logy 1)) +¢ < o0
n=2

for some €> 0.

To see that the sequence (a,, ) satisfies the above requirement it is enough to notice
that the sequence (A\p,)n, grows quadratically with m, hence taking e=1;

Z |am | (log, (m))? (log, (log, m))? Z lam|?\2, < oo

for some M € N. Therefore >~ amen(f) converges absolutely a.e., and so must
oo Am(t)en(0) for all t > 0, by a comparison of series. Now we have proved a.e.
convergence of the RHS of (5.17), the stated equality follows by uniqueness of limits,
since the partial sums of u(t) converge a.e. along some sub-sequence to u(t).

To show (b) note that u(¢) satisfies the boundary conditions in (5.1) since u(0) = ug

and u(t) € Dg a.. All that is left to is to show u(t) solves the time evolution equation
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in (5.1). Fix 6 € [0, 7] such that we have the absolute pointwise convergence of ug(6) =
> o amem () and therefore of [u(t)](8) = > o Am(t)en(f) for all ¢ > 0. Let us
justify the term-by-term differentiation of this function w.r.t. t. Fix T >0 and consider
the functions f : Ny x [T,00) = R and ¢ : Ny — R given by

f(m,t) = Ap(t)em(0), and g(m) = (eT) " |amen (6)|-
For any z >0 and r <0 the inequality |r|e"™® < (ex)~! gives

’W' = lam - dnbe™™ - e (6)] < ()" lamen(B)] < ()7 - [amem(6)] = g(m)

for all (m,t) € Ng x [T, 00). Hence |%f(m,t)| is dominated by a function whose sum is
convergent. Hence by a corrollary of the dominated convergence theorem [6, pg 56], f is
differentiable with respect to t for all t > T and

[Dru()](0) = 0 Y f(m,t) =b > AnAm(D)em () = b- [Lru(t)](6),
m=0 m=0

with the last equality following from the fact that \,, is the eigen value of the operator
2 associated to e, and part (3) of the Spectral Theorem 4.4. Finally since T' >0 was
arbitrary we have

[Qru(t)](0) = b [Lu(t)] (0) Yt € (0,00),a.e. 8 € (0,m).

Now projecting the time evolution equation into each eigen space derives an ODE for the
basis components of u(t). Uniqueness now follows from ODE theorem. O

Making the substitution u = s/sin"*2 @ turns the time evolution problem (5.1) into

0 s " s
g (s1n"+29> =b-Z (m) [0, 00) x [0, ]

SinSg:izw € Dg A, te [0, OO) (518)
s =5 {t =0} x [0, 7],

which describes the evolution of a surfaces astigmatism under the linear Hopf flow (3.5).

Corollary 5.12. Let Sg € # be an initial surface with an astigmatism sy satisfying
so/sin"t20 € Dg 4. If S; is a strong solution of the linear Hopf flow (1.1) and (1.2)
with n € (—1,1) then the astigmatism s, radius of curvature r; and the support function
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r of S; evolve as
5(t,0) = o sin® 20 + Z Lpom () sin 2 0P, 7 (cos ), (a.e. 0 €[0,7]),
m=1

for almost all 6 € [0,7] and all t >0, and

. 2n+42 [e%S)
n(t,0) = Cu(e) + 22T 4205 0 () [P (c06) + cot 0, 0 (eos )]
m=1
Sin2n+2 ] 0
r(t,0) = Ca(t) cos 0 + C1(t) + Yo,n T a cos0/ sin2"*+ 9de
0

+sin" 2 0 Z Fn,m(t)P;J(:;:m (cos ),

m=1

for all 6 € [0, 7], t >0, where Iy, () = Ymon exp{ —2n+ 1+ m)mb- t} and Ymn are
the decomposition coefficients of the initial surface Sy in the basis { P}, (cos@)}_,.

Furthermore the constants C1(t) and Ca(t) evolve as

c (1 _ 672(n+1)bt)

= tant .
3+ 1) , Cs5 = constan

Ci(t) = Cy(0)e (¥

Proof. Fixn € (—1,1). Since u(t,-) := s(t,-)/sin"T2(-) solves Equation (5.1), we may
expand it as in Proposition 5.10, giving a series which convergence point-wise almost
everywhere. After noting the coefficients I'y, ., (¢) are related to A,,(t) as in Proposition
5.10 by Ap,(t) = T (t)]|P;, 1, (cos 0)]| this derives the series expansion for s(t, ). Since
S; is a strong solution, it follows that the support function 7(¢,6) must be C%-smooth
in the @ variable for all ¢. This implies via Equations (2.1) that r1(¢,0) and r2(¢, 8) must
be finite for § € (0,7). The expressions for ri(t,6) and r(¢,0) are then derived as in
Theorem 5.8 by integration. To derive the behaviour of Cy(t) and Cs(t), we ensure they

satisfy equation (3.4) for the linear Hopf flow, i.e.

ar(t, )

pramiaks (t,0) + bra(t,0) + ¢

=c+b[s(t,0) — 2(n+ 1)r.(t,0)].

where we have first written the right hand side of (3.4) in terms of r; & r2, and then
used the identity —a/b = 2n+ 3. Substituting the expansions of r(t, ), r1(¢,6) and s(¢, 6)
into this equation and collecting together terms gives us the relationship

0:Cy(t) cos O + 0,Cy (t) = ¢ — 2(n + 1)bC () + bsin™ 20 > T (£) A,

m=1
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where

Ay =P (cos0) —2(n 4+ 1) cot QP;_E_?:D(COS 0)—(2n+2+m)(m — 1)P,_L_$_T,L;2) (cos ).
However, by letting © = —(n + 2) and v = n + m in the following recurrence relation
between the Legendre functions [3, p362]

—1/2

PUF2 (@) +2(n+ Dz (1—2?) " "PLT (@) + (v — p) (v + p+ 1)PL(2) = 0

we can see that A, , is identically 0, hence we have the following evolution equation
0:Ca(t) cos 6 + 0,C1(t) = ¢ — 2(n + 1)bC1 (¢).

It is easy to see that 9;C3(t) = 0. Solving the remaining ODE gives the stated time
evolution of C(t). O

Remark 5.13. We have the following asymptotic behaviour as t — oo,

Sin2n+2 0 4
r(t,0) ~ Cycosf + +Yon | — cosﬁ/ sin®" 1 9de | .
0

C
2(n+1)b 2n + 2

This is the support function of a linear Hopf sphere (cf. Equation (3.3)). If 7o, = 0,
i.e. if the focal points of the initial surface coincide, then the support function is that of
a sphere with radius

C C

2n+1b  a+b

as claimed.
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