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Abstract

This Bachelor Final Project is concerned with a moving boundary problem of Hele-Shaw type in
three dimensions. It is a Robin boundary problem for the Laplacian in an exterior domain. It
models the flow of a bubble in Hele-Shaw flow with a kinetic undercooling boundary condition
as well as electric streamer discharges. We look for travelling-wave solutions and find trivial
spherical ones. While discussing the concepts and theories of spherical harmonics, Sobolev
spaces and the Fréchet derivative, we turn this problem into a nonlinear operator equation for
nontrivial domains that are radial perturbations of the unit sphere. This is done by identifying
such a domain with a positive function u, defined on the unit sphere and introducing an operator
that solves the Robin boundary problem for the Laplacian. We linearize this operator equation
and by using a spherical harmonics expansion we discover the existence of a unique nontrivial
traveling wave solution of this linearized problem for each velocity near the trivial one. The
smoothness of the domain describing functions w is determined by the order of the Sobolev space
on the unit sphere they are in. This order is found to be bounded above by a value which is
dependent on a regularizing parameter present in the boundary condition.



1 Introduction

The problem this bachelor final project is concerned with is a so called moving boundary problem.
This is a partial differential equation that needs to be solved for an unknown function and on
a moving domain which is a priori also unknown. Finding (the boundary of) this domain is
part of the desired solution. To be able to find this complete solution set, the PDE is not only
accompanied by the usual boundary condition(s), but also by a kinetic condition set at the
boundary to describe the movement of this boundary. Examples of processes in nature that are
modelled by moving boundary problems are the melting of ice, the growth of tumors and the
winning of oil [19].

One of the classes of these moving boundary problems consists of so called Hele-Shaw flows on
which our problem is also based. In 1898 Henry Selby Hele-Shaw studied the flow of liquids
in a cell that would carry his name, introducing the Hele-Shaw model. He created this cell by
placing a fluid layer between two parallel horizontal plates that are so close together that one
can view the flow as essentially in two dimensions. By adding one or more driving mechanisms,
this fluid layer moves. The pressure p and velocity ¢ of this fluid layer are related by Darcy’s law;
U = —Vp and because the fluid is assumed to be incompressible we have 0 = div ¥ = —Ap [19).
Therefore the partial differential equation in Hele-Shaw flows is Laplace’s equation and can be
accompanied with several boundary conditions. To complete the description of Hele-Shaw flow
the kinetic condition is based on the assumption that the boundary moves with the particles.
Therefore we have on the boundary that V,, = ¢ - n, where V,, is the normal velocity of the
moving boundary and n denotes the normal vector field [19).

Besides the two-dimensional flow in a Hele-Shaw cell there are also other applications of Hele-
Shaw flow. In three dimensions, for example, Hele-Shaw flow describes the flow in porous media,
like groundwater flow [19]. In variations of the model it describes the growth of tumors [4]
and the process of viscous fingering in two-fluid flow, in which so called fingers emerge in the
Hele-Shaw cell when a pressure gradient is applied and the fluids start to move [6, 13]. When
this movement occurs, in some cases the less viscous fluid pushes the more viscous fluid away
at the interface between the fluids, making it an unstable interface. It is an unstable interface
because some fronts push further into the more viscous fluid and the so called fingers arise. The
prediction of the width of the fingers is the main focus of such a problem [13].

The problem considered in this thesis is a three dimensional extension of a generalisation of this
viscous fingering problem [13]. This generalization is a variation on this two-fluid flow in the
sense that we consider a small (air) bubble with unknown shape in a liquid (water), instead of
the two fluids next to each other. On the liquid domain Laplace’s equation should hold and
we have Hele-Shaw’s kinetic condition. The model that mirrors the original two dimensional
Hele-Shaw cell with such a bubble was already considered in |11, |17]. In this project we expand
on these works by considering it in three dimensions, having applications which one would be
more likely to encounter in nature. The original modelling setting of a Hele-Shaw cell is however
not valid any more in three dimensions, but one can theoretically think about such a cell in
three dimensions.

The main example of an encounter with a situation that is modelled by the problem we discuss
is electric streamer discharges. Again, up to now research into this has mainly be done in
a two dimensional setting to use conformal mapping techniques [6) |13], but a more intuitive
three dimensional approach will be used here. Electrical streamers are observed for example
as precursors of lightning. Ebert et al. in [6] justify why they are modelled by the problem we
discuss; ”During the initial ’streamer’ phase of spark formation, a weakly ionized region extends



in a strong externally applied electric field. As the ionized cloud is electrically conducting, it
screens the electric field from its interior by forming a thin surface charge layer. This charged
layer moves by electron drift within the local electric field and creates additional ionization, i.e.,
additional electron—ion—pairs, by collisions of fast electrons with neutral molecules. We here
approximate the ionized and hence conducting bulk of the streamer as equipotential. In the
non-ionized and hence electrically neutral region outside the streamer, the electric field obeys
the Laplace equation. The thin surface charge layer can be approximated as an interface which
moves according to the electric field extrapolated from the neutral region onto the interface.’
When comparing this to the setting of the bubble in the liquid we see that the streamer doubles
for the bubble, the exterior of the streamer doubles for the liquid, the electric field, E doubles
for ¥ and the electric potential, ®, doubles for p. In this setting, the same relation holds between
E and ® as between ¥ and D; E=-Vo.
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The condition that we impose on the boundary is a Robin boundary condition. This means that
it is a condition on a linear combination of the function and its (directional) derivative(s). In our
case this is a so called kinetic undercooling boundary condition for the pressure p; p — v0,p = 0
or for the electric potential ®; & — v0,,® = 0 on the boundary. Here n denotes the outer unit
vector normal to the boundary of the bubble or streamer and y is a nonnegative constant. In the
streamer model one can consider the boundary between the ionized and non-ionized region to
be an interface and « is an indication on the thickness of this interface. This specific boundary
condition results from analysis of the variation of the potential across this interface [6]. The
name kinetic undercooling comes from the Stefan problem, a moving boundary problem related
to the melting of ice, that is also a variation of the Hele-Shaw model [17]. Furthermore we have
an asymptotic condition, that says that the motion of the domain is driven by a velocity field
that is uniform like e3 far away in the bubble case. In the setting of the streamer, this represents
the assumption that the electric field becomes homogeneous far away from the streamer. We
have the strong asymptotic condition 3 to guarantee uniqueness of the solution, to see a
proof of this fact see the Appendix. Figure [I] displays a two dimensional representation of the
streamer problem. All in all, when using the substitution f = —p or f = —®, the following
summarises the problem to be solved.

VO —e5 = o(|x|™)

v, =n-Vd AD =0

O—yn VO =0

Interface

Figure 1: Two dimensional sketch of the 3D streamer moving boundary problem.



We seek a family of bounded moving domains ¢ +— Q(¢) C R3,¢ > 0 with outer normal n = n(t)

and a boundary I'(t) and functions f = f(-,t) defined on R\ Q(t) such that

Af =0 in R3\ Q(¢),
f—=70.f =0 on I'(¢), (1.1)
Vf—eé3 =o(z|7?) for |z| = oo, '
Vo = nf-

Here 0,, denotes the directional derivative of f in the direction of the normal. In other words;
Onf = n-Vf. Moreover, €3 denotes the unit vector in the z3 direction and Vj, is the normal
velocity of the moving boundary I'(¢). We consider a nonnegative constant v and the initial
domain 2y is given.

The structure of the thesis is as follows. In Section [2| we adapt to account for removing the
inhomogeneous term at infinity and for introducing a moving coordinate system to accompany the
traveling-wave solutions we will look for. Moreover, we establish the properties of translational
en scaling invariance of this altered system . Also a trivial solution of spheres moving in
é3-direction will be determined. In Section |3| an introduction of the concept of Sobolev spaces is
given and the spherical harmonics and some of their properties are considered. Then a Sobolev
space on the unit sphere in terms of coefficients of a spherical harmonics expansion will be
constructed. In Section [4]our problem will be rewritten into an operator equation for an unknown
function u which represents radial perturbations of the unit sphere. Section [5| gives an overview
on the Fréchet derivative and specific results for the Fréchet derivative of operators defined on
Sobolev spaces on the unit sphere. In Section [6] the operator equation is linearized around the
trivial solution in terms of the Fréchet derivative. Recurrence relations are established for the
spherical harmonics that will be used to get to the main result of solutions of the linearized
problem. We conclude that for a small change from the trivial velocity there is a function that
describes a unique perturbation of the unit sphere. This function has a spherical harmonics
expansion and is such that velocity and function solve the linearized problem. Illustrations of
the shape of certain solutions will be displayed and a discussion on the order of the Sobolev
space a solution part u can be in and on the problem’s invariances is given.



2 Properties and adaption of the problem

In this section we adapt the results from [11] to the 3D setting. Here we discuss some properties
of ([L.1)) and transform it to be able to solve it. Firstly, we observe that the evolution of (%)
over time is volume preserving as we have

d/ dx:/ Vndsz/ O fds = 0.
dt Jo) (1) (1)

The verification of this fact can be found in the Appendix.

To remove the inhomogeneous term at infinity we write f = g + x3 and see that

Af =A(g+x3) =Ag+ Az = Ag,

f=70nf =g+z3—70n(9+3) =g+ x3— 709 — VN3,

Vfi—-é;3 =V(g+uz3)—é3=Vg+ Vs —é3=Vg+é3—é3=Vg,
Vo = nf:an(g+1'3):ang+n'vm3:ang+n3-

This results in the new system:

Ag =0 in R3\ Q(¢),

g—0hg =7n3—x3 onl(t), (2.1)
Vg =o(|z|™?) for |z| = oo, '
Vo = 0ng + ns.

We look for so called ”travelling-wave solutions”, which are solutions of the type Q(t) = Qg + vt
where ¥ = (v1, v2,v3) € R? is the a priori unknown velocity of the travelling wave. We introduce
a corresponding moving coordinate system and find a stationary free boundary problem:

Ag =0 in R3\ Q,
g—70hg =7n3—x3 on I :=0Q,
Vg =o(|lz|™2) for |z| — oo,
Ong+(e3—7v)-n =0 onT,

(2.2)

of which the shape of €2 of the moving domain and of its boundary I" are a priori unknown. 4
arises from ([2.1)4 as the normal velocity of the moving boundary in the stationary coordinate
system , V.., corresponds with the velocity of the travelling wave in the normal direction;
¥+ n. Combining this with ng = €3 - n on the boundary gives 4.

2.1 Invariance properties of (2.2)

There exist invariance properties of ([2.2)) for fixed velocity . When (2, g,7) is a solution of
(2.2), then we have:

e Translational invariance: For any a € R3, (2 + a, T,g,7) is also a solution. Here
Q+{a} ={x+a|zeQ}, Tog(x):=g(z—a).

This is easily verified. When Ag(z) = 0 holds for all z € R3\ Q, Ag(z — a) = 0 holds
precisely for those z € R3\ Q + a. As the shape and size of Q + a is not different than
that of €2, the normal n is similar and by the same argument as before 2 and 4
hold. Obviously 3 still holds.



e Scaling invariance: For any R > 0, (RS2, Srg, Rv) is a solution to ({2.2]), where
R :={Rx | x € Q}, Spg(x) := Rg(x/R).

Proof. We introduce & = Rz and see that

3 ~ 3
Asng() = Y PSIE) _ g S gla)

)
P pr i
B 0%g(x) (dxi)Q 0g(x) d%x;
& Oxp day Ox; di?
0%g(x) 1 9’g(x) 1 0g(x) 1
- R — 40 — 40 — 40
(833% Rt 0 e e Y
:%Ag(x)zo.

This last equation holds for z € R\ Q or equivalently for those & € R?\ RQ2. We compute
the gradient of Srg with the use of the chain rule:

H

€2 3

- R 7 ) 9g(1, 7, 73) 0 (F)
VSrg(z Z RZ 0Z; Ox; “
-1

= Vg(@) = Vg( ).

