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Preface

One of the most influential works in Fluid Dynamics at the edge of the 19-
th century was a short paper [130] written by Henry Selby Hele-Shaw
(1854-1941). There Hele-Shaw first described his famous cell that became
a subject of deep investigation only more than 50 years later. A Hele-Shaw
cell is a device for investigating two-dimensional flow of a viscous fluid in
a narrow gap between two parallel plates. This cell is the simplest system
in which multi-dimensional convection is present. Probably the most impor-
tant characteristic of flows in such a cell is that when the Reynolds number
based on gap width is sufficiently small, the Navier-Stokes equations averaged
over the gap reduce to a linear relation similar to Darcy’s law and then to a
Laplace equation for pressure. Different driving mechanisms can be consid-
ered, such as surface tension or external forces (suction, injection). Through
the similarity in the governing equations, Hele-Shaw flows are particularly
useful for visualization of saturated flows in porous media, assuming they are
slow enough to be governed by Darcy’s low. Nowadays, the Hele-Shaw cell is
used as a powerful tool in several fields of natural sciences and engineering,
in particular, matter physics, material science, crystal growth and, of course,
fluid mechanics.

The next important step after Hele-Shaw’s work was made by Pelageya
Yakovlevna Polubarinova-Kochina (1899-1999) and Lev Aleksandro-
vich Galin (1912-1981) in 1945 [88], [199], [200], who developed a complex
variable method to deal with non-gravity Hele-Shaw flows neglecting sur-
face tension. The main idea was to apply the Riemann mapping from an
appropriate canonical domain (the unit disk in most situations) onto the
phase domain to parameterize the free boundary. The equation for this map,
named after its creators, allows to construct many explicit solutions and to
apply methods of conformal analysis and geometric function theory to inves-
tigate Hele-Shaw flows. In particular, solutions to this equation in the case
of advancing fluid give subordination chains of simply connected domains
which have been studied for a long time in the theory of univalent functions.
The Léwner-Kufarev equation [164], [175] plays a central role in this study
(Charles Loewner or Karel Lowner originally in Czech, 1893-1968; Pavel
Parfen’evich Kufarev, 1909-1968). The Polubarinova-Galin equation and
the Lowner-Kufarev one, having some evident geometric connections, are
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not closely related analytically. The Polubarinova-Galin equation is essen-
tially non-linear and the corresponding subordination chains are of rather
complicated nature.

Among other remarkable contributions we distinguish the discovery of the
viscous fingering phenomenon by Sir Geoffrey Ingram Taylor (1886-1975)
and Philip Geoffrey Saffman [224], [225], and the first modern description
of the complex variable approach and the study of the complex moments
made by Stanley Richardson [215]. Contributions made by scientists from
Great Britain (J. R. Ockendon, S. D. Howison, C. M. Elliott, S. Richardson,
J. R. King, L. J. Cummings) are to be emphasized. They have substantially
developed the complex variable approach and actually converted the Hele-
Shaw problem into a modern challenging branch of applied mathematics.

The last couple of decades the interest to Hele-Shaw flows has increased
considerably and such problems are now studied from different aspects all
over the world.

In the present monograph, we aim at giving a presentation of recent and
new ideas that arise from the problems of planar fluid dynamics and which are
interesting from the point of view of geometric function theory and potential
theory. In particular, we are concerned with geometric problems for Hele-
Shaw flows. We also view Hele-Shaw flows on modelling spaces (Teichmiiller
spaces). Ultimately, we see the interaction between several branches of com-
plex and potential analysis, and planar fluid mechanics.

For most parts of this book we assume the background provided by grad-
uate courses in real and complex analysis, in particular, the theory of confor-
mal mappings and in fluid mechanics. We also try to make some historical
remarks concerning the persons that have contributed to the topic. We have
tried to keep the book as self-contained as possible.
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1. Introduction and background

1.1 Newtonian fluids

A fluid is a substance which continues to change shape as long as there is a
small shear stress (dependent on the velocity of deformation) present. If the
force F acts over an area A, then the ratio between the tangential component
of F' and A gives a shear stress across the liquid. The liquid’s response to this
applied shear stress is to flow. In contrast, a solid body undergoes a definite
displacement or breaks completely when subjected to a shear stress. Viscous
stresses are linked to the velocity of deformation. In the simplest model,
this relation is just linear, and a fluid possessing this property is known as
a Newtonian fluid. The constant of the proportionality between the viscous
stress and the deformation velocity is known as the coefficient of viscosity
and it is an intrinsic property of a fluid.

Certain fluids undergo very little change in density despite the existence
of large pressures. Such a fluid is called incompressible (modelled by taking
the density to be constant). In fluid dynamics we speak of incompressible
flows, rather than incompressible fluids. A laminar flow, that is a flow in
which fluid particles move approximately in straight parallel lines without
macroscopic velocity fluctuations, satisfies Newton’s Viscosity Law (or is said
do be Newtonian) if the shear stress in the direction x of flow is proportional
to the change of velocity V in the orthogonal direction y as

_ar_ v
7T aa " ey

The coefficient of proportionality u is called the coefficient of viscosity or
dynamic viscosity. Many common fluids such as water, all gases, petroleum
products are Newtonian. A non-Newtonian fluid is a fluid in which shear
stress is not simply proportional solely to the velocity gradient, perpendicular
to the plane of shear. Non-Newtonian fluids may not have a well-defined
viscosity. Pastes, slurries, high polymers are not Newtonian. Pressure has only
a small effect on viscosity and this effect is usually neglected. The kinematic
viscosity is defined as the quotient
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where p stands for density of the fluid. All these considerations can be made
with dimensions and their units taken into account or else be made dimen-
sionless.

1.2 The Navier-Stokes equations

Important quantities that characterize the flow of a fluid are

m — 1mass;
P — pressure;

V — velocity field;
O — temperature;
p — density;

L — viscosity.

Various approaches to the equations of the fluid motion can be summarized
in the so-called Reynolds’ Transport Theorem (Osborne Reynolds 1842-
1912). From a mathematical point of view this simply means a formula for the
derivative of an integral with respect to a parameter (e.g., time) in the case
that both integrand and the domain of integration depend on the parameter.

We always assume that a fluid system is composed of the same fluid
particles. Let us consider a fluid that occupies a control volume V (t) bounded
by a control surface S(t). Let N(t) be an extensive property of the system,
such as mass, momentum, or energy. Let x = (x1,z2,23) be the spatial
variable and let t be time. We denote by n(x,t) the corresponding intensive
property which is equal to the extensive property per unit of mass, n =
dN/dm,

N(t) = / npdv, dv = dxidzedrs.
0

Reynolds’ Transport Theorem states that the rate of change of N for a system
at time ¢ is equal to the rate of change of N inside the control volume V plus
the rate of flux of IV across the control surface S at time ¢:

V(t) 5(t)

Here V. = (V1, V5, V3), and n is the unit normal vector in the outward direc-
tion. The Gauss theorem implies

(%)sys: / [%(WHV-(WV)] dv.