0L

Here we have denoted & = % and we easily see that 3 still holds. Moreover, because
the shape of region {2 is invariant under scaling, so is its outer normal on the boundary I'.
In other words, the outer normal on RI' := ORS at point Z, n(Z), equals the corresponding
outer normal on I' at z, i.e. 7(Z) = n(z). Now we see that

Sr9(Z) — (RY)0s(z)Sr9(Z) = Rg(x) — Ryn(z) - Vg(z)
= R (9(x) — Y0y 9(x))
= R(yns(z) — x3)
= Ryns(7) — 73,
On(z)SrY(E) + (& — 0) - A(Z) = (Vg(x) + & — ) - n(z) = 0.

Here the equations marked with the asterisk hold for x € I', such that we see that Srg
fulfils (2.2)2 and (2.2)4 for exactly those & € RT' = ORS), completing the proof. O

2.2 Trivial solution of traveling unit spheres
Our first result is the existence of a trivial solution of (2.2)).

Result 2.1. (2.2) has tm’m’al solutions for v > 0 given by unit spheres moving in €3-direction

with constant velocity U = e3. The solution set is

1+27

S o - -1
Q=B10)={zeR3||z| =22 +a3+23 <1}, T=1)= ﬁ@g, g(x) = 11—%”;%
(2.3)



Proof. We begin by computing the gradient of g:

_ =1 ([ 3x:uas o 3;1:2x3€_, n |lz|® — 3x§|:1;\6_,

AN R B
v—1 3rirs . 3xom3 a:% + SL’% — 2:U§ N

= - €1 — €2 €3
1+ 2y |z[? |z[° |z [°

From this we see that Vg = o(|z|~2) for |z| — oo, making g fulfill (2.2)3. Moreover, on
I =00 ={z €R3||z| =1} = S? the unit normal pointing outwards is n = x1€] + 1263 + T3€3.
So on I'' we have (taking into account |z| = 1)

v—1 < 3xiws  3x3x3 N (a3 + a3 — 295%)373)

Opg=n-Vg= - -
S A T BE
v—1
=1 > (—333%;33 — 3x3x3 + (22 + 23 — 2:17%)1‘3)
v—1 v—1
=17 27((_2$% — 222 — 223)x3) = —21 T 2736

This way (2.2))2 and (2.2))4 are easily checked. On I" we namely have

3.

y—1 a3 y-1 y—1
— YOG = A+ 2y ——xy = 1+2y) = (y — 1)z = yng — a3,
g —0hg EPE ’71+27933 1+27903( +2v) = (v — Dz = yng — a3
-1
Ong + (65 =) -m = =25 + (1= 75)6) - (0161 + 2263 + 7365)
22y 2y -2

_ —0.
T2y T T4 2y™

We are now only left with checking the Laplacian of g:
y—1 _335137351_39023:352 x? + 23 — 223
1+2y \ |z j]?
_ v—1 _i(?)a:lxg)_i(?)xgxg) i(ﬂz%-l—x%—%:%)
14+2y\ Oz |z)® Oxg " |z|? Ox3 ||
v—1 (231223 — 323 — 323)  x3(—323 + 1223 — 323)  x3(—923 — 923 + 623) _0
142y |7 |7 |7 '

Ag = div (Vg) = div <

Note that because of the domain specified for g, we stay away from the origin and therefore
never "divide by 0”. We see that (2.3|) indeed satisfies (2.2]). O

Result 2.2. Because of the scaling and translation invariance properties of the problem from

Sectz’on (2.3) is part of the family of solutions (for fized )

Q=DBr(a)={z€R®||r—a| <R}, T=1u= Ri%ﬂ/e‘é, g:R?’gJ:gy‘”;”:aal%, R>0,a € R3.
(2.4)

In our further analysis we exclude the corresponding degrees of freedom by demanding that 2
has volume equal to that of the unit sphere and has the origin as its geometric centre;

.L%:?’Awﬁﬂ' (2.5)



3 Sobolev spaces

In the sequel we make use of so called Sobolev spaces. These function spaces were introduced by
the Russian mathematician Sergei L. Sobolev in the late thirties of the last century. Sobolev
spaces are vector spaces of functions that are equipped with a norm that is a combination of the
LP-norms of the function and its derivatives up to a given order (see Definition [21]. Here
we consider derivatives in a weak sense as to complete the space and making it a Banach space.
Because we will use Sobolev spaces based on L2-norms, as is common, we will give a definition
of the L?-space of a general region and for two regions important in this report.

Definition 3.1. A L2-space for Q, denoted with L?(QY), are those functions for which there
L?-norm is finite:

L*(Q) = {u Q= C: HUH%Q(Q) = (u,u) 2(q) = / wu dQ = / lul? dQ < oo}.
Q Q

In particular, the L?-spaces for the unit circle, S C R?, and unit sphere, S C R? are defined
as follows:

2w
LQ(Sl) = {u 8t 5 C HuH%g(Sl) = (u,u)2(s1) := / \u(&)]2d9 < oo},
0
2w s
L2(52) = {u 82 5 JulBagge = {1, u) s, = / / (6, 6) | sin 0 d6 dop < oo} .
o Jo

As we have now (re)familiarized ourselves with (a specific case of) LP-spaces and -norms, we are
in the position to define a Sobolev space for a given region.

Definition 3.2. [12] Assume that ) is an open subset of R™. The Sobolev space W*P(Q), of
order s € N, consists of functions u € LP(Q) such that for every multi-index o with |a| < s, the
weak derivative D*u exists and D*u € LP(Q). Thus

WP(Q) :={u € LP(Q) : D € LP(Q), |a| < s}.
We define its norm by
lulbwesey i=( 2 [ 1Dl da)” for 1< p < o,
la|<s
and ||u s, () == Z ess sup|D%u| for p = oc.

laf<s

As mentioned an important case in this definition is when p = 2. This specific Sobolev space
has gotten its own notation. The Sobolev space of order s with p = 2 is denoted with H*(2).
It has gotten this H, because it makes for a Hilbert space when the following inner product is
defined for arbitrary u,v € H*():

(u,v) grs(q) = Z /QDauDO"U dz, such that |]uH12LIS(Q) = (U, u) s ()
|| <s

This is particularly useful for the Sobolev space of order s > 0 defined on the unit circle S*,
H*(S1) = H?[0,27]. Here we can use the coefficients of the Fourier series of any u € H*[0, 27].
Namely [9]

H%[0,2] == {u € L?[0,27] : > (14 n®)"|ag> + D> (1 +n?)*[by|* < oo}, (3.1)
n=0 n=1



o0

oo
(U, V) frsj0,24] = Z(l + n2)anan, + Z(l + 1n2) by B,
n=0 n=1
where {a,}, {b,} and {a,}, {8,} are the Fourier coefficients of u and v, respectively. Here we
1 2 1 27

have used the convention that ag = 5~ [ u(z) dz,a, = = [, u(z)cosnz dr (for n =1,2,3,...)
2

and b, = - [, u(z)sinnzdr (for n = 0,1,2,...) are the Fourier coefficients of u. It is useful
that the Fourier coefficients turn up in this particular definition and the details as to why can

be found in [9].

Analogous to what the Fourier series is for functions defined on a circle, there is a counterpart
for functions defined on a sphere. This is an expansion with respect to the so called spherical
harmonics. These are the homogeneous polynomials in R? restricted to the unit sphere, whereas
the cosnz and sinnz are the homogeneous polynomials in R? restricted to the unit circle. In
the subsequent sections we will see that we can define a Sobolev space on the unit sphere in
terms of a condition on the coefficients of such an expansion in the same way as in . Now,
let us first introduce where we encounter the spherical harmonics.

3.1 Spherical harmonics

The spherical harmonics arise when solving Laplace’s equation (A f = 0) in spherical coordinates
by means of separation of variables [15]. Firstly, we use the convention that

r1 = rsinfcos¢,re = rsinfsin¢,x3 = rcosf with r € RSF,O <0 <7m0< ¢ <2r. Now
Laplace’s equation becomes

_Af_ L O (20 L0 (o 00N, 1 &#f 100 (,0f
0=2r=55 (7" 8r)+r281n060 (Smgae>+r2sm2ea¢2 “al\ar\Tar ) TR )

Here we denote with Ag2 the Laplace-Beltrami operator. Because this operator is defined only
in terms of of derivatives with respect to the angles and excluding 7, one can view this as being
on the unit sphere, explaining the S? in its definition.

Now separating the r variable only, i.e. assuming f(r,6,¢) = R(r) - Y (0, ¢), we get

Y(0,9)- % (r2 d];ir)) + R(r) - Ag2Y (0, ¢) = 0 and after division by R(r) - Y (0, ¢);

1 d [ ,dR(r)\ _ 1 o (. 9Y(0,0) 1 *Y (0,9) ,_
R(r) dr <7’2 dr > = Y (0, ¢)sin 000 <Sm0 00 > T YWosnls a2 M
1
= —WAS2Y<97 ¢>) (: )\> . (3'2)

Both sides of the equation are constant, i.e. equal to some separation constant A € Z, as the
left-hand side is only dependent on r and the right-hand side is only dependent on the angles,
0, . We now have the following equation for R:

d*R(r) 2dR(r) A 1 d [ 4dR(r) A

dr? r dr r2 (r) r2dr <T dr r2 (r) (3.3)
We now again perform a separation of variables for the angle function Y, i.e. we assume
Y(0,0) = p(6)q(¢). As a result of changing to spherical coordinates this comes with set of
conditions for Y, which translates into conditions for p and q. These are that Y is periodic in
¢ with period 27, which implies ¢ periodic (period 27) and that Y is regular at the poles. It

10



follows from (3.2)), by substituting Y (0, ¢) = p()q(¢) and multiplying by — sin? 6, that

sin 2
0 )Q(¢)je <sin0dp(0)> + p(Gl p(@)d 9(9) = —\sin? 0,

p(0)q(o db )a(o) dg?
1 . d /. dp 9, 1 d%q B
]@ San@ (smedg> + Asin“ 0 = —m?& (=a).

Both sides of the last equation are constant (equal to o) because they are only dependent on
one of the angles, similarly as before.

The equation for ¢, keeping in mind that ¢ is periodic, is readily solved. The eigenfunctions for
this problem are (constant multiples of) ¢(¢) = ¢ and only for a = m?, with m € Z, because
of periodicity of g. The equation for p, with & = m? and after dividing by sin® 6 is

(d/df)[sin 6(dp(0)/db) L p(0) [ — m?
sin 62

sin 0 ]=0
This equation - with the boundary condition that ¢ is finite at 8 = 0,7 - changes into the
associated Legendre equation after introducing a new variable s = cos . Using the power series
method, we find that this equation, combined with the boundary condition that p is finite at
s = %1, has (any constant times) the associated Legendre polynomials, P/", as eigenfunctions.
Here the eigenvalues are A = [(1+1), where [ is an integer with [ > |m|. The associated Legendre
polynomials are given by

diim|

—1)Iml
( 1) d5l+|m| [(S _1)l]'

201!

Pllml(s) _ (1- s Im|/2

(3.4)
This expression shows that the function is nonzero only for the indicated indices corresponding to
the eigenvalues; [ € N;m € Z with |m| <. If m would be bigger in absolute value than [, then
by definition, we would be differentiating a degree 2] polynomial more than 2/ times, resulting
in the zero function. Also note that, for odd m’s, the Legendre polynomials are not actually
polynomials in s. They are polynomials in sin 8 and cos @ after the substitution s = cos 6 though.
This is commonly done, also in this our applications.

We put the eigenfunction-solutions for Y together and get the so called spherical harmonics:

Definition 3.3 (Spherical harmonics). [15] The functions Y™ : S? — C given by Y;™(0, ¢) =
Pl‘m‘(cos 0) e are the (non-normalized) spherical harmonics of degree | and order m. Here
0 € [0, 7] is the colatitude/polar angle/angle with the x3-azis, so at @ = 0 we are at the north pole
and ¢ € [0, 2] is the longtitude/azimuth/angle with the x1-axis. The functions Pl|m| [-1,1] =R
are the aforementioned associated Legendre polynomials. The ranges of the integer indices for
nonzero functions are —l < m <1[,0 <[ < 0.

Importantly, because these are the eigenfunctions of the Laplace-Beltrami operator (see rightmost
equation of ) corresponding to the eigenvalue A = [(I + 1), all spherical harmonics satisfy
the following relation:

— A" (0,0) = (1 + 1) (0, 6). (3.5)

11



We compute some of these spherical harmonics:

(_1)0 d0+0 0

Y(')O(G7 o) = Pg(cos 9)ei*0*¢ = o1 (1-— 82)0/2 45050 [(52 -1 s 1,
YO 0 o PO 6 1%0%¢p __ (_1)0 1— 2\0/2 d1+0 2_ e
1 ( ’¢) B 1(COS )6 R ( ) dst+0 [(5 ) s=cos 0
1
2 Ss:c0s0 o8
Yil 0 _ pl 0 +ip _ (_1)1 1— g2 1/2ﬂ 21! i
T ( ,¢) = Py (cosf)e o917 ( 5°) dsitl! (s )] s=cos€e

1 ) .
= —i(sin2 0)'/22¢9 = — sin G

Explicit spherical harmonics of higher degree and order can be found in tables, such as in
[16].

Lemma 3.4. The spherical harmonics are mutually orthogonal, i.e. Y™ L Y* if and only if
(m,1) # (n, k), with respect to the L*-inner product. Therefore the set of spherical harmonics,
{Y/" |l € Ng,m € Z : |m| <1} is linearly independent.

Proof. This follows from the fact that spherical harmonics are eigenfunctions of the Laplace-

Beltrami operator. For a worked out computation we let [,k € NU {0} and m,n integers such
that -l <m <l and —k <n < k. Now

2 e -
<Ylm, Ykn>L2(SQ) = /0 /0 Ylm(e, ¢)Ykn(0’ (;5) sin 0 dfde
T 2
= / ‘Pl|m| (COS Q)P]LM (COS 0) <in 6 d@/ e(mfn)iqﬁ do
0 0
-1
1

1
= 276 / P (s)PI™ (s) ds
—1

2 I+ |m|)!

=2 6mn d )
om0 — )1

where the orthogonality of the associated Legendre polynomials in the last step follows from the
fact that these are eigenfunctions as shown before and can also be found in Section 10.3 of [15].
Eigenfunctions of any Hermitian (differential) operator namely are mutually orthogonal (see
Section 1.1 of |1§]). For a worked out computation of the last step, see [14] or Section 25.5 of
[18].

m m ym 7 (I+]m])!
So we see that |[Y;™|[12(g2) = \/<Yl Y™ p2(52) = \/;ﬁ EltImB' O

Lemma 3.5. The set of normalized spherical harmonics form an orthonormal and complete
basis for Hilbert space L2(S?). This set is given by

o ym 20 +1(1— |ml|)!
ym | ym= L = Y™ leNy, meZ: |m|<lI}.
{ l ’ l HyvlmH \/ A (l+‘m|)' l 0, "M ’m‘ = }

Proof. The orthonormality is clear and the completeness is out of the scope of this project. For
a justification see Section 9.4 of |20]. O

12



As a result of this and known Hilbert space theory, we have the following important theo-
rem.

Theorem 3.6. Every function, f: S?> — C, defined on the unit sphere that is square-integrable
(is in L?) can be expanded in a series of normalized spherical harmonics Y.

i.e. f(0,0) =312 an:fl lmf/}m(ﬁ, ¢), where constants f" can be computed by integral:

2T
= V) sy = /f B)T™ (0, 9) sin 0.d6 do
20+ 1(1—|m|)! [*™ mid
_\/ I () / /f cos¢9) sin 6 df d¢.

3.2 Sobolev space on the unit sphere

Similarly as in the two dimensional case, where a Sobolev space on the unit circle was defined in
terms of a condition on the Fourier coefficients of functions on the circle (see (3.1))), we are now
in the position to define a Sobolev space on the unit sphere.

Definition 3.7 A. The Sobolev space on the unit sphere of even order s € Ny (based on the
L%-norm), is defined by H*(S?) = H*([0,2n] x [0,7]) := {f € L?>(S?): (I — Ag2)¥%f € L?(S?)}.
Here we denote with Ag2 the Laplace-Beltrami operator as defined before.

The Laplace-Beltrami operator is the equivalent of the Laplace operator on the sphere and
it takes the role of second derivatives. So we want that H?(S?) includes up to the ”second
derivatives”, which it does in this definition. Note that H%(S?) = L%(S?).

We have seen in Theorem that every square integrable function defined on the unit sphere
can be expanded in a series of spherical harmonics. Assume we have such an expansion,

ie. f(0,0) = X220 Yue o (V™) L252) V™0, 6) = 3720 St /Y™ (8, ¢) and consider the
differential operator £ =1 — A 52. NOW keeplng in mind (3.5)), one has

00 l o) !
LE=LO Y Y= (+10+ 1)y
=0 m=-1 =0 m=—1

More generally, for all s € Ny

[e%S) l
Lof=> > (1+I1+1) V™
=0 m=-—1
Because of what was previously discussed, in Lemma and Theorem specifically, with the
help of Parseval’s identity for Hilbert spaces, a norm in terms of the coefficients of a spherical
harmonics expansion can be determined. For f € L?(S?) with spherical harmonics expansion

S S Y0, ¢), we have

0o l
11172052y = SN KA Y™ r2s2)| Z Z Vi
=0 m=—1 =0 m=—1

So now that this has been established, we see that

00 l

1L Il sy = D Y 1A+1+ 1) ") = ZZ 1+ 11+ 1) £ 2.

=0 m=-1 =0 m=-1
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We can now extend Definition [3.7A] to include all positive orders in terms of the coefficients of a
spherical harmonics expansion in such a way that in coincides with Definition for the even
positive orders:

Definition 3.7B. For any f € L?(S?), let its spherical harmonics expansion be denoted by
Yo Zin:—l JY™0,¢). The Sobolev space on the unit sphere of order s > 0 (based on the
L?-norm) is defined by

oo l
H*(8?) = {f € LA(S%) : 1L fllfagsey = D D A+ I+ 1)V < 00} (3.6)

=0 m=-1

o0 l
= {f € L*(S%) : || fllfroszy = D D L+ )| < OO}- (3.7)

=0 m=-—1

The newly defined H*(5?)-norm was used for ease of computation and to resemble the norm used
in the two dimensional case, see (3.1). The equivalence of the H*(5?)-norm and the L?(S?)-based
norm used in needs to be shown. Therefore we show that there exist constants cy,c; € R
such that for any f € L?(S?), we have that

co - (1L 172052 < 1 llFrs(s2y < €1 1€ FIIZ2s2y.

Proof. Let s > 0 be arbitrary and let f € L?(S?), with spherical harmonics expansion
S S L fMY™(6,6). We have for all | € Ny that 1+ 1> <1+ 1(I + 1), such that clearly

112y < C2F1 22 60,
On the other hand we have that > +1 > [ for all | € Ny. From this we have that for all
1 €Ng, 2(1+1?)>1+1(l+1) and

2 | f 352y = A+ AP = Y (10 + 1)1 = 1L FlI2 (2

I,m I,m

So we see that 27 - ||£5/2f||%2(52) < ||f||§15(52). So taking ¢y = 27%, ¢; = 1 completes the
proof. O

This now ensures that for all f € L?(S?) with finite H[,S/QfH%z(Sz), also |\f||§{5(52) < oo and vice
versa. This implies equality between (3.6)) and ({3.7]).
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4 Operator problem

In the sequel, let us denote by e,, eg, ey the spherical unit vectors. Expressed in the Cartesian
unit vectors €1, €3, €3 they are:

e, =sinf cos ¢ €1 + sinf sin ¢ €5 + cos b €3,
eg = cosfcos @ el + cosfsingée; — sinb €3,
eg = —sin¢éej + cos g 3.

Moreover, we will use a shorthand notation for partial derivatives in the sequel; for example the

partial derivative of a function f with respect to r will be denoted by f, := %.

4.1 Operator equation

Now we have established the Sobolev space on the unit sphere, we turn back to the problem at
hand, i.e. . We will continue with this in the same way as in [11]. We restrict ourselves to
domains that are star-shaped with respect to the origin. We want to transform our problem,
, to a non-linear operator problem defined on the unit sphere, S2. To shorten notations,
we will identify functions defined on the unit sphere, e.g. u(x) = u(z1,z2,x3) with functions
u(6, ) = u(sin @ cos ¢, sin O sin ¢, cos #), 6, ¢ € R, which are m-periodic in § and 27-periodic in ¢.
Now define for positive functions defined on the unit sphere u : S? — R¥

Q= {z e R®: 0 <|z| <u(z/lz])}, Ty=09Q,. (4.1)

We denote with z(u)(0,¢) = u(0,¢)(sin b cos ¢,sin O sin ¢, cos) = u(d,¢)e,, 6 € [0,7], ¢ €
[0, 2] a parameterization of I, and the exterior unit normal to €, in the point z(u)(0,¢) € T,
with n(u)(6, ¢). We have that

gy = o X ()
[2(u)o X 2(w)g
_ (uger) X (uper) + (weg) X (uger) + (uper) x (usinfegy) + (uep) x (usinbey)
|(ug er) % (uger) + (ueg) x (uger) + (uger) X (usinfey) + (ueg) x (usinfey)|
| —Uug ey — uugsinf ep + u?sinf e,
v/ (uug)? + (uugsin0)? + (u? sin )2

= (ui + sin? O (uz + uQ))_% [usinfe, —ugsinf ey — ugeq) . (4.2)

Let us define the operator A, (u) which acts on sufficiently smooth f: S? — R and is given by
Ay (u)f = gox(u), where g : R3\ Q, — R is the solution to the exterior Robin problem

Ag =0 in RS \ma
g— Wan(u)g =fo x(u)_l on I'y, (43)
Vg =o(|lz|7?) for |z| — oo.

Notice that A, (u) is a linear operator. This operator is introduced such that it resembles (2.2]);_3
for the right function f. Now we can namely turn our problem into an operator problem. We

take f 1= yng—xs, just as in (2.2)) and now take g such that Ay(u)f = goz(u). g fulfills (2.2)1-3
on R3\ Q,. We also want it to fulfill (2.2)4 on T', and we can rewrite (4.3)2 to obtain

9 =709 + f o z(u)™!

224 .,
= (v -

€3) - (n(u) o z(u)™ ") + (yng — x3) o x(u)~?
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on I', and after composing with z(u), we have A (u)[ynz(u) — z3(u)] = 0 - n(u) — €3 - n(u) +
ynz(u) — x3(u) on S%. So we have our operator problem:;

F(u, ) := x3(u) — v - n(u) + Ay (u)[yn3(v) — z3(u)] =0 on S% (4.4)

We can now also rewrite (2.5), by changing to spherical coordinates and considering that
fﬂu £d¢ = 0 implies that fQu x;dx; =0 for i = 1,2,3. We obtain

2 2
// ¢)sin 0 dp d = 4r, // 48, ¢) sin2 0 cos ¢ dep df =

2 2
/ / ) sin 051n¢d¢d9—/ / @) cosBsin @ de df = 0. (4.5)

Now we can represent our problem as looking for an u € H3 (S?) := {v € H*(S?)|[v > 0}, with a
sufficiently high s and corresponding vector ¥ € R? that represents the velocity of the travelling
wave that solve
F(u,7) =0 on S?%
(u3, 1)12(g2) = 4m, (4.6)
(ut, sm@cos O) r2(s2) = (u?,sinfsin @) 252y = (u', cos ) p2(52) = 0.

Here we have abused notation by specifying the argument for the cos and sin functions, for
clarity. For solving this system ultimately we need the following result:

Result 4.1. Foru=1 on S* and f(0,¢) = >_[°, an:fl Y™ (6, ¢) we have that

m

(A, (1) 1)(0,9) = f0YP(0, ) + Z; 2 mfflm

(0, 9).

Proof. Firstly, u = 1 on S? implies that ; = B1(0), 1 = 5%, sor =1 on I'; and also z(1) = e,,
n(1l) = e,. We have seen in Section , that solving the the Laplace equation in spherical
coordinates by means of separation of variables gives rise to the spherical harmonics. We also
solve to have a full solution of ([4.3);. We solve r2R”(r) 4+ 2rR'(r) — AR(r) = 0, which is a
Cauchy-Euler equation. Here we have found when solving the associated Legendre equation that
A=1(l+1) with [ € Ny are the eigenvalues that we consider.

Now, by trying a solution of the form R(r) = r?, we find that for I € Ny, Ry(r) = ¢} ! +¢; r~(FD).