V(t)

Let us introduce a derivative % which is called the convective derivative, or

Eulerian derivative, and which is defined as
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D 0
— =—+4+V
D m+ vy
or in coordinates
D 0 0 0
T \Z \%
Dt otV om  Pomm T Py
Then we have
dN D(np)
(dt)sys_/( 00) 4 np(v-v) ) o

1.2.1 The continuity equation

If we take the mass as the extensive property, then N = m, n = 1 and
Reynolds’ Transport Theorem (1.1) becomes

( ) /ade?{pV-ndA.

V()

The law of conservation of mass states that (%—T)Sys = 0. Therefore,

[ (25 pv) avo

V()

The latter equation is known as the continuity equation. Since this equation
holds for any control volume, we get

ap B
5 TV (V) =0,

When p is constant, the fluid is said to be incompressible and the above
equation reduces to
V-V =0 (1.2)

1.2.2 The Euler equation

Let us consider only incompressible fluids. Linear momentum of an element
of mass dm is a vector quantity defined as dP = V dm, or for the whole
control volume,

P = /deu.
vi(t)

Applying Reynolds’ Transport Theorem we get
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dP - pv .. _ [ DV,
dt ) e AT e

V(¢) V(¢)

which infinitesimally is %dm, i.e., just the product of the mass element and
acceleration.

Newton’s second law for an inertial reference frame states that the rate
of change of the momentum P equals the force exerted on the fluid in V(¢):

DV 0]

where F is the vector resultant of forces. Suppose for a moment that there are
no shear stresses (inviscid fluid). If the surface forces F ¢ on a fluid element are
due to pressure p and the body forces are due to gravity in the x3-direction,
then we have dF = dF 5 + dFy, or

dF = —(Vp)dv — g(Vz3)(pdv), (1.4)

where F 4, is the gravity force per unit of mass and g is the gravity constant.
Substituting (1.4) into (1.3) we obtain

1 ov
—IVp—gVas = + (V- V)V,
SVp—gVas =5+ ( )
or
—Vp — pgVas = po—.
= pgVas = p
The equation (1.5) is known as the Euler equation.
In terms of control volume we have

d
(E) /,onv:— /(Vp—i—ngxg,)dv,
sys

V() V(¢)

or
(%) / pVdv = 7{ o-ndA— / pgVxsdv, (1.6)

) S(t) 10
where o = (O’ij)?’j:l, 0jj = —D, 055 =0, 1 # j, is the stress tensor. In general,
the stress tensor (045)7 j—, is defined by the relationship dF; = Z§:1 oijn; dA

between the surface force dF on an infinitesimal area element dA and the
normal vector n of it (F = (Fy, Fz, F3), n = (n1,n2,ns)).
1.2.3 The Navier-Stokes equation

The first term in the right-hand side of the Euler equation (1.6) is due to
the surface forces and the second one is due to the body forces (or forces
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per unit mass in (1.5)). Let us consider the shear and normal stresses o;; in
a mass element dm = pdv = pdzridradrs that occupies a volume bounded
by a parallelepiped such that its principal diagonal joins the points x =
(x1,29,23) and x + dx = (x1 + dx1, 22 + dag,x3 + drg). We call the x;-
surface, that surface with one of the vertices at the point x and with the
normal vector parallel to the z; axis. The surface parallel to the x;-surface is
the one with a vertex at x + dx. We denote by o;; the normal stress on the
xj-surface in the outward direction. The normal stress on the parallel surface
isoj;+ %Lgdxj. By 03j, 1 # j, we denote the shear stress on the z;-surface in
the direction x; and similarly for the parallel surface. The shear and normal
stresses are given by a stress-velocity relation which is more general than
Newton’s law and which is known as Stokes’ viscosity law for incompressible

fluids. Tt states that the stress tensor (oy;)7 ;—; is given by
ov; ov, oV;
W= 2 ’Lv iy = - . ) ) s
7 p+ #6@ 7ij u<8x3+6xl> Z#]

where p is the viscosity coefficient. The Navier-Stokes equation is just a gener-
alization of the Euler equation when allowing both normal and shear stresses
for surface forces. Replacing the stress tensor in (1.6) by the above expres-
sion we obtain the Navier-Stokes equation. The Gauss theorem leads to a
point-wise equation in vector form for a Newtonian incompressible fluid with

constant viscosity
DV

Dt
If body forces negligible, then we can put F, = 0. The equations (1.2) and
(1.7) are called the Navier-Stokes equations for incompressible fluids.

1
:Fb—&-;(—Vp—&-uAV). (1.7)

1.2.4 Dynamical similarity and the Reynolds number

Letting L be a representative scale (that can be thought of as the distance
between enclosing boundaries), U be a representative velocity (that can be
thought of as the steady speed of a rigid boundary), we change variables

L
x —-ILx, V-UV, t—>5t.
Let us choose a scaling for the pressure as

p— pU%p.

Substituting these new values into the Navier-Stokes equation (with F, = 0)

we have
DV

1
vV — AV 1.
Dt Vp+ AV, (1.8)
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where R = pUL/p is the Reynolds number. This equation is just the Navier-
Stokes equation in dimensionless variables. Taking into account units
kg m kg

U=—, L=m, = —

/07 37 ’
m S ms

we reach the conclusion that the Reynolds number is a non-dimensional num-
ber.

Nondimensionalization, being a seemingly superficial step, becomes im-
portant when considering different flows with the same Reynolds number.
A three-parameter family of solutions for a specific flow is equivalent to a
just one-parameter family for some modelling flow. Two flows with the same
Reynolds number and the same geometry are called dynamically similar.

There are two different types of real fluid flow: laminar and turbulent.
A well-ordered flow, free of macroscopic velocity fluctuations, is said to be
laminar. Fluid layers are assumed to slide over one another without fluid
being exchanged between the layers. In turbulent flow, secondary random
motions are superimposed on the principal flow and there is an exchange
of fluid from one adjacent segment to another. More important, there is an
exchange of momentum such that slowly moving fluid particles speed up and
fast moving particles give up their momentum to the slower moving particles
and slow down themselves.

In an experiment in 1883, Reynolds demonstrated that, under certain
circumstances, the flow in a tube changes from laminar to turbulent over a
given region of the tube. He used a large water tank that had a long tube
outlet with a tap at the end of the tube to control the flow speed. The tube
went smoothly into the tank. A thin filament of coloured fluid was injected
into the flow at the mouth as is shown in Figure 1.1. When the speed of

water

»-d;e-----------------}

Fig. 1.1. Reynolds’ experiment

the water flowing through the tube was low, the filament of colored fluid
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maintained its identity for the entire length of the tube. However, when the
flow speed was high, the filament broke up into the turbulent flow that existed
throughout the cross section. Thus, laminar flow occurs when the Reynolds
number R is not too large. When R is sufficiently large, then turbulence
comes into consideration. It is observed empirically that the flow becomes
turbulent whenever the Reynolds number exceeds a certain value R * which
is critical. The Landau theory of the transition from steady laminar flow to
turbulence suggests another limiting critical number R ** > R *. Passing R *
the flow becomes unstable and bifurcations occur until it arrives at turbulence
passing R **. For the water flow R * = 2,300 and R ** = 40, 000 in Reynolds’
experiment.

1.2.5 Vorticity, two-dimensional flows

When the Reynolds number is rather large, the distribution of vorticity proves
to be an important entity to be taken into account. Let us consider two-
dimensional flow with the velocity field V- = (V7, V3, 0), subject to the restric-
tion of incompressibility V-V = 0, from which it follows that Vidzs — Vodx,
is (locally) an exact differential dip. Then Vi = 9¢/0xe and Vo = —0¢/0xq
or V.=V x (¢Va3). If v is a curve in the (21, x2)-plane with the rightward
normal vector n = (ny,n2,0), then

/dw:/vldxg—ngxl:/Vonds.
¥ ¥

Y

Hence the flux of volume across any curve joining two points is equal to
the difference between the values of 1 at these points, the function ¥ is
constant along a streamline, and it is called the stream function. The curl
V xV = w is called the vorticity of the fluid. In terms of the stream function,
w = —Vax3Ay. Taking the curl of Navier-Stokes equation (1.8) the term Vp
disappears and one gets an equation in w alone

Dw 1
Dt T RO
or for the stream function
D Ay 1
— = —A(AY). 1.9
= —A(AY) (19)

Equation (1.9) has several benefits. For example, it is a scalar equation rather
than a vector one.

As we have remarked, the flow is laminar until the Reynolds number
reaches its first critical value, or it can be thought of as a “slow” flow. When
the Reynolds number passes its second critical value the flow becomes turbu-
lent and it can be either steady or unsteady. Even though it may be generated
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by a globally steady process, such as a steady volume flow through a pipe,
turbulent flow is never a locally steady flow. We can see that V can be
considered to be the sum of a time-averaged value V and a time variable in-
crement V' that is usually significantly smaller than the time-averaged value:
V=V+V/

. t+T
V:T/V(X,T)dT.
i

Note that the time-averaged value of V' is automatically zero. The random
component V' of the velocity has some of the characteristics of random
noise signals, such as electrical noise in electronic circuits. Obviously, there
are small amplitude, high frequency, random motion involved in turbulent
flow, the details of which are very difficult to calculate or to predict.

Adding the so called Reynolds turbulent stress into the Navier-Stokes
equation gives the equation of turbulent flow

DV 1
= = —AV —V'.VV’
Dy Vp—i—R vv’,

where V- VV' means the vector with k-th coordinate V' -VV/, k =1,2,3.

S &

10 20 30 40

Fig. 1.2. Kolmogorov’s flow

An external force F ., added to equation (1.8) or (1.9) in different forms
can generate interesting flows. For example, Andrei Nikolaevich Kol-
mogorov (1903-1987) presented in 1959 a seminar in which he suggested
a toy problem with which theorists might explore the transition to fluid tur-
bulence in two dimensions. The flow is conceptually simple, and exhibits
several shear instabilities before becoming fully turbulent. This flow is gov-
erned by the incompressible Navier-Stokes equation (1.8) in two dimensions
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with a forcing term that is periodic in one spatial direction and steady in
time: F ¢y = Fpsin(2mx2) V. Periodic boundary conditions are assumed in
both directions of the a rectangular box [0, 1] x [0, 1]. Equation (1.9) with the
term corresponding to Fi,; added becomes

DA 1 873
D—tw = EA(Az/)) + FO% cos(2mxs).
The stationary solution is just ¥g = —% cos(2mxs). For small values of

the forcing parameter F,, the fluid develops a steady state spatial profile
corresponding to the spatial profile of the forcing. This flow has been named
the Kolmogorov flow. Above a critical value of the forcing parameter Fy, the
flow becomes unstable to small velocity perturbations perpendicular to the
direction of forcing. The resulting flow is a steady cellular pattern of vorticies.
More generally, the external force can be chosen to be

F—F sin(2mnaxy) cos(2mrmas)
70\ = cos(2mnay ) sin(2mmay )

For a weak forcing, i.e., for a small value of Fp, the 2n x 2n array of counterro-
tating vortices (for the case n = m see Figure 1.2) is the only time-asymptotic
state.

1.3 Riemann map and Carathéodory kernel convergence

In this section we present some background on conformal maps, in partic-
ular, two basic instruments that we will use throughout this monograph:
the Riemann mapping theorem and the Carathéodory kernel convergence. A
map of one domain (or surface) onto another is said to be conformal if it
preserves angles between curves. The unit sphere S$? without its north pole
admits stereographic projection onto the complex plane C which is conformal.
Adding the north pole we obtain a compactification of S?, and consequently,
a compactification C of C which is called the Riemann sphere or the extended
complex plane. Any analytic map from C to C is conformal at a point where
the derivative is non-zero. Let D be a domain in C. A map f is called univa-
lent in D if it is injective (one-to-one) in D. A meromorphic function f(¢) is
univalent in D if and only if it is analytic in D except for at most one pole
and f(¢1) # f(¢2) whenever ¢; # (s in D. Univalence in D implies univalence
in every subdomain in D. A univalent map is a conformal homeomorphism.
The starting point of many considerations in this monograph is the Riemann
Mapping Theorem (Georg Friedrich Bernhard Riemann, 1826-1866).
Riemann had formulated his mapping theorem already in 1851, but his proof
was incomplete. Carathéodory and Koebe (Paul Koebe, 1882-1945) proved
the mapping theorem around 1909.
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Theorem 1.3.1. Let 2 be a simply connected domain in C whose boundary
contains at least two points and let a € £2, |a| < co. Then there exists a real
number R and a unique conformal univalent map ¢ = f(z) that maps 2 onto
Ur ={(: |¢| < R} and satisfies f(a) =0, f'(a) = 1.

Remark. Generally, a domain whose universal covering is conformally equiva-
lent to the unit disk is called hyperbolic. So the domain in the above theorem
is hyperbolic

If f: 2 — Ug is the map in Theorem 1.3.1 (or the Riemann map), then
the number R = R({2, a) is called the conformal radius of the domain {2 with
respect to the point a.

In the case a = oo it is more natural to let f map {2 onto the exterior
of a disk || > R. Then R = R({2,00) is uniquely determined by taking the
expansion at infinity as f(z) =z4+ap+a1/z+....

One of the principal tools to study evolution of domains is the Carathéodory
kernel convergence. Constantin Carathéodory (1873-1950) gave in 1912
[36] a complete characterization of convergence of univalent maps in terms
of convergence of the images of a canonical domain under these maps. Its
formulation is found also in [8], [65], [206].

Let {£2,}5°, be a sequence of domains in the Riemann sphere C such
that a fixed point zp belongs to all §2,, excluding possibly a finite number of
them. A domain {2 is said to be the kernel of {£2,}2 ,

2 =Ker ., {2},

if {2 satisfies the following three conditions:

e 2y € ()
e any compact set of {2 belongs to all 2, starting with certain number N;
e any domain {2 satisfying the preceding conditions is a subset of (2.

If the point zo belongs to all (2, starting with certain number N (zg), but
there is no neighbourhood of zy that is contained in all (2,, for n > N, then
Ker ,—.,{2,} = zo and the kernel degenerates. For the kernel with respect
to the origin we write simply 2 = Ker {£2,}.