Here Cl € C are constants. We have already found that the other part, concerning the angles,

gives rise to constant multiples of spherical harmonics as solution; Y;™(6, ¢) = ylem(H, @), with
™ ¢ C constants. So we have that g(r,0,¢) = S0°, S0 _ | Ri(r)Y™(8, ¢).

To make this g fulfill (2.2))3, we need to compute the partial derivatives of its summands;

iRl( ) = lcJr =1 (l+1)cfr_(l+2),

dr
a dm m
V0.0 = (L vim0.0)+ S vm0.0)) = Ve,
0

%Ylm(& ¢) = imy"Y" (0, ¢) = W["(0,6).

Here dj" and e are coefficients dependent on m and [ only, as computed in . We see that
for I = 0 (and therefore also m = 0), most terms vanish. We have the derivatives with respect to
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0, » equal to zero and for the derivative with respect to r the term corresponding to the constant,
r0, also equals zero, leaving only %Ro(r) = —cy r~2. For arbitrary bigger I, we see that because
of the boundedness of the Y, W, V’s that the behavior of Vg is only dependent on the r-part;

1 1
7"2Vg(7“, 97 ¢) :TQ <gT er + ;99 ep + 709¢ €¢>

— ¢y er +Z Z (Igf ™ — 1+ Ve r Hy™(0,9) e,

0 l m
D2 (G e _)<Vzm(‘9,¢)€9+W6¢>.

sin 0

We need this to go to zero as r — oo for Vg = o(]z|~2) and because r~! does this and r!*!
does not (for [ € N1), we have to have ¢, = 0 and c;r = 0 for I € Ny. We conclude that

9(r,0.0) = gY(6,0) + 272 ey g r =TIV (0, 0), where gf = ¢y and g = ¢ yp"-

Next, we compute J,(1)9 = n(1) - Vg = e, - (g, e, + Lg9e0+ 7595 €4) = gr on T'1. We can now
also incorporate (4.3)2, with » = 1, and get

0=9(1,0,0) — ¥0n)9 — (0, )

=9(1,6,9) = v9:(1,6,9) — ZZf 0,9

=0 m=-1
[e'S) 9] l [e's) l
=20 D a0, +y Y DL (DG 0.0) =y Y fY(0,9)
=0 m=-1 =1 m=-I =0 m=—1

0 l
=YD (A + g = Y0, 0) + (90 — f5)Yo (6, 9).

The orthogonality of the spherical harmonics gives us that for all [ € N, and every integer
m and that g = fJ, such that indeed A.(1)[f](0,¢) = g(1,0,¢) =

VR0, 6) + 370 Sy FPY(0,0) /(1 + 1)y + 1), O

Quite obviously u = 1,7 = 7 is a solution to (4.4)), (4.5)) according to (2.3)), so it nicely solves
(4.6). Moreover we see that the volume preservation reappears as

Im| < I, g

/ Flu, 9)(6, )|a(w)g x 2(u)o| db dp = / (u,5)(8, &) (u2 + sin® (g + u?))} dB ds = 0.
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5 Fréchet derivative

In the sequel we will make use of the so called Fréchet derivative. It is named after the French
mathematician Maurice Fréchet (1878-1973) and it is a generalisation of the derivative known
for (real-valued) functions for operators on Banach spaces. Commonly the derivative of a real
valued function f : R — R at a point xg is interpreted as the slope of the tangent line of the
graph of f at point xg. The idea that the Fréchet derivative is based on is that one can see this
slope f’(xg) as a linear mapping, in the way that for x ”close to” xq, f'(zg) =~ W} which
gives us that f(z) =~ f(zo) + (x — x0) f'(x0). By generalizing this idea to operators on Banach
spaces, one gets the Fréchet derivative.

This section is based on Section 4 of a similar Bachelor Final Project [17] and follows the same
structure while referring to the proofs given in it, as rewriting them here would be superfluous.
We will discuss elementary definitions and theorems of the Fréchet derivative, based on [1].

Definition 5.1 (Fréchet derivative). Let X,Y be Banach spaces and U C X be open. The a
function f: U — 'Y is called Fréchet differentiable at xq € U if there exists a linear mapping
Df(zo) : X — Y (called the Fréchet derivative at xo) such that for every e > 0 there exists a
d > 0 such that whenever 0 < ||z — zo||x < § we have that

||f (@) = f(wo) — Df(2o)[x — xo]lly

||z — zo|| x

<e. (5.1)

Here the norms have a subscript indicating the space on which the norm is defined. This
definition is equivalent to saying that limj;_ g -0 [f@)=f(@o)=Dlwo)z=aollly _ () Yet another

llz—zollx
0 Hf($0+h)*f‘(|ﬂilo‘f*Df(wo)[h}HY
X
h will be used in this report and proofs in [17]. Now we see that this derivative really is a (linear)

mapping from U to Y that maps an h € U C X to D f(xo)[h] = f(xo + h) — f(z0) + o(h).

way is saying that lim,, - = 0. This last definition containing the

5.1 Theorems on the Fréchet derivative
We begin our discussion of theorems on the Fréchet derivative with the uniqueness of it.

Theorem 5.2 (Uniqueness of Fréchet derivative). For a given function f : U C X — Y, there
can be at most one such a linear mapping described in Definition [5.1] at a given point xq.

Because of this we can speak of the Fréchet derivative Df : X — L(X,Y) of a function
f: X =Y that is Fréchet differentiable at all points zg € X. Here L(X,Y) denotes the space
of bounded linear operators from X to Y.

When both X = Y = R and we consider the derivative of a function f : R — R at a point
x € R in the Fréchet way, we have that D f(x)[h] = f’(x)h. This can be seen when realising that
limy,_q w — f(x) = 0. We will use this specific and well known example to illustrate

the different theorems we will mention.
Firstly if a function f € L(X,Y) itself, then it is Fréchet differentiable.

Theorem 5.3 (Fréchet derivative of linear operator). If f : X — Y is a bounded linear operator,
then f is Fréchet differentiable with Fréchet derivative Df = f. In other words, the derivative
Df at xp € X is given by X 3 h — D f(xo)[h] = f(h).

So for f :[a,b] — R given by f(z) = ax, we have that Df(z)[h] = f(h) = ah = f'(x)h.
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The known rules for differentiating real functions, also hold true for the Fréchet derivative, in a
more general sense. To start with the derivative operator is linear.

Theorem 5.4 (Linearity of Fréchet derivative). Let f,g: U C X — Y be differentiable mappings
and ., B be scalars. Now the mapping a.f +Bg is differentiable with Fréchet derivative oD f+5Dg,
such that D(af + Bg)(h) = aDf[h] + BDg[h].

Also, the chain rule also applies in this more general setting.

Theorem 5.5 (Chain rule). Suppose f:U C X -V CY, g:V — Z are Fréchet differentiable
on their domains (U,V open), then go f is differentiable, with derivative D(go f) = (Dgof)oDf.
So the Fréchet derivative at x € U is given by Dg(f(z))[h] = Dg(y)[h]ly=f(z)n=Df ()"

For f,g: R — R, we know the regular chain rule: “Lg(f(z)) = ¢/(f(z))f'(z). This coincides
with this theorem as D(g(y))[h] = ¢'(y)h and D(f(x))[h] = f'(x)h, such that D(g(f(x))[h] =

g (f(@))f'(@)h = Fg(f(x))h.

Before we state the product rule for the Fréchet derivative, we first introduce the concept of a
Banach algebra.

Definition 5.6 ((Banach) algebra). A wvector space X over a field F is called an algebra, if
there exists an unique product xy € X for all x,y € X such that it has the following properties:

(Associativity) (xy)z = x(y=z) x,y,z € X,
(Distributivity) (x+y)z=xz+yz z,y,z € X, (5.2)
x(y+2)=xy+axz x,y,z € X, '

(Scalar multiplication) oaxy = (ax)y = z(ay) z,y € X,r € F.

Here the field F is usually the real or complex numbers. If X also contains an element e, called
the identity, such that for all x € X we have that xe = ex = x, it is called an algebra with
identity. If X is a Banach space and also an algebra it is called an Banach algebra if there exists
a positive constant ¢ such that for all x,y € X, ||lzy||x < c||z||x||y|lx-

The real numbers are an example of (Banach) algebra (with identity), with the norm being the
absolute value. We are now in the position to state the product rule for functions defined on
Banach algebra.

Theorem 5.7 (Product rule). Let f,g: U C X — Y be Fréchet differentiable on the open U
and X is Banach algebra then the product fg : U — Y given by fg(x) = f(x)g(z) is Fréchet
differentiable with Fréchet derivative at x € U is given by

D(fg)(x)[h] = Df(x)[hlg(x) + Dg(x)[h] f(x).

These resembles the product rule we know from real functions, i.e. for f,g: R — R we have

that D(fg)(x)[h] = Df(x)[h]lg(x) + Dg(x)[h]f(x) = f'(x)hg(z) + ¢'(x)hf(x) = (fg)'(z)h. Now
we have discussed the differentiation rules for the Fréchet derivative we move on to the Fréchet
derivative for functions taking values in a Cartesian product of Banach spaces.

Theorem 5.8 (Cartesian product). Let f; : U C X —Y; (i =1,...,n), be Fréchet differentiable.
Now the function defined as the Cartesian product of these mappings f is Fréchet differentiable.
Here f1 X ... X fp:=f:U = Y; X ... x Yy, is given by f(z) = (fi(x), ..., fu(x)) and its Fréchet
derivative is the Cartesian product of the Fréchet derivatives of the component functions f;. In

other words D f(x)[h] = (D fi1(z)[h], ..., D fn(x)[h]).
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When we consider a function the that has a domain that is the Cartesian product of Banach
spaces we encounter the concept of a partial Fréchet derivative.

Definition 5.9 (Partial Fréchet derivative). Let X,Y, Z be Banach spaces, f : X xY DU — Z
and (zo,yo) € U. Then if the mappings X > x — f(z,y0) and Y >y +— f(zo,y) are Fréchet
differentiable at x¢ and yg respectively, then the Fréchet derivative of these mappings are called
the partial Fréchet derivatives of f at (xo,yo) and are denoted with D, f(xo,y0) € L(X,Z) and
Dy f(zo,y0) € L(Y, Z).

One can thus interpret a partial Fréchet derivative with respect to one variable, as the Fréchet
derivative of the function of which the other variable is fixed, as is also the case in for example
functions like f : R? — R. When keeping this interpretation in mind, one sees that the rules for
and the properties of a partial Fréchet derivative equal that of the Fréchet derivative previously
discussed. One can naturally extend this definition (and the theorem following) to the case of a
function having an n—fold Cartesian product as domain, but for the purpose of simplicity and
because in this project we only consider functions with domain being a Cartesian product of
at most two Banach spaces, we refrain from doing so here. There exist relations between the
Fréchet derivative of a function and its partial Fréchet derivatives.

Theorem 5.10. Let f : X XY D U — Z be differentiable with U open. Then the partial
derivatives at a point (xo,yo) € U exist and are given by Dy f(xo,y0)[h] = Df(zo,y0)[h,0] and
Dy f(zo,yo)[k] = Df(z0,%0)[0, k], where h € X and k € Y. From this we also see that

D f (o, y0)[h, k] = D f(x0,y0)[h, 0] + D f(x0,0)[0, k] = Dz f(x0,y0)[h] + Dy f (0, yo) [K].
Proof. For a proof we refer to [1] Proposition 2.4.12. O

Now that we have a notion of partial Fréchet differentiation for functions between Banach spaces,
we can state an important theorem that we know from multivariable calculus. We again restrict
ourselves to only a Cartesian product of two Banach spaces as domain, as it is easily expanded
to a product of more spaces.

Theorem 5.11 (Implicit Function Theorem). Let X,Y, Z be Banach spaces, U C X,V CY be
open, with xy € U,yg € V and let f : U x V — Z be Fréchet differentiable, with f(xo,yo) = 0. If
Dy f(zo,y0) : Y — Z is an isomorphism, then there exist neighbourhoods Uy 3 xo and Vi 3 yo
and a unique Fréchet differentiable map g : Uy — Vy that satisfies f(z,g(x)) =0 and f(z,y) =0
if and only if y = g(x) for all (x,y) € Uy x V.

Proof. See |7] for a proof. O

5.2 Fréchet derivative for operators on H*(S?)

We will later use and apply the knowledge of the previous section on the operator F' defined in
(4.4). As the domain of this operator is the Cartesian product of R? and H? (S?) (for a certain
s > 0), we need to verify that the latter is a Banach algebra, such that we can also apply the
product rule when Fréchet differentiating with respect to u € H*(S?). Proving this fact here
explicitly would be too involved and beyond the scope of this project, so we will point out the
way along which one would prove this.

The multiplication in this functions space is pointwise multiplication, i.e. for u,v € H*(S?)
its multiplication is given by uv (6, ¢) = u(, $)v(0, ¢) for 6 € [0, 7], ¢ € [0,27]. It also has an
identity element, the 1-function and a norm discussed in Section |3} especially in . To help
prove that this together is an Banach algebra we need the notion of the cone condition.
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Definition 5.12 (Cone condition). [3] A region Q satisfies the cone condition if there exists
a finite cone C such that each x € § is the vertex of a finite cone C, contained in 2 that is
congruent to C.

As we have defined our Sobolev space on the manifold 52, we can not directly apply Theorem
4.39 of 3] However, after choosing suitable charts we get from this theorem:

Theorem 5.13. If s > 1, there exists a constant K, dependent on s such that for u,v € H*(S?)
the product uv, defined pointwise, satisfies

wvllprs(s2) < Kllul| s sz [0l s (s2),
making H*(S?) a communtative Banach algebra for s > 1.

So in the sequel, whenever using the product rule on a function v € H*(S?), we implicitly
assume s > 1. Now we are in the position to define some specific operators on H*(S?) we will
encounter in the sequel and give their Fréchet derivatives. Remember that we have denoted with
H$(S?) = {u € H5(5?)|u > 0} the positive functions in H*(S?).

Theorem 5.14. Let A, : H*(S?) — H*(S?) be given by
H(S%) 5 u s Ay(u) = u™ such that A, (u(8,6)) = (u(f, o))"

Also let R, S : H5(S?) — H%(S?) given by

Hi(SQ) Suw R(u) = % such that R(u(0,¢)) = u(6, ¢)

and H%(S?) 3 u — S(u) = Vu such that S(u(8,¢)) = v/u(f, $).

Then the operators A,, R, S are Fréchet differentiable on their domains with Fréchet derivatives:

DA (u(8, )] = nAn_1(u(8, §))h = n(u(d, ¢))" "k,

DR(u(, 6)[h] = —u(;wh,
DS(u(6, $)[h] = 2:(9@11

Proof. For a proof we refer to [17], as there are no meaningful differences between the two
dimensional setting there and the three dimensional setting here, H*(S') versus H*(S?). [

21



6 Linearization

As finding solutions to is outside the scope of this project, we linearize this system around
the trivial solution with v = 1,7 = vj and look for solutions to this linearized system close to
this trivial solution. This will give us an indication on the solutions of the non-linear problem
near the trivial one. One can view this in the following way: assume that the solutions to (4.6))
form a manifold M in H$ (S?) x R3, such that M := {(u,¥) € H5(S?) x R? : (u, ¥) solves
now by linearizing around (1,v5) € M we look for combinations of u and ¢ that are in the
tangent space to M at (1,7g), denoted by T(q s)M. This is visually represented in Figure [2 and
one can see that in the neighbourhood of the trivial solution the solutions in the tangent space,
and thus solutions of the linearized system, approximate solutions in M. Linearizing in this
context means taking the Fréchet derivative at (09, 1). We will see how a small change of ¥ from
vy will influence u and vice versa, while still satisfying the linearized equation and therefore
resembling a solution of .

Taking the Fréchet derivative of (4.4]) at (1,v)) according to Theorem gives us
0= DF(1,4)) = DgF(1,7%) + D, F(1,7%) on S*

Computing the Fréchet derivative of F' with respect to ¥ is relatively straightforward as F' only
contains one term with ¢. At (1,vp) it is given by:
DzF(1,v0)[k] = vk - n(u)‘u:Lﬁ:%
= y(k1€1 + ko€ + k3é3) - e,
= (k1 sinf cos ¢ + kg sin 0 sin ¢ + ks cos0),
with k1, k2, k3 € R. The Fréchet derivative with respect to u is a bit more involved and will be
computed in the subsequent section, where we will denote it by Lh := D, F(1,vy)[h].

We see that the conditions in (4.5)) are independent of ¥, such that only the Fréchet derivative
with respect to u plays a part. Computing these derivatives we see that these conditions turn
into

(uh, 1)r2g2) = (u®h,sin 6 cos P)r2(s2) = (u3h, sin 6 sin P r2(s52) = <u3h,c059>L2(52) =0. (6.1)

/1 ueH(s)

Figure 2: Visualization of the tangent space of M at (vg,1).
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Now writing k = ¥ — vy and h = u — 1 the linearization of (4.6)) around (1,vp) is

~(T — 1) - (sin 6 cos ¢, sin Osin ¢, cos 0) + L(u — 1)
(u—1,1) 1252y = (u— 1,800 cos @) 12(g2)
(u—1,c080)2(g2) = (u — 1,sin0sin ¢) 12(s2)

0,
0, (6.2)
0.

In the sequel, we will only consider this system and will find solutions, u € H$ (S?) for sufficiently
high s and corresponding @ € R3, to this linearized system only.

6.1 Fréchet derivative of F' with respect to u

For the Fréchet derivative of F around u = 1,7 = v) we have that

Lh := Dy F(1,0)[h] = Du(ws(u) = 77 n(u) + Ay (u)[yns(u) — z3(u)])[k]

u=1,v=v0

By linearity of the Fréchet derivative (Theorem , we can compute component-wise;
Lh = z4(u)[h] — 7 - n'(uw)[h] + Dy(Ay(u)[yng(u) — z3(u)])[h]. Here again the apostrophe ’
indicates the Fréchet derivative with respect to u. Firstly, as z(u) = ue,, we have that

2 (u)(6,@)[h] = 2/ (V)[h] = he, and 2%(u)(6, 9)[h] = 25(1)(8, 6)[H] = hos®.

The computation of the Fréchet derivative of the unit normal n(u) exploits several properties
of this derivative mentioned in Section [5], such as Theorems and and comes down
to
W ()0, )R] = —(u + sin? 0(u3 + 1))~ (ughis + sin? Bugho + uh))
[usin® e, — ugsinf ey — uy ey
+ (ui + sin? O (uj + u2))_% [hsinfe, —hgsinfeg — hgey) .
With u = 1 we have that
1
n'(l)(ﬂ, gf)) [h] = —hg €y — thg € and
w(1)(6, 6) ] = ho sin 6.

Now because

Du(Ay(u)[yna(u) — z3(u)][h]) = Ay (w)lynz(u)[h] — 23(w)[R] + AL (u){h}yns(u) — 23(u)],

we need an expression for A (u){h} f for an arbitrary f : $* — R. We find this in [11], specifically
in Lemma 2.1. It states that

A (w){h}f = Ay(w)[=0rg 0 2(w)h +7(0,0ng 0 x(w))h + (Vg o x(u)) - n(u){h})] + Org 0 x(u))h,

where g = A, (u)f o x(u)~'. This can be verified by ”variation of the domain” of as
described in [11] and explicitly written out in [17]. A formal proof in a slightly different situation
that does not influence the validity of the proof in this case can be found in [10]. In this case,
with u = 1, we have that f = yns —z3 = (7 — 1)x3 and that ; = B1(0). This corresponds with
the system , such that, according to Result

1_7—1£_7—10050
142y xPP 142y 2

9= A,(1)[ynz — @3] o x(u)”
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As we are now working on S2, things simplify somewhat as x(1) is the identity and 9, = 9,. We
compute the necessary (directional) derivatives.

We first compute the gradient of g in spherical coordinates and compute Vg - n'(1){h} and 9,9
on I'y = $? (r = 1) and see that the latter coincides with the computation of Result [2.1] .

Vg - v—1 <_2C08967~ B sin6’€9> 7

1+2y r3 r3
v—1 I—x
0.9 = 8,9 = n(1) - — 9 9 =2
rg = 0Ong =n(1)-Vg| 142y % 1+ 27°%
y—1 .
Vg-n'(1 h‘ - 0 he).
g ] _ =1 (sinoh)

On S2, we have that az(l)g = 839!7:1 = 6% cosf. Also when computing in Cartesian
coordinates we can use 83(1) g = n(1)T"Hn(1), where H is the Hessian matrix of g. We use
that n(l) = z1e; + x2e3 + x3e3 on S?. Indeed we have that 83(1)g||x|:1 61"ty =

1+2’y
615 2 cosf.

So we now see that

AL (W){h}yns(1) = 25(D)](0, ¢) = Ay (1) [=hdng +v(hdg + (Vg) - ' (D){h})] + hdng

A

-1

174-72 (A, (1)[2h cos 8 + v(6hcos @ + sin 6 hy)] — 2h cos H)
~

= 17;21 (A5 (1)[(2 + 67)hcos§ + ysin§ hg] — 2hcos ).
Y

All together we have that

Lh(6,¢) = hcosf —~ sin @ hy + A (1)[ysinOhy — hcos ]

1+ 2y

-1
17+ 2 (Ay(1)[(2 + 6v)hcosf + ysin B hy] — 2h cos h)

1
5 (( + 2y —2(y—1))hcosh — 3ysinf hy
Y
)

+

1+
+ A1 WA47+7—D7mﬁm+%—l—%H%7—D@+ﬁwﬂw%ﬂ>
3

:11+27(haE9_‘7“n9h9+”4ﬂlﬂ72“n9h9+(—1—-?%+27%h0ﬁ9D~ (6.3)

6.2 Spherical harmonics expansion

Our goal is to solve with the help of (6.3] . As the perturbations A of the trivial solution
are defined on S2, we can exploit the properties discussed in Section [3 l especially expanding h
with respect to the spherical harmonics, i.e. h =Y, Zm_ lhmY

However we first note that due to conditions imposed (4.5)) and linearized in (6.1)) the zeroth and
first degree of such an expansion vanish. Let us show why this is. When h € H*(S?) satisfies
(6.1) at © = 1 and has such an expansion, due to the orthogonality /orthonormality (Lemma
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of the spherical harmonics we for example have:

0= (h, >L2(52)

(3 3 s avit)
12(52)

=0 m=—1

) l
- Qﬁz Z hi' <Y/lm’i/00>L2(s2)

=0 m=-—1
=2y/7h) = hY=0.

Similarly the second and third linearized conditions together in (6.1) at v = 1 give that
hl = hi' = 0 and the fourth condition gives hY = 0.

We conclude that because of the conditions we have imposed to exclude degrees of freedom, that
a spherical harmonics expansion of the perturbations h of the trivial solution that solve (6.2)
lacks the zeroth and first degree coefficients and therefore is given by

00 l
0,8) = > h"V"(0,9). (6.4)

=2 m=-I

6.3 Recurrence relations spherical harmonics

To be able to solve we see that we need expressions for cos 0h and sin 6hy in . When
h is a spherical harmonic this can be done as there exist recurrence relations for these precisely
operators on the associated Legendre polynomials in terms of associated Legendre polynomials of
different degrees and by extension the same holds for the spherical harmonics. These recurrence
relations are found in tables such as in [2] and proven in [22] with the help of the generating
function for the associated Legendre polynomials. Because of the way we have defined these, see
, the generating function for an order m, call it j,,, is given by

fin5.1) = (<1 2lm] 1>!'(1_28t+t2 e = P

Here we denote with n!! the double factorial of a natural number n, i.e. the product of the
natural numbers smaller or equal to n with the same parity as n.