A sequence {£2,,}52, is said to converge to the kernel {2 with respect to 2
if every subsequence {2, }?2; has (2 as its kernel. This type of convergence
is called kernel convergence. If £2,, is decreasing and £2° be the set of interior
points of 2 = ﬂ;o:l £2,,0 € (2, then £2,, converges to the component of £2°
that contains 0 if 0 € 29 or to {0} if 0 & £2°.

Theorem 1.3.2. (Carathéodory kernel theorem) Let the functions f,(C) be
analytic and univalent in U = Uy, f,(0) =0, f/(0) > 0, and let 2, = f,(U).
Then the sequence f, converges locally uniformly in U if and only if (2,
converges to its kernel 2, 2 # C, with respect to the origin. If Ker £2,, # {0},
then the limiting function is a univalent map of U onto 2. If Ker £2,, = {0},
then lim,, o, fn(2) = 0.
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The kernel convergence can be generalized to continuous intervals as fol-
lows. Let {2(¢)}, t € [a,b] be a one-parameter family of domains in the
Riemann sphere C such that a fixed point z; belongs to all £2(t). Consider
first the case ¢y € [a,b], and let there be a neighbourhood of zg that belongs
to all £2(t), t # to. A domain {2 is said to be the kernel of {£2(t)} with respect
to zg, if §2 satisfies the following three conditions:

e 2y € ()

e for any compact set D of (2 there is a small positive number ¢, such that
D c 2(¢) for all 0 < |t — to| < &

e any domain satisfying the preceding conditions is a subset of (2.

If there is no such neighbourhood, then we say that the kernel degenerates
and Ker ,—, . {2(t)} = {20}

A generalized Carathéodory kernel theorem states that if the functions
f(¢,t) are analytic and univalent in U, f(0,t) = 0, f'(0,t) > 0, 2(t) =
f(U,t), then the family f((,t) converges locally uniformly in U if and only if
£2(t) converges to its kernel 2, 2 # C, as t — to with respect to the origin.
If Ker £2(t) # {0}, then the limiting function is a univalent map of U onto
0. If Ker £2(t) = {0}, then lim;_¢, f(z,t) = 0.

1.4 Hele-Shaw flows

First, let us give some historical remarks. Around 1770 Charles Augustin
Coulomb (1736-1806) studied the motion of a disk suspended by a torsion
wire to oscillate in a vessel of liquid. He observed that the resistance of the
liquid under a slow motion is proportional to the velocity. Later Beaufoy [14]
in 1834 and William Froude (1810-1879) found that at higher velocities
the resistance varied as the square of the velocity. Colonel Mark Beaufoy
(1764-1827) (who founded the Society for the Improvement of Naval Archi-
tecture in 1791) described in [14] his Nautical Experiments on the resistance
to propulsion through water of variously shaped solids, carried out in Green-
land Dock, Rotherhithe, in 1793-1798, under the direction of the Society for
the Improvement of Naval Architecture. Reynolds, about 1883, investigated
the critical velocity at which the change of state occurred and a liquid flowed
quite steadily until a certain velocity was reached.

Henry Selby Hele-Shaw (1854-1941), an English mechanical and naval
engineer, was working during the period 1885-1904 at the Engineering De-
partment of the University of Liverpool. He was a fellow of The Royal Society
(see his biography in [123]). In 1898 he published in Nature [130], see also
[131], a short note where he started to study the following situation. For a
liquid flow in a tube or in a channel with wetted sides, the velocity reaches
its maximum in the middle and vanishes at the sides. Thus, the transition
from laminar flow to turbulent can be observed somewhere between. To make
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the separation interface visible Hele-Shaw proposed to inject a gas (an invis-
cid fluid) into the system. This injection can be interpreted a suction of the
original viscous fluid. To avoid gravity effect he suggested to consider a flow
between two parallel horizontal plates with a narrow gap between them.

Later a model with slightly different geometry appeared in [88], [199],
[200], [215], see Figure 1.3. In this model the viscous fluid occupies a
bounded phase domain with free boundary and more fluid is injected or
removed through a point well. The free boundary starts moving due to in-
jection/suction. Similar problems appear in metallurgy in the description of
the motion of phase boundaries by capillarity and diffusion [186]; in the dis-
solution of an anode under electrolysis [85]; in the melting of a solid in a
one-phase Stefan problem with zero specific heat [49], etc.

injection/suction of fluid

Fig. 1.3. A Hele-Shaw cell

This book will expose some of the developments in two-dimensional Hele-
Shaw theory that have taken place the last few decades. Several other models,
methods, and applications exceed the scope of our work. Therefore, we men-
tion here some free boundary problems originating from: the treatment of the
rectangular dam by Polubarinova-Kochina [201] who gave solutions in terms
of the Riemann P-function [50], [143]; mathematical treatment of rotating
Hele-Shaw cells [46], [77]; some nice analytical and numerical results found in
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[38], [39], [40], [190]; a study of Hele-Shaw flows on hyperbolic surfaces [128]
[129]; applications to electromagnetic problems [52], [85]; models of diffusion-
limited aggregation [37], [263], [264]; Hele-Shaw flows with multiply connected
phase domains [217]; development of singularities in non-smooth free bound-
ary problems [134], [155], [156]; connections between Stokes and Hele-Shaw
flows [51] (a large collection of references on Hele-Shaw and Stokes flows is
found in [93]), two phase Muskat problem [1], [142], [240]; some applications
of quasiconformal maps are found in [29], [181]. Recently, it was shown [3],
that the semiclassical dynamics of an electronic droplet confined in the plane
in a quantizing inhomogeneous magnetic field in the regime when the elec-
trostatic interaction is negligible is similar to the Hele-Shaw problem in the
plane. Further development of these ideas and applications to the complex
moments are found in [162], [180], [262].

1.4.1 The Stokes-Leibenzon model

(Leonid Samuilovich Leibenzon, 1879-1951, see [174]). We consider a
slow parallel flow of an incompressible fluid between two parallel flat plates
which are fixed at a small distance h. The reference velocity V is generated
by some external pumping mechanism. A vertical section is given in Figure
1.4. We agree that the flow attains its maximal velocity at the middle of the
cell and the velocity vanishes at the sides. We follow Lamb’s method [169] of

T3
h
|
[
B
|
>
|
r—»
L
0 | Z1

Fig. 1.4. The section of a Hele-Shaw cell in the x1-direction

deriving the Hele-Shaw equation starting from the Navier-Stokes equations
(1.2), (1.7), which neglecting gravity become
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ov

1
o FV VIV = (-VppAV), V-V <o, (1.10)

We assume that the injection of fluid is slow enough for the flow to be
approximately steady and parallel. This means that

ov

These assumptions reduce (1.10) to

9 9 _ _10
Vig +Vegg; | Vi= — 5+ %AVh

p Oz
3 ) —_19p
Vl Oz +Vé@xg V2 - p Ox2 + pA‘/Q’

with boundary conditions

Vi =V, =0.

x3=0,h

Ig:O,h

If h is sufficiently small and the flow is slow, then we can assume that the
derivatives of V7 and V5 with respect to x1 and zo are negligible compared
to the derivatives with respect to x3. Therefore, we can simplify the system
by putting
vy oV, 9PV DV
= t=og =y =0, j=12

%j_(“)—xj_ 836? Bm?

which gives the system

Gp o 82V1
3—:1:1_'u6—x§’
op 0V
6—x2_ﬂa—x§’
_ 9p
_8—m3'

The last equation in the system shows that p does not depend on 3, whence
V1, V4 are polynomials of degree at most two as functions of x3. The boundary
conditions then imply

1 0p (23 has 19p (23 has
Vi=-——~——=-—">, Vo==-—r—(—=-—]).
20x1 \ p 2 20x9 \ p Iz

The integral means V; and Vs of Vi and Vs across the gap are

1 r h? 0 1 r h? 0

Vi [ Vides = L, Vamy [ Vades = P
h h
0

12 0y 120 9xy
0
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so the integral mean V of V satisfies
V =——Vp (1.11)

Here V and p depend only on x; and xa, so we may consider (1.11) as
a purely two-dimensional equation. Thus equation (1.11) describes a two-
dimensional potential flow for which the potential function is proportional to
the pressure. By incompressibility (1.2) the pressure is a harmonic function.
Equation (1.11) is called the Hele-Shaw equation. It is of the same form as
Darcy’s law, which governs flows in porous media.