To get a recurrence relation for the first operator, cos #Y;™, we follow the approach of [22] which
uses the generating function. We differentiate the generating function with respect to ¢, rewrite
to get j,, on one side and equate coefficients of equal powers of ¢t and we get a similar recurrence
relation; for [ € N'\ {0}

(L+ [m) 2"} (s) + (1 = [m| + 1) P (s)
20 +1 '

sPl‘m‘ (s) = (6.5)
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When we now substitute s = cos#, multiply with ¢"™® to get the spherical harmonics and
normalize, we get the recurrence relation for the normalized spherical harmonics:

+1( ‘mD'cos ™l (cos §)e™®
\/47r<z im0 cos )
\/ (L — |m])!
( )!

cos 07" (0, 6)

20 + 1 (L+ [m))Y,™ (0, ¢) + (I — [m| + 1)V T (6, ¢)
4 20+ 1

l—1m
I+ |m

l—|m m I+1+|m 7m
(14 |ml) /B Y, (0,6) + (1 — [m] + 1)/ 3 Y™, (60, 0)
20+ 1

/(lflﬂéll)ﬁl;r\m\)fflzzl(gqu) G Iﬂ”;I)J(rl;rlJrlml Ym (6, 6)

V2I+1
2—m2_.. I+1)2-m2-,,
VT (6,9) + (%L?)ml(e,qs)]. (6.6

For a worked out derivation of (6.5]), see Appendix.

NS

Next, we look at Ogh, for h = }N/lm a spherical harmonic of degree | and order m. For this we
need the derivative of the associated Legendre polynomials, again recursively represented in
associated Legendre polynomials (of different degrees or orders). We start by simply applying
the product rule and recognizing associated Legendre polynomials;

iPl‘m‘(s) :i [(_1)m (1— 2)| |/2LII[( 2 _ 1)1]]

ds ds 2l dst+lm|
—1)Iml . dqitim|
__ o™ 213! ms(1 — 2 Lo 1y
1 (—1)lmi+1 mi1y/2 AT !
BT U A W[( -l

— |m]s(1 — 82)*1Pl|m|(s) (11— 82)71/2Pl|m|+1(8).

We see that we can write the derivative in terms of the original polynomial. We ultimately want
to compute sin 089Pl|m|(cos 0)=—(1-s)4Lp |m|(s)‘S cosg and so we see that we are interested

in rewriting sPllml(s) and (1 — 32)1/2Pl‘m‘+1( ). For the former we can use or and the
following, (6.7)), for the latter; for [ > 1:

VI= 2B s) = o [ ml) 0~ bl + D) — @+ I+ ] + 1P (s)]

2041
(6.7)
For a worked out derivation of this recurrence relation see the Appendix. Now putting everything
together we get, for [ > 1,
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in oL piml _ 2y 4
smG@Pl (cosf) =— (1 s)d—s

Pl‘m‘(sﬂ

s=cos 0

= [ImlsPl'm'(S) +(1—s2)2pmH ()

s=cos 0

=g [l (@ bD )+ @~ ml + )P )

+ (= Iml) = [m| + DPLL(s) = 1+ ImD)(E + fm| + )P (5)) |
1
T2+ 1

s=cos

[z(z — |m| + 1)) P/ (cos 6) — (1 + 1) (1 + [m]) /™ (cos 9)].

We multiply with €”™? and normalize to get the ultimate expression for sin §hg we were looking
for, in the same way as done in , for [ > 1,

2041 (L= |m|)! Sjm| ime
P 9 m
\/47r G mpit (eoste

sin Ohg = sin 09[Y;™ (9, $)] = sin 02

204+ 1 (1 — |m|)! imo 1 Im| |m|
\/ (T |)!e ST {l(l im| + 1)) P (cos ) — (I + 1)(I + |m]) P~} (cos 0)
1

[+1)2 —m? . 2 m? ..
S | 21)+3mm<0,¢>—<m>\/%_”;Ylml(e,qﬁ)]. (6.9

Note that in both and the operators operating on the spherical harmonics are
recursively represented by a linear combination of spherical harmonics of one degree higher and
of one degree lower, but with constant order. Furthermore, note that the recurrence relations
hold for I > 1. This is no obstacle in our computations however as in our expansion we
only consider spherical harmonics of degree 2 and larger. Lastly, one should keep in mind that

for |m| = [, expressions such as Pl‘mprl and Pl|in1| are zero by definition and by extension the
same holds for the respective spherical harmonics. One also sees that precisely those terms have
a coefficient (containing (> — m?) equal to zero in and , such that it is also apparent
from their coeflicients that precisely those terms do not contribute to the recurrence relation. In
the prior computation steps one should keep this fact in mind however.
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6.4 Main results and illustrations

Now that we have a way to represent the the operators on the spherical harmonics present in
1) we can actually compute Lh for h being a spherical harmonic.

Result 6.1. Let us denote with (¢]*)* = % and (¢*)” = 122;_"{2, the coefficients

present in front of f/l’_fl and fﬁ’fl in the recurrence relations found before respectively. Now we
see that for 1 € N\ {0,1} and m € Z with |m| <, we have that

LY™(0,¢) =

T (cos 0V (0, &) — y sin 0 Y™ (6, )

+ A1) [72 sin 0 9pY™(0, ) + (—1 — 2y + 2+2) cos Y™ (0, ¢>)] )
Y g (76,0 + @) im0
= UV 0, 0) = L+ V(™) T (6, 0)|
+ Ay (1) |7 () Y 0, 0) = L+ 1) () TV (0, 6)]
+(—1= 2y +29%) [ (") H (6 0) + () VI 6,0)] ])
)

T+ 2w>3m (1= T 0,0) + (YT + 1) + 1) (") T (6, 0)

A, (1) = (A 27+ (= D)) T (6, 0)
(=1 =27+ (24 DY) () 0, 0)] )
)

3 g ~
T (2Rl (1 =D (0, 0) + (YU + 1) + D(e") 7™ (6, 9)
LR L g .0 - LR CEDT

3 —1 20 + 12 - 2—1—1? -
- <1+27>%( +77++ ) I 0.0 + M(C?”)*Yzﬁ(&qb))-

—~

—~

—

(") Y 6,9))

In this computation we have filled in the recurrence relations and in (1), took terms
of Y™ and Y}, together in (2), applied Result {4.1}in (3) and again took terms of ¥}, and Y},
together, while moving the common factor v in front of the brackets in (4). Note again that
(¢f*)” =0 for |m| = 1. All in all we now have the following result:

Result 6.2. When the perturbations h of the trivial solution are expanded with respect to the
spherical harmonics, i.e. h =2, Zl hi*Y,™, then Lh is given by the following expression:

m=—1
00 !
- 37 miymysm mymy,sm
Lh®.9) = 1557 > D al'hi"V"a(09) + WAV (6,9), (6.9)
=2 m=—1
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in which the coefficients a;j* and bj" are given by
am:—1+7+2l+’yl2 12 — m?
! Iy +1 412 -1’

20— [i4+1)2—m2
Terr+1\ a2 —1

B 1 (1+1)2 —m?
-0 (s =)y T

Again note that the coefficient in front of a spherical harmonic that would be zero anyway; alﬂ,

equals zero as well. In this way one has to essentially only look at the coefficients.

By grouping terms we can give the Fréchet derivative of F' with respect to u at (1, vp) a spherical
harmonics representation.

Result 6.3. When the perturbations h of the trivial solution are expanded with respect to
spherical harmonics, i.e. h =" 2, Zin:—l h;”f/lm, then Lh also can be expanded with respect to
the spherical harmonics, i.e. it is given by Lh(0, ¢) = 1+27 ] Zm__l K (R)Y;™(0, ¢). In this
case the coefficients kj"(h) are dependent on h and are given by

ay' hy? forl=1,m=-1,0,1,
Ky = 4 forl=2m="=2..2 (6.10)
’ QL By BB for >3, |m| <, |

afy bty for 1 > 3,|m| = 1.

Here we have just collected terms of the same spherical harmonics. For [ = 1,2 there is only one
term to consider, but for [ > 3 there are two. Note however that for |m| =1, b/"; = 0, such that
for these orders this part is absent. With these results at hand we can now get a good view of
how a solution to the linearized system looks like. The leftmost term in 1 is a linear
combination of the spherical harmonics of degree 1, see . Therefore we need the following
result.

Theorem 6.4. The equation Lh = Y} LA™Yt =a Y Y + 'Y, where o™ are
constants, has a unique solution given by

1+2’y

h(d, ¢) = Z Z ™Y, b), (6.11)
=1 m=-1
with the coefficients given by
1 bor...boy
A= gt = (—)FL 222 g 9y (6.12)
a’y ay’...ab;

Here the coefficients aj" and b]" are the those from Result .

Proof. The perturbations h is a spherical harmonics expansion, which we can write in the

conventional way as in 1} with hf; = 1"5270/”@” for | € N+, m = —1,0,1 and h}” = 0
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otherwise. Now using this and Result [6.3] we find that

1+2yZ Z K

=1 m=—1

1

1 1 o)
7 3y - - ~
u o ( S e Y ey Y (aﬁlhﬁﬁbﬁlhﬁl)iﬁm)

m=—1 m=—1 =3 m=-1

or 3y
Z a™ay Y + 142y Z ag’ hg' Y2 +Z Z (a5t ohbi o + b33 ) Yol g

m=—1 =1 m=-1

v
= Z o™y +Z Z ™ (abtyocity + b Yar

m=—1 =1 m=-1
m pm mo pm
= Z amy" +Z Z DI ag}wib E’nm +b§77b ™ it )3t
m=—1 =1 m=—1 CL LD IAS) ag - a2l
1
vi Z Qmym
m=—1

Here the following steps were taken in the marked equations:
I Result was applied, here the coefficients k" (h) are the coefficients present in this result.

IT Here the expressions for the coefficients k;"(h) were filled in and the case distinction in
(6.10) was taken into account by splitting the summation. Realizing that only for |m| <1
the coefficients are nonzero, the summation was restricted to include only these.

III The expressions for hf; were filled in and for higher values of [ it was recognized that the
terms for even I’s do not contribute as the h-coeflicients are zero then. A change of index
was made in the summation to only have an expansion of odd degree spherical harmonics.

142y
37 a l .

V The expressions for the c-coefficients were filled in according to (6.12)).

IV The expression for the h-coefficients were filled in, i.e. hiy; =

VI The coefficients for the higher degree spherical harmonics in the summation are all zero,
leaving us with what we wanted to prove.

O
With this last result we can solve the linearized system, (6.2]), around (1,vp). Namely;
in— a1V + %0 + ol ¥
1 /3 : 1 /3 1 /3 -
— 12 —i¢ 0o~ /< P S o)
oy 27Tsmﬁe + 2\/;(:059 o 27T81n96
= —1\/ 3 sin 6 (oz_l(cosqb —ising) + a'(cos ¢ + ising)) + aol\/gcosﬂ
2V 2m 2V 7w
1 /3 . . :
=3 ﬂ( Lrali(a' —a™), —v2a%) - (sin @ cos ¢, sin § sin ¢, cos 0). (6.13)
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So now we can relate the velocity of the traveling wave ¥ (near vg) with the shape of the domain
Q, via the function u (near 1) with Theorem in the following way:

w(B.6) =1+ h(6, ) = ”272 Z Y6, 6).

=1 m=-1

Here the ¢]* are from (6.12) and the «;" are chosen in such a way that (6.13)) equals the
first equation in the linearized system (6.2). In other words, the ;" solve the system of
equations

1 /3 -
3 277( Lyatitet —a™), —v2a°) = (7 — ). (6.14)

To illustrate this, Figure [3] displays the different shapes of the regions €, that correspond with a
small change of the trivial solution (0.1 in each of the three Cartesian directions). To get a good
insight in the way the shape deforms from the trivial shape, the unit sphere, when perturbing
the velocity ¥ slightly, the value of v was fixed at v = % and the values of the a-coefficients
solving the corresponding system are shown in Table |1l One can see that the domains
deform from the unit sphere, being lopsided in the direction of the perturbation of the velocity
corresponding to the trivial solution and in the é€3-direction. This is to be expected as the
velocity ¥ now has a component in both directions, as vg is solely in the é3-direction. When these
two directions coincide, as in Figure [3¢] and 31, one only sees this lobsideness as a stretching or
compressing of the unit sphere in the é3-direction. For v = 2, o] = 5 3 and one sees that making
a relatively small change to the velocity changes the shape quite drastically. The Mathematica
code written to generate the plots of Figure [3] can be found in the Appendix, there one can
see that the function in is used. However, the index [ only runs to 10 instead to infinity,
which would obviously be impossible to implement in Mathematica. The limit 10 was chosen
because of the rapid decay of the ¢j’s (see Section , for higher orders the contribution would
be so minor that it would not visible on the plots and drive up the execution time of the script
unnecessarily.

i—v | ot a? al a7V 4 %Y 4+ oY
L0161 | £hF 0 xh/E +.L sinfcos ¢
+0.163 iio\/? 0 q:%\/% F 55 sinfsin ¢
+0.1¢€3 0 FiV3 0 F g cos b
Table 1: Values for the a-coefficients for the visualilzations of the solutions shown in Figure
with v = 5.
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1.0

(¢) ¥—vp=—0.1ey (d) T—vp=0.1eg

(e) U — ’U_é =-0.1 €3

Figure 3: Domains corresponding to solutions of 1 , with v = % and perturbations of the
velocity corresponding to the trivial solution ([2.3).
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6.5 Smoothness of domain describing function

To assist in computing the ¢;* and with it visualizing the bubble domains, it might be useful to
know that for [ > 2 they can be recursively represented in the following way:

bor...bT
mo 1+1+1 Y2709
C+1 = (-1 “m om
Ao ...Q
2 20+2
m m
b2 "'b2l—2 bg}

m m m
Ag..Qgp Qgrig

= —(-1)*!

m

_ _bicm

=—m T
2[+2

This recursion is also helpful in determining for which value of s the second component of a
solution of (6.2)), u(= h+ 1), is in H (5?) and with that determine the smoothness of u. This
is based on Theorem [6.4] and in this section we will lay out how this is done.

For this we use the gamma function and one of its asymptotic approximations. The gamma
function, I' : C\ Z; — C, is defined such that I'(1) = 1 and I'(z 4+ 1) = 2I'(z) for any positive
real number z. This factorial behavior is also what we will exploit. First we compute the above
recurrence relation for the nonzero entries it has, i.e. for m = 0, &1;

o (-Hi+d) z+§co
I+1 = 1%
142y++/14+y— 142y —+/14+7y—92 [+ =
1+ 7277“1)(“_ w%vw) +3

o (+1)0 - 3) I0+1)(I+3) "
+1 = (1 + 1+2v+\2/7m>(l+ 1+277\/m) (= D0+ ha+ 9

2y

(6.15)

One should realize that we can continuously use this recursion (on ¢, ¢j” |, etcetera) until ¢’}
is expressed in terms of ¢4* (I > 2). We will prove this for m = 0;

Proof. We will denote with D() a constant dependent on 7 that is given

Dy = L2 IR gy IR
NENE) ()

142 +\/1+ 142y—+/1+
_SF(Q Lty by — )2+ %) I'(2)
B 3 L)

1429+ /147 =72 1427y — /147 =72
~ 0.56589T(2 + +'7+2 Rt e YO S e Y =
v Y

and prove by induction that

ri-Hra+1 ri+3
P(l 4+ B2 b oy (+3)

for [ > 2. Let us start with the base case [ = 2. It is clear that when filling in [ = 2 in (6.16|)
that all terms with the gamma function cancel with those present in D(7), leaving only cJ. Now
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for the induction step, we assume that (6.16]) holds for a certain n > 2. Then, by applying the
recurrence relation (6.15)), we have

o _ (n—Hn+3) [n+5 o
n+1 — 1%n
(n + 1+2’y+\2/71+“/7'y )(n + 1+277\/1+'yfﬂ/2) n + 1

2y
(n+ T (n+3)
- (n= 5T =5+ H0n+ ) [ bt
(:)D(")/) 4 4
(n + 1+2v+\2/’yl+'y—72) (n+ 1+2y+\2/71+v—72)(n+ 1+2’y—\2/’y1+'y—72)1—\(n+ 1+2»y—\2/71+7—72)
D) Tn+1-Hrn+1+1) F(n+1+§)co
T(n+1+ 1+2w+\/1+7 72 T(n+1+ 1+27—\2/71+7—72) F(n+1+7)

Here we have applied the induction hypothesis in the equality marked with (I H) and then have
used the defining property of the gamma function, zI'(x) = I'(x 4 1), in the consequent equality.
We see that (6.16)) also holds for [ = n + 1, concluding the proof. O

Now we have represented the coefficients c? as quotients of gamma functions we can use an
asymptotic property of the gamma function one can get from well known Sterling’s formula. This

3,1
property says that Egiigi ~ 297 for z — oo [8]. With this we can conclude that ¢} ~ =GF3)

for | — oo. As a,ljEl bl

are only slightly different from af,b respectively, we see the same
3
asymptotic behavior for cljEl as for c?, i.e. cljEl ~1 5+ )

similar way as done before with

L1 _ gy NUINGRE ) \/ (r(l—nr(wrmb ”

02 s
0 R 4 V) | == Jri+

for [ — oo. One could prove that in a

where

B(n) — 40(2 + %)F@ + @) L(DIECG)
(v) = T r(1)re2)rd)’

Q. 2
We conclude that |¢]"|? ~ 7G5 for big enough I. Now to find out for which s, u is in H$(S?)
we need to have Hu||§is(52) < 00, as per Definition Because u is a linear combination of
only the even spherical harmonics, we are interested in the behavior of (1 + (21)?)*|c/"|?>. Note
that (for big [) this quantity is independent of m and that for the convergence of ||ul @15( g2y only

these are important. Let us denote with K () some finite value that represents the contribution
of the lower degree contributions to the norm. Then we have

[e'e) 1
ullFro g2y = K+ > 1+ @D ~ K(y +3Zz281 3+3)

I=lo m=—1 I=lo

for some [y big enough. For this sum to be convergent we need 2s — 3 — % < —1 and thus
we conclude that v € H i(SQ) for s < 1+ % As we have used the product rule prior in the
computation, we also have the the condition that s > 1. This is based on Theorem [5.13] as for
these values H (S?) is a Banach algebra. So s € (1,1/7) is (formally) the reasonable interval to
consider the linearized problem.
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6.6 Problem’s invariances on level of linearization

As we have now established our result, we will take a look at how the invariances of our problem,
as discussed in Section [2.I] translate themselves when changing to the linearized operator
problem. These properties should also be present in some way in the linearization. It turns out
that they express themselves when computing ﬁfflm for degrees not covered in Result ie.
for [ = 0,1. We namely have that
2 2
i — 3 g 2V g ppa _jyo g

(1+29)2y/m (1+27)2

In this section we will point out how the translational invariance expresses itself in the latter
equalities on the level of the linearization. We introduce a small translation of our trivial domain;
O, = Bi(a), where a € B1(0) C R3. We can have only a small translation (i.e. a € B1(0))
to make sure that 2, still is a star-shaped domain with respect to the origin. This is not a

problem however, as we will differentiate at @ = 0 anyway. Here this function u, : S* = R

should describe the domain €, as in lb Therefore it should satisfy u,( Iiigl) = |z 4 a| and

ug = 1. Then because of the translational invariance we must have that F(vg, u,) = 0 on S2.
As we have linearized this equation around (v, 1), we should take the Fréchet derivative of this
equation with respect to a at a = 0. We have, by the chain rule (Theorem [5.5)), that for all
heR3

0 = D4 (0)[h] =DgF(vo, ua)| h] = Dy F(vo,ug)[Daua(x)[h]] ‘a: = fL[Daua(x)[h]]‘

a:()[ a=0"

To compute this Fréchet derivative with respect to a of u,(x) at a = 0, we first consider the
derivative of uy with respect to z € S2, which obviously is zero. This can also be seen in the
following way; Dyug(z)[z] = %(UO o ¢)(t)‘t:0 = %1|t:0 = 0. Here 1 is a curve on S? with
¥/(0) = z. Next we define for any ¢ € S? the operator @, given by Qu,(a) = 2212 such that

= lzotd]
ua(Qzo(a)) = |zo + a|. Note that Q,,(0) = xo.

We will differentiate ug( \iigl) = |z + a| with respect to a at @ = 0. For the left-hand side we use

@ and the chain rule; for h € R? we have

Daua(Qx(a)))‘azo[h] = Daua{h}(Qoﬁ(a))‘azg + Dqua(Qz(a))[DaQz(a)[h]] ‘azo
= Daua (x) }azg[h] + DQUO (1’) [Dan(a) ‘a:O]
=0

= Dauq(z)| _,[hl].

a=0 [

Here we have indicated the use of the fact we have just established that the derivative of ug
with respect to any x € S? is zero. As Q(a) € S?, also the highlighted term yields zero.

The right-hand side is quite straightforward as the Frechét derivative of such a finite dimensional
is the usual derivative. Particularly, the coordinates of the Jacobian matrix, J, represent it and
as the right-hand side is a function R® — R it is will just be the gradient.
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We have for z € 2, h € R3

(@i + a:))'?)|,_,[R]

N
Il
i

&

Dz +al| k] = Da((

3 ) 3
=> 873-((2(% +ai))?)| o b
j=1 i=1
3 1 3
= Z(Q(Z(xi +a;)?) 22 + aj))| oo s
j=1 7 =1
3 3
=> (O a7V 2a) by
j=1 =1
:é]h:m%

From this we can conclude that Dyu,(x) ‘a:O [h] = 2 - h and ultimately L[z -h] = 0 for all h € R3
and x € S2. With this result we can now see how the translational invariance expresses itself
on the linearization level. Let therefore x = sinf cos ¢ e; + sin@sin ¢ e3 4 cos @ e3 € S? for some
8 €[0,7],¢ € [0,27]. Now

s .1 (3
E09) = B 3/ 2e =0
o 1 /3. ; 1 /3 /- A
ES | I B of Pt +igy _ L [ 2 . R .
LYy 2\/ 27rL[Sm fe="?) 5 \/ 5 (L[sm&cos ¢] £ iL[sin O sin qS])

1 /3 /- .
= —\/5s (Lle- el illz- eo]) =0

2 %([ Jtille- el
and we have the proposed expression of the translational invariance at linearization level. Note
that this explanation works for S"~1 C R” for a general n € N, but for the purposes of clear
application to our situation, we have only shown it for n = 3.

A similar approach can be taken to verify that the scaling invariance of our problem translate

into ZAL[YOO] = %fﬂo. We have only detailed the explanation for the translational invariance
because this gives the most insight and during this project a lot of time and effort went into
verifying this fact. In an earlier stage of this project the translational invariance in e3-direction
did not show on the linearization level due to an asymptotic condition that was not strong
enough (to grant uniformity). After a lot of checking this was rectified and this explanation
remains to show the understanding gathered from this different and new way of looking at the

problem.
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7 Conclusion

All in all, we conclude that the linearized version of our moving boundary problem is uniquely
solvable around the trivial solution (1,%g). We have found that for ¥ € R? close to 1y, we can
find a bubble/streamer domain described by u € H$(S?) for s < 1+ %7 with v > 0. No upper
bound on the value of v has been found, while the two dimensional discussion of this (linearized)
problem [11] does have a rather tight upper bound and this suggests a similar behavior here.
This might result in the chosen value of v = % for the visualizations to fall outside of this
bound (it would do in the 2D-case). However, this value was chosen such in the visualizations
the perturbations of the unit sphere were clearly visible, as this was not the case for lower
values.

Not only can further research focus on the nonlinear problem (as done in 2D in [11]), but one
can also consider different boundaries conditions such as surface tension or a combination of
surface tension and kinetic undercooling. This has been done on the level of the linearization in
2D in [17], with a negative result considering the existence of solutions to the linearized problem,
which makes for a similar expectation in 3D.
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Appendix

Uniqueness

To make sure we have a unique solution to ([1.1)) we need to verify that ¢ = 0 is only solution to
the following system:

Af =0 in R3\ Q(¢),
f—70nf =0 on I'(¢), (7.1)
Vf =o(lz|™?) for |z| — oo.

Proof. Let us fix a t > 0. Troughout this proof we will make use of a region we denote with
Wg. We namely consider balls Br(0) with R big enough such that T'(¢) is completely in the
interior. Now Wp is the region enclosed by 0Br(0) UI'(t). These are compact regions with
smooth boundary.