In the sequel we write just V instead of V . The Stokes-Leibenzon model
suggests a point sink/source (2, 29) of constant strength within the system.
The rate of area (or mass) change is given as

/ pV -nds = const,
au.

where U, = {(z,y) : (z1 — 29)? + (22 — 29)? < &2} for ¢ sufficiently small.
Equality (1.11) and Green’s theorem imply

2
—M Ap dridzrs = const,
121

e

for any . So Ap = Q0,0 9y for some constant @, where §(,0 ,0) is Dirac’s

distribution, and the potential function p has a logarithmic singularity at
(29, 29).

On the fluid boundary the balance of forces in the three dimensional view
gives that

p = exterior air pressure + surface tension.

The air pressure can be taken to be constant while the surface tension is
roughly proportional to the curvature of the boundary. If the gap h is suffi-
ciently small, then the curvature in the x1, 2 plane is negligible compared to
the curvature in the x3 direction. Due to capillary forces the boundary profile
in the z3 direction will be somewhat similar to the graph in Figure 1.4 which
is more or less the same everywhere. Hence, the surface tension effect to p is
more or less constant (at least with respect to z1, z2). Finally, rescaling p we
can take p = 0 on the boundary.

1.4.2 The Polubarinova-Galin equation

Now we pass from the local situation described in the preceding subsection
to the global configuration. Galin [88] and Polubarinova-Kochina [199], [200]
first proposed a complex variable method by introducing the Riemann map-
ping from an auxiliary parametric plane ({) onto the phase domain in the
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(z)-plane and derived an equation for this parametric mapping. So the re-
sulting equation is known as the Polubarinova-Galin equation (see e.g. [141],
[135]) (see a survey on the Polubarinova-Kochina contribution and its influ-
ence in natural sciences and industry in [195]).

We denote by §2(¢) the bounded simply connected domain in the phase
z-plane occupied by the fluid at instant ¢, and we consider suction/injection
through a single well placed at the origin as a driving mechanism (Figure
1.5). We assume the sink/source to be of constant strength @ which is pos-

Y

; r)

0
Q2(t)

Fig. 1.5. 2(t) is a bounded simply connected phase domain with the boundary
I'(t) and the sink/source at the origin

itive (@ > 0) in the case of suction and negative (Q < 0) in the case of
injection. The dimensionless pressure p is scaled so that 0 corresponds to
the atmospheric pressure. We put I'(t) = 9f2(t) and assume that it is given
by the equation ¢(z1,x2,t) = ¢(z,t) = 0, where z = x1 + izy. The initial
situation is represented at the instant ¢ = 0 as 2(0) = {2y, and the boundary
08y = I'(0) = Iy is defined by an implicit function ¢(x1,x2,0) = 0. The
potential function p is harmonic in £2(¢) \ {0} and

Ap = Qbo(z), z=x1 +ixy € 02(1), (1.12)

where o (2) is the Dirac distribution supported at the origin. The zero surface
tension dynamic boundary condition is given by

p(z,t) =0 as z € I'(t). (1.13)

The resulting motion of the free boundary I'(t) is given by the fluid velocity
V on I'(t). This means that the boundary is formed by the same set of
particles all the time. The normal velocity in the outward direction is
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v, =V -n (1),
)

where n (¢) is the unit outer normal vector to I'(t). Rewriting this law of
motion in terms of the potential function and using (1.11) after suitable
rescaling we get the kinematic boundary condition

9p
i (1.14)
where g—ﬁ =n - Vp denotes the outward normal derivative of p on I'(t).

Let us consider the complex potential W(z,t), Re W = p. For each fixed
t it is a multivalued analytic function defined in £2(t) whose real part solves
the Dirichlet problem (1.12), (1.13). Making use of the Cauchy-Riemann con-
ditions we deduce that

ow _9p . 0p

0z Omx _Zaxg’
Since Green’s function solves (1.12), (1.13), we have the representation

W(z,t) = %logz—l—wo(z,t)7 (1.15)

where wo(z,t) is an analytic regular function in §2(t).

To derive the equation for the free boundary I'(t) we consider an auxiliary
parametric complex (-plane, { = £ + in. The Riemann Mapping Theorem
yields a unique conformal univalent map f(¢,t) from the unit disk U = {¢ :
|z| < 1} onto the phase domain f: U — £2(t), f(0,¢t) =0, f'(0,t) > 0. The
function £(¢,0) = fo(C) parameterizes the initial boundary I'y = {fo(e??),0 €
[0,27)} and the moving boundary is parameterized by I'(t) = {f(e%?,t),0 €
[0,27)}. The normal velocity v, of I'(t) in the outward direction is given by
(1.14). From now on and throughout the monograph we use the notations
f=0f/ot, f =9f/I¢. The normal outward vector is given by the formula

f/
n=_(—, (eal.
Lf]
Therefore, the normal velocity is obtained as
ow _f
n=V -n=—-Re | —(—].
° T ( 0z |f’|>

Because of the conformal invariance of Green’s function we have the super-
position

(W o £)(G,t) = 5 Tog ¢,

and by taking the derivative we get
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Q

—f (C? ) 27TC

On the other hand, in general for a moving boundary, we have v, =
Re[f ¢f'/|f'|], and finally deduce that

Q

5 C= e, (1.16)

Re [f(¢,0)¢f(¢,1)] =
Galin [88] and Polubarinova-Kochina [199], [200] first derived the equation
(1.16), so (1.16) is known as the Polubarinova-Galin equation (see e.g. [141],
[135], [195]).
From (1.16) one can derive a Lowner-Kufarev type equation by the
Schwarz-Poisson formula:

. 0
FGH) = (G g /‘f, S (D

where ¢ € U. The equation (1.17) is equivalent to the kinematic condition
(1.16) on the free boundary. Namely, one can take a limit in (1.17) as ¢
tends to a point on the unit circle, and implementing the Sokhotskii-Plemelj
formulae [187], the equation (1.17) reduces to (1.16).