Because f is continuous it is bounded on such a region Wx. Now because of (7.1)3, we have
that |V f 22| < 1 for all z € R3\ Bg,(0), where Ry > 1 is big enough. We consider the curve K
which is the radial line segment connecting the z € R® and Roli—| € 0BR,(0). We see that

f(a:)—f(Ro;):/KVdesg\x—R0é|mﬁx|Vf|<1,

from which we conclude that f is bounded on R?\ Q(t). Let us say that |f(z)| < M on this
domain, for M € Ry. Next, we consider the following integral:

/|Vf2dx‘2 ViVide+ | Af fde
Wgr Wgr Wgr

® /W div(Vf f) do

@—/fo-nds+/ IVf-nds
r OBR(0)

4)

< — Onf ds + 47 R? max |fV

<~ [ro.1 s /9]

5) ,

< —'y/anfanfds+47rR M max |Vf|
r OBRr(0)

(6)
< 47R?*M max |Vf| = 0as R = |z| — occ.
OBR(0)

Here we have added a zero term in (1), as f is harmonic in Wg because of (7.1))1. Then in (2) we
have realized that the two integrals together form one. In (3) we applied the divergence theorem.
Notice that the normal n points into Wg on I'(¢), explaining the minus sign. In (4) we estimate
the last integral and in (5) use the boundedness of f. Also we use (7.1 on the first integral in
(5) and see that this whole term will contribute something nonpositive in (6). We conclude with
(7.1)s that the estimation goes to zero and therefore we have that ng,\ﬁ |V f2dz = 0 and we
need to have Vf = 0 on R3\ Q, implying that f is constant. Now because of 2 we see we
can only have f = 0 and this proves the uniqueness of . ]

Volume preservation

Here we provide a proof for the volume preserving property of the evolution of Q(t) of (L.1)). It is
the proof provided in [17] and slightly modified to account for the fact here a three dimensional
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problem is discussed, as in [17] only two dimensions are considered. First we prove the following
lemma:

Lemma 7.1. Let I'(t) be a smooth, closed surface in R3 that varies smoothly with t and bounds
a domain Q(t). Denote with N(z,t) and V(x,t) the unit normal on I'(t) pointing outward and
the velocity vector at point x respectively, at time t. Let f : R3 x R>g — R be a smooth function
with function values f(x,t). Then

d / of
— fda::/ dx—i—/ fVads.
dt Jo ) Ot r(t)

Proof. We transform the integral from the time dependent domain €(¢) back to a fixed domain g
with a transformation = = n(x,t). Here n should be a solution to the ordinary differential equation
%’ = V(n(z,t),t), with initial condition n(z,0) = 2. We denote the Jacobian determinant of the
transformation with detJ = detJ(t) and g(x,t) = f(n(z,t),t). We have

d d 0g(z,t) ddetJ
— t)de = — t)detd dx = detJ t d
i (@0 = G [ e pdede = [ P80 a4 gl <G e

We observe that dde” =J(V)-J, by diﬁerentiating the ODE with respect to x. Now we see

that the matrix Valued function J satisfies ¢ @ = A-J, for some real matrix A = A(t). Then,
according to Liouville’s Theorem [5], 493 = T'r(A)detJ. So in this case 29 = Tr(J(V))detJ =
(V- V)detJ. Now, by the chain rule and transformlng back;
dg(z,t) ddetd of
detJ t dr = — dx
/ fa / i e g ) TG e = [V (V)
of of
= +V(fV)d:L‘:/ da:+/ fVnds.
ORY: o) Ot ()
Here the last step is due to the divergence theorem and the lemma is proven. O

Now for a fixed t, let R be big enough such that €2(¢) is contained in the ball of radius R, Br(0).
Now I'(t) and dBg(0) form the (piecewise smooth) boundary of a region in R3, let us call it
W C R3. Observe that W C R?\ Q(t), such that Af =0 in W. By the divergence theorem we

have
0:/ Afdx:/ Onfds— Onf ds.
w 9BR(0) T(t)

We see that faBR(O) Onfds = fr(t) On f ds and that these integrals are independent of R. As
Vf—é;=0(R™2) for R — oo we have

/ 8nfds:/ Vf-nds:/ ngds—i—/ (V(f —x3)) -nds
dBR(0) 9BR(0) 9BR(0) 9BR(0)

:/ (V=) nds
0BR(0)

< 47 R? max |V f — 3 RN

We conclude that |, 9B(R) On f ds =0, so when we apply the lemma of this section with f =1 we

get
d

— dr = VndS:/ 8nfds:/ Onfds =0,
dt Jo T(f) dBR(0)

proving the volume preserving property of the evolution of (¢) of (1.1]) over time.
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Proofs for recurrence relations associated Legendre polynomials

Because of the somewhat irregular way of defining the associated Legendre polynomials part
of the spherical harmonics, sources for recurrence relations for these polynomials are hard to
be found. In this part of the Appendix we slightly modify the proofs given in [22] to give
justification for using them, without unnecessarily filling the main body of text with proofs that
essentially have been done previously. We start with proving the recurrence relation , which
holds for [ > 1 and is given below:

(Il + DR™\() + (= |m| + D (s)

sP"(s) = 20+ 1

Proof. Firstly, for simplicity we will write n := |m|. We will differentiate the generating function
for the associated Legendre polynomials, j,, as found before, with respect to t. The generating
function is given by

2 3 n n oo
gn(s,t) = (=1)"(2n — ! (1-s7)2t . Cnt 22
(1 —2st +t2)"*2 (1 — 2st + 12)"

Note that in comparison to [22], we have an extra factor (—1)", making our results slightly
different. We have defined ¢, := (—1)"(2n — 1)!/(1 — s2)2, as this is independent of ¢ and thus
invariant when differentiate with respect to t. We move t” to the right hand side and differentiate
with respect to ¢, recognise j, in the left hand side and rewrite:

B = "
5 =2 e

(1 2w+ﬁ

1 o
:>cn(n+§)(2$—2t)(1—25t+t2 = (1—n)t" "I P(s)
=0

= i{@n +1)(s — )t — [1 — 2st + 21 — )t '} PP (s) =0

Now by shifting indices, we make sure all terms have equal power of ¢ and obtain:

[o¢] o0 o0
> @+ 1)sPr(s)t =Y @n+ P ()t = Y (I+1—n)P(s)t!
=0 =1 =1

+22l—n5Pl Zl—l—nPl ()t =0
=1

=0
And by the identity theorem for power series we now have the following relations:
For | = —1 nPy =0, which holds for only option n =0
For =0 sPy(s)+ (n—1)P/'(s) =0, for only option n = 0 results in P_(s) = sPY(s) = s,
Forl>1 (204 1)sP"(s) = (I+n)P"(s)+ (I +1—n)P(s).

Substituting n = |m| back and the proof is complete. O

Next we prove the recurrence relation (6.7]) for [ > 1, which is given by:

=R (s) = o [ = )= bl + DEG) = 1+ )0+ ol + )P (s)]
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Proof. Therefore we again denote n := |m|. We will start with differentiating the generating
function j, with respect to t. As seen before we get

(277’ + 1)Cn( — t) S l-n—1pn
(1— 2st + £2)F3/2 >_(l=mt IR (s) =
1=0

(27’L—|— ) (8 ) 2n+1 l-n—1pn
(=35t B = (1 — 2st + %) lz; n)t TP (s).

Now we do another differentiation on both sides with respect to ¢. For the left hand side we get:

O [2n+Dea(s =8| _ —(2n+Den(1 — s?)  cppV1l—s?
ot | (1—2st+t2)1/2 | (1 —2st+12)3/2 (1 —2st+12)3/2

Here we have noticed that —(2n + 1)(1 — s?)¢, = —(2n + 1)(1 — s2)(=1)"(2n — D1 — s2)2 =
(1-— 82)%(—1)"“(2(71 +1) -1 - sg)nT+1 = V1 — s?c,41. Differentiation on the right hand
side yields

gt [(1—28t+t2 n+12 tl n— 1Pn( )
=0

7ML =25t +£2) (I —n){(l —n— 1)1 = 2st + 2t + 2(n + 1) (t — s)t'}P(s).
=0

Equating both sides, moving and grouping of terms and recognizing the generating function of
P/t (s) gives us

V1 — 2, qt" ! =
$°Cn+1 — /1 — g2 ZPInJrl(S)tl _
=0

(1 — 25t + 2)"t1+2

i(z —n){(l—n— Dt —2st' + (I +n + D)tTYPR(s)

=0

Y U+1=n)l=n)P ()t =) 201 —n)sPP(s)t + > (1 —n— 1)1+ n)t' P (s).
l=—1 =0 =1

We now compare coefficients of ¢! and get as a result of the identity theorem for power series
that for [ > 1

vﬁ‘*ﬁﬁw>

(1 =n)(I =n)Pq(s) = 2L =n)sBF(s) + (I = 1 = n) ([ + n)F(s)
(141 - )1 —n) Py (5)

=200 = ) [+ )P (3) + (41— ) Py ()]

LU= 1= )l +n)B(s)

M B () + (- )~ ot PR (9)

Here in the equation marked with (6.5), we used the recurrence relation we found earlier.
Substituting n = |m| back gives us the recurrence relation we wished to prove. O
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Mathematica script

ni= gamma = 1 /2;

n2i= (xGenerating the coefficients in Result 5x)

-1+gamma+21+gammal”r2 12 -m”2
nE= afm_, 1_] := *Sqr‘t[ ]
1 gamma + 1 4%x1x1-1
2-1-142 (L+1)n2-m~2
n4= b[m_, 1_] := gamma ¥ ——— *Sqrt[—]
(2+1) » gamma + 1 4% (1+1)72-1

ns= (*Generating the coefficients in Theorem 6.1x)
wer= €[m_, 1_] := (-1) ~(1+1) Product[b[m, 231 /a[m, 23], {3, 1, 1-1}] /a[m, 21]

(21+1) » (1-Abs[m]) !
(4%Pi) » (1+Abs[m]) !

w7= abs[l_, m_, s_] :=Sqrt[

(-1) ~Abs [m]
21 4 (1 !)
(xDefining the associated Legendre polynomials according to (3.4)*)

# (1-s"2)~(Abs[m] /2) D[ (s”2-1)~1, {s, 1+Abs[m]}]

ne= Y[m_, 1_, theta_, phi_] := abs[1, m, Cos[theta]] *
e~ (mi phi) (xDefining the Spherical harmonics according to Definition 3.3x)

. ) 1+ 2 gamma
noi= h[theta_, phi_, alphaminl_, alpha@_, alphaplusl_] = ———
3 gamma

Sum[alphaminl xc[-1, 1] *Y[-1, 21, theta, phi] + alpha® *c[0, 1] *Y[@, 21, theta, phi] +
alphaplusl xc[1, 1] »Y[1, 21, theta, phi], {1, 1, 10}];
(*Defining the h-function, where the alpha coefficients solve the system (6.14)*)

o= (% Making the plots for different bubble domains
corresponding to variation of +/- 0.1 in each Cartesian direction,
name indicates which. Remove semicolon to remove surpressing of
plot. Two of six plots shown to show procedurex)

ni1)= Plote2plus = ParametricPlot3D|
i 2Pi i 2Pi ) .
{(h[theta, phi, —sqrt[—], 0, - —Sqrt[—]] + 1] * Sin[theta] Cos[phi],
20 3 20 3
i 2Pi i 2Pi ) . .
(h[theta, phi, —sqrt[—], @, - —sSqrt[—]] + 1] * Sin[theta] Sin[phi],
20 3 20 3
L i 2Pi i 2Pi
(h [theta, phi, —sqrt[—], 0, - —sqrt[—]] + 1] * Cos [theta] },
20 3 20 3

{theta, 0, Pi}, {phi, @, 2Pi}, AxesLabel » {x1, x2, x3}, ViewPoint -» {-10, -10, 5}];
. R Pi . .
niz- Plote3plus = ParametricPlot3D [ { (h[theta, phi, 8, — sqrt[—], @] + 1) * Sin[theta] Cos[phi],
10 3
. 1 Pi . . .
(h[theta, phi, @, - — sqrt[—], @] +1) *Sin[theta] Sin[phi],
10 3

-1 2Pi
h[theta, phi, @, — Sqrt[——], @] + 1| « Cos[theta]}, {theta, @, Pi},
10 3

{phi, @, 2Pi}, AxesLabel -» {x1, x2, x3}, ViewPoint -» {-10, -10, 5}];

Figure 4: The Mathematica script used to produce the plots in Figure
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