We call (1.17) a Léwner—Kufarev type equation because of the analogy
with the linear partial differential equation that describes monotone defor-
mations of simply connected univalent domains (see e.g. [8], [65], [206]). In the
classical Lowner-Kufarev equation the integral in the right-hand side of (1.17)
is to be replaced by an arbitrary time dependent analytic function with pos-
itive real part. This equation produces subordination Lowner chains whose
properties have been deeply studied. Unlike the classical Lowner-Kufarev
equation, the equation (1.17) even is not quasilinear and produces a special
type of chains.

1.4.3 Local existence and ill/well-posedness

Under some assumptions on smoothness of 9£2(0) it is known that in the case
of an expanding fluid (@ < 0) there exists a unique solution to the problem
(1.12-1.14), or (1.16), in terms of analytic functions f({,t) (strong or classical
solution), locally forward in time. The first proof appeared in 1948 [259] by
Yurii P. Vinogradov and Pavel Parfen’evich Kufarev(1909-1968). This
proof was rather difficult, and later, Gustafsson [108] gave a simple proof in
the case when a polynomial or a rational univalent function fy parameterizes
the initial phase domain. In 1993 Reissig and Von Wolfersdorf [214] made
clear that this model could be interpreted as a particular case of an abstract
Cauchy problem and that the strong solvability (locally in time) could be
proved using a nonlinear abstract Cauchy-Kovalevskaya Theorem (see [192]).
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More precisely, they proved that if the initial function fy(z) is analytic and
univalent in the disk U, = {¢ : |¢| < r} for some r > 1, then there exists
to > 0, such that the solution f(¢,t) to the Polubarinova-Galin equation
exists and is unique in some time interval ¢ € [0,%o). In the multidimensional
case a proof of local existence and uniqueness can be found in, e.g., [251].

Various aspects of planar Hele-Shaw viscous flows with zero surface ten-
sion have been investigated by a number of scientists. We note that the prob-
lem (1.12-1.14) is formally time reversible by changing @ — —Q, p — —p,
t — —t. However, the cases of suction and injection differ considerably. One
of the main features of the problem (1.12-1.14) is that starting with an ana-
lytic boundary Iy we obtain a one-parameter (¢) chain of the solutions p(z, t)
(and equivalently f(¢,t)) that exists during an interval ¢ € [0, %), developing
possible cusps or double points (the boundary meets itself) at the boundary
I'(t) in a blow-up time ¢o. In the suction case the fluid can be completely
removed from a finite region without blow-up when (2, is a disk centered on
the origin (see [135]). Let us note here that cusps or double points can be
developed even in the problem with injection.

The zero surface tension Hele-Shaw model (1.12-1.14) with suction is
Hadamard illposed. The blow-up time t¢ corresponds in the simplest cases
(e.g., polynomial solutons) to the moment of cusp formation. The situation is
quite subtle. Polynomial solutions that develop cusps of order (4n—1)/2 at ¢
always blow-up and the solution does not exist beyond ty. The solutions that
develop cusps of order (4n + 1)/2 can sometimes continue to exist beyond
to (see [139] and [228] for complete classification). Moreover, if the initial
function is a polynomial of degree n > 2, then cusp formation is guaranteed
before the moving boundary reaches the sink [135]. Nonpolynomial solutions
can produce other scenarios of evolution of the free boundary where, for
instance, the blow-up time occurs at the moment when the free interface
reaches the sink or the solution breaks down because I'(t) develops a corner
or simply becomes nonanalytic in virtually anyway.

An attempt to classify the solutions to the zero surface tension model for
the Hele-Shaw flows in bounded and unbounded regions with suction has been
launched by Hohlov, Howison [135] and Richardson [216]. They also described
cusp formation. Another typical scenario is fingering that was first described
in the classical work by Saffman, Taylor [224]. Recently it has became clear
that in the model with injection fingering does not occur in time [111].

1.4.4 Regularizations

There are several proposals for regularization of the illposed problem. One of
them is the “kinetic undercooling regularization” [136], where the condition
(1.13) is replaced by

dp B
ﬁa—n—|—p—07 on I'(t), B>0.
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It has been shown in [136] that there exists a unique solution locally in time
(even a strong solution) in both the suction and injection cases in a simply
connected bounded domain 2(¢) with an analytic boundary. We remark that
at the conference about Hele-Shaw flows, held in Oxford in 1998, V. M. Entov
suggested to use a nonlinear version of this conditions motivated by applica-
tions.

Another proposal is to introduce surface tension as a regularization mech-
anism. The model with nonzero surface tension is obtained by modifying the
boundary condition for the pressure p to be the product of the mean curva-
ture  of the boundary and surface tension v > 0. Let us rewrite the problem
(1.12-1.14) with this new condition:

Ap = Qdo(z), in =z € Q(t), (1.18)
p=9k(z), on ze€I(t), (1.19)
U = —g—ﬁ, on z € I'(t). (1.20)

A similar problem appears in metallurgy in the description of the mo-
tion of phase boundaries by capillarity and diffusion [186]. The condi-
tion (1.19) is found in [183] (it is known as the Gibbs-Thomson law or
the Laplace-Young condition). Pierre-Simon Laplace (1749-1827) and
Thomas Young (1773-1829) obtained independently this law in 1805. Later
Josiah Willard Gibbs (1839-1903) and William Thomson (Lord Kelvin)
(1824-1907) in the 1870-s derived an analogous relation. It takes into account
how the surface tension modifies the pressure through the boundary interface.

The problem of existence of a solution in the non-zero surface tension
case is more difficult. Duchon and Robert [64] proved the local existence
in time for weak solution for all v. Recently, Prokert [209] obtained even
global existence in time and exponential decay (in the case of flow driven
by surface tension) of the solution near equilibrium for bounded domains.
The results are obtained in Sobolev spaces H*® with sufficiently big s. We
refer the reader to the works by Escher and Simonett [78], [79] who proved
the local existence, uniqueness and regularity of strong solutions to one- and
two-phase Hele-Shaw problems with surface tension when the initial domain
has a smooth boundary. The case of the initial domain bounded by a non-
smooth boundary was considered in [10], [80]. The global existence in the
case of the phase domain close to a disk was proved in [81]. If the domain
occupied by the fluid is unbounded and its boundary extends to infinity,
then the corresponding result about short-time existence and uniqueness for
positive surface tension has been obtained by Kimura [153] (he also shows
that the problem is illposed in the case of suction). More results on existence
for general parabolic problems can be found in [82]. Most of the authors
work with weak formulation of the problem (see this formulation in Chapter
3 and in [58], [74], [109]). It is worth to remark that the weak solution to the
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problem with injection exists all the time and coincides with the strong one
if the latter exists.

1.5 Complex moments

Let us consider the problem with injection (@ < 0) and let the strong solution
to the Polubarinova-Galin equation (1.16) exist for ¢ € [0,tp). Since the free
boundary moves in the normal direction and the the normal velocity on the
boundary never vanishes, we have £2(t) C 2(s) for 0 < ¢t < s < tg. Richardson
[215] introduced the complex moments

M) = [[ 2o = [[ £rcolricnpao,

2(t) U

where do, and do¢ denote area elements in the z- and (- planes respectively.
He proved that

MO(t) = MO(O) - Qtv

M, (t) = M,(0), forn > 1.

More generally, let us consider the area integral

Malt) = [[ 2y,

Q(t)
for any function @ analytic in a neighbourhood of {2(¢). The Reynolds Trans-
port Theorem together with Green’s formula imply

4 Mp(t) = [ ®(2)(V -n)ds

=— @(z)g—ﬁds
)

=— pg—fds — [[&(2)Apdo, = —QH(0).
r(t) 2(t)

Integrating we obtain

/ / B(2)do, = / / B(2)do. — Qtd(0), (1.21)

2(t) 2(0)

for all t € [0,%p). It is easy to see that one can run the above arguments
backward (see, e.g., [109]) to show that a smooth family (2(¢) of simply con-
nected domains is a strong solution to the Hele-Shaw problem if and only
if the equality (1.21) holds for any analytic and integrable function @(z) in
S Q(to)
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1.6 Further remarks on the Polubarinova-Galin equation

Writing ¢ = €%’ on OU we have % =1i( g—{. Therefore the Polubarinova-Galin
equation (1.16) can be written as

w (9401 _Q
ot 06 o2
Decomposing f into its real and imaginary parts, f = u + v, the equation
becomes O(u, ) 0
U, v
= 1.22
a0,t) 2r’ (1:22)
where

O(u,v)  Oudv  Ovdu

o(0,t) 009t 00 ot
is the Jacobi determinant of the map (0,t) — (u,v), or, from another point
of view, the Poisson bracket of u and v as functions of (6,1).

Equation (1.22) can be regarded as a differential equation for the two
realvalued functions u and v defined on the circle. As such it expresses that
the map (0,t) — (u,v) shall be area preserving up to a constant factor.
The two functions u and v in (1.22) are, however, not independent of each
other, but are linked via the condition that, as a function of €, u + iv has
an analytic continuation to all of U. In other words, v is to be the Hilbert
transform of u.

Remarkably enough it is possible to write down the “general solution” of
(1.22). To this end, following [43] (Anhang zum ersten Kapitel) we introduce
new independent variables a and 8 and regard all of 0, ¢, v and v as functions

of these. Then
d(u,v)  O(u,v) 0(0,1)

e, ) 0(0,1) (a,p)

and (1.22) becomes
O(u,v) _ Q 9(0,1)

= — . 1.23
8(0,5) ~ 27 0(0, ) 12
Now, if @ < 0 the general solution of (1.23) is
0=a+%5,  u=k-(6+%)
t=p-52.  v=k-(a=%),
where w = w(a, () is an arbitrary function satisfying
Pw o Pw w
- — = 1.24

and where k? = —Q/27. The expression in the left member of (1.24) is simply

88((3’2)). (If @ > 0 the general solution is obtained by modifying some signs

above.)
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The Poisson bracket point of view and its relation to integrable systems
has recently been developed in a number papers in which the Hele-Shaw
problem (often named the Laplacian growth model) is embedded into a larger
hierarchy of domain variations for which all the complex moments M,, (see
Section 1.5) are treated as independent variables (generalized time variables).
For us all of them are frozen except My, which is essentially ordinary time.
See [3], [162], [180], [262].

1.7 The Schwarz function

This function appeared explicitly in a paper by Grave [103] in 1895, and
was later employed by Gustav Herglotz in 1914 [133]. In the works by
Hermann Amandus Schwarz (1843-1921) it does not seem to appear
explicitly, whereas this designation (due to Philip Davis) is now immutably
connected with his name. The definition of the Schwarz function is based
on the Schwarz reflection principle. Let I" be a non-singular analytic Jordan
curve in C, that is I" possesses a real-analytic bijective parametrization with
a non-vanishing derivative. Then there is a neighbourhood {2 of I' and a
uniquely determined analytic function S(z), z € {2, such that S(z) = z for
z € I'. This function is called the Schwarz function. Thorough treatments of
the Schwarz function are found in [57], [237].

A connection with the Hele-Shaw problem is as follows. Let ¢(x1,x9,t) =
0 be an implicit representation of the free boundary I'(¢) which is supposed
to be smooth analytic. Substituting 1 = (2 4+ 2)/2 and z2 = (2 — Z)/2i into
this equation and solving it for Z we obtain

z=S(z1), (1.25)

where the function S(z,t) is defined and analytic in a neighbourhood of I'(t).
This function satisfies the consistency condition S(S(z,t),t) = z. Differenti-
ating (1.25) with respect to an arc length parameter s on 942(t) for fixed ¢
gives the expression

dz 1

ds — \/5'(z,1)

)

for the unit tangent vector on 92(t).
The map z — S(z,t) has the interpretation of being the anticonformal
reflection in I'(t). Therefore, if I'(¢) moves with the normal velocity v,,, then

the point S(z,t) moves, for fixed z, with the double speed |5’| = 2v,,. Taking
also the direction into account this gives

v = 1S(z,t)

25z, 0)
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In the Hele-Shaw case the velocity vector %S* is equal to —dW/dz, where
W (z,t) is the complex potential, hence the Hele-Shaw equation becomes
dw 1.
— =—=95(2,1).
dZ 2 (27 )
In general, one way to construct the Schwarz function is to consider the
Cauchy integral -
(2) 1 ¢d¢
z)=— .
9 omi ) C—2
on

It defines one analytic function, g.(z), in the exterior of {2 and one, g;(z), in
the interior. On 942 the jump condition

9i(2) —ge(2) =2, z€0N2 (1.26)

holds for the boundary values. When 0f2 is analytic both g; and g, extend
analytically across the boundary so that g;(z) — g.(z) is analytic in a full
neighbourhood of 0f2. Then the Schwarz function is defined as

S(2) = 9i(2) — ge(2), (1.27)

(see, e.g., [215]). Note also that, for z € C\ {2,

ge(2) = %//% (1.28)
2

is the Cauchy transform of 2. Similarly, g;(z) is (for z € {2) a renormalized
version of the Cauchy transform of C\ (2.



2. Explicit strong solutions

In this chapter we will construct several explicit solutions to the Hele-
Shaw problem, more precisely, to the Polubarinova-Galin equation, starting
with the classical ones of Polubarinova-Kochina [199], [200], Galin [88] and
Saffman, Taylor [224], [225]. Some properties of polynomial and rational so-
lutions will be stated. In particular, we prove the existence theorem. Then we
will consider angular Hele-Shaw flows and give some new families of explicit
solutions in terms of hypergeometric functions that contain, as particular
cases, those constructed earlier by Ben Amar et al.[22], [23], [24], Arnéodo et
al. [12], Kadanoff [147], etc.

2.1 Classical solutions

It is possible to construct many explicit solutions to the Hele-Shaw problem
using the nonlinear Polubarinova-Galin equation (1.16). The main idea is to
use a special form of the parametric univalent function f(¢,t). The simplest
solution is the expansion/shrinking of the disk centered on the sink/source.
This is the only case when the fluid can be completely removed (see [88],
[135]). The solution has the obvious form

fe =y P

Here (2 is a disk centered on the origin and ¢ € [0, 0) in the case of injection
(Q < 0) and t € [0,[£2|/Q] in the case of suction > 0. In the case of
injection it is possible to start with 29 = @.

2.1.1 Polubarinova and Galin’s cardioid

The first non-trivial solution for the problem with suction (Q > 0) was con-
structed by Polubarinova-Kochina [199], [200] and Galin [88]. They chose a
quadratic mapping

f(Cat) = al(t)c + aQ(t)<25

¢ € U, with real coefficients a4 (t) and a2 (). This mapping being substituted
into equation (1.16) gives the following system for the coefficients
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ai (t)as(t) = a1(0)ax(0),

@3(1) + 23(1) = a3(0) + 203(0) ~ %

For any initial condition such that |as/a1] < 1/2 the solution f((,t) is a
univalent map locally in time ¢ € [0,¢g). The blow-up time ¢ occurs exactly
when the equality |ag/a1| = 1/2 is reached that corresponds to the vanishing
boundary derivative of f and cusp formation at the boundary. This evolution
is shown in Figure 2.1. As is observed, cusp formation occurs before the mov-

-7.5 -5 -2.5 0 2.5 5 7.5

Fig. 2.1. Polubarinova and Galin’s cardioid

ing boundary reaches the sink. This phenomenon is general for all polynomial
solutions. It seems that Galin knew that, but did not prove it correctly. A
correct proof appeared in [135]. Considering a general polynomial form of f

F¢ D) =Y an()C",  an(0) #0, ar(t) >0,

k=1

one substitutes it in equation (1.16). By rotation e®f(e~**(,t) we make the
coefficient a,,(0) real. This leads to a system of n equations for the coefficients
ag(t). The first one is
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d & Q
= kag|? = - =,
dt]; x| T

The last one is

_ d aq d QA o
Re (nanﬁ —&—alﬁ) =0.
Since f is univalent for all ¢ € [0,%¢) and a;(¢) > 0, this equation is equivalent

to

d
£Re (éna?) = 0,

where g is the blow-up time. The initial conditions imply

Zn:k|ak(t)|2 = zn:kilak(o)l2 - % (2.1)
k=1 k=1
Re (an(t)ay (t)) = an(0)a7(0). (2.2)

If the boundary reaches the sink at the moment ¢, then the kernel of the
family 2(t) degenerates: Ker {£2(¢t)} = {0} for ¢ — tg. The Carathéodory
kernel theorem implies that lim; ., f({,t) = 0 which contradicts (2.1-2.2)
(an(0)a?(0) # 0).

Some sufficient conditions for the initial data (a1 (0),...,a,(0)) for a poly-
nomial strong solutions to exist for all time were given in [167]. Several ex-
plicit solutions similar to Polubarinova-Galin’s cardioid were obtained by
Vinogradov and Kufarev in 1947 [260] but their work was wrongly forgotten.

2.1.2 Rational solutions of the Polubarinova-Galin equation

After this first non-trivial Polubarinova-Galin solution many other explicit
solutions were constructed. Among them we distinguish a solution by Saffman
and Taylor that will be discussed in the next section. It deals with a flow in
a narrow channel. In this section we will give examples of solutions by means
of rational univalent functions. One finds them, e.g., in a paper by Hohlov
and Howison [135]. The first explicit rational solutions were obtained by
Kufarev in 1948-1950 [165], [166]. Unlike the previous case rational solutions
can produce such evolution that the free boundary reaches the sink under
suction before the total fluid is removed.
Let @ > 0 and consider the map

¢ =b(t)¢)

F(G0) = al) > =5

(2.3)

where
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and a = a(t) is the root of the algebraic equation

2
2a6—<5—2;@>a4+<@) =0,
Vi v

satisfying the condition lim;_,, g a(t) = —1. The initial domain is given by

the mapping
Ca—4/30
2 —V10
The solution f(¢,t) exists and is univalent during the time interval [0, 7/Q).

At this moment the moving boundary reaches the sink at the origin and the
residual fluid occupies the disk |z 4+ 1| < 1, see Figure 2.2.

Fig. 2.2. Rational solution

The next example is a rational map

(1 —b(t)¢?)
1—c(t)g? ’
with the parameters a, b, ¢ chosen so that the final domain in a blow-up time

consists of two equal disks touching at the sink. Due to complicated details
we give only a sketch in Figure 2.3.

f(¢; 1) = alt)
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Fig. 2.3. Symmetric rational solution

Let us now discuss rational solutions in general. When speaking about
a strong, or classical, solution of a differential equation one generally means
that all functions and boundaries appearing should be smooth enough and
that the equations involved should hold in a pointwise sense. For the Hele-
Shaw problem it is convenient to introduce the notion of a smooth family of
domains [251]. We call a family of domains {f2(¢)} smooth if the boundaries
012(t) are smooth (C*°) for each ¢, and the normal velocity v, continuously
depends on ¢ at any point of 92(t).

Then a strong solution of the Hele-Shaw problem is defined to be a smooth
family {£2(¢) : 0 < ¢ < to} such that (1.12-1.14) hold in a pointwise sense
(the function p will be uniquely determined by (2(¢) and will be smooth up
to 0£2(t)). If the domains £2(t) are simply connected it is equivalent to ask
the Polubarinova-Galin equation (1.16) to hold.

In the above definition the interval [0,%y) may be replaced by any open,
closed or half-open interval.

Given a domain 2(0) with smooth boundary it is known that in the well-
posed case @ < 0 there exists a strong solution of (1.12-1.14) on some interval
[0,t0). In the illposed case @ > 0 such a statement is true only if 942(0) is
analytic (see, e.g., [251]).

Since we do not know any reasonably short proof of these general exis-
tence results we shall not include any such proof here, but just refer to the
literature: [80], [214], [259]. Instead we shall discuss some general properties of
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solutions in the simply connected case, and also provide an elementary proof
of existence of solutions when the initial domain is the conformal image of U
under a rational function. We shall first make some general observations.

Assume that f((,t) is analytic and univalent in a neighbourhood of U for
each t and is normalized by

f(0,t) =0, f'(0,t) >0. (2.4)
It is useful to set .
e =140,

In view of (2.4), g is holomorphic in U with ¢(0,¢) > 0. The Polubarinova-
Galin equation (1.16) becomes

Q

On dividing by |f'|? we get
gt Q o
Re[f’(Cat)] = 27 f/(C, )2 (C=¢"). (2.6)

Here the left member is a harmonic function in U and (2.6) gives its
boundary values on QU. This Dirichlet problem can be solved explicitly in
terms of a Poisson integral, and taking also the imaginary part into account
we get g solved in terms of [/ as

9=36(f",
where G is nonlinear operator defined by
Ny — QIO [T oy 2 <
610 ==L [ e G (27)

(We suppress t from notation whenever convenient.)
Now we observe the following properties of G(f”):

1. If f" is holomorphic in Ug for some R > 1 then also G(f’) is holomorphic
in UR.
2. If [’ is a rational function with poles of order k; at some points z; (outside

U) then the same is true for G(f’). One of the points may be the point
of infinity.

It is important for these conclusions that f’ is holomorphic in a neighbour-
hood of U and has no zeros there (whereas the univalency of f is not needed
in itself).

To prove 1) and 2) we first write (2.7) as
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G(7")(0) %f%c)/wﬁzfgd_j

(2.8)

With ¢ € U the integrand above is holomorphic in some neighbourhood of OU.
It follows that the path of integration can be replaced by a contour slightly
outside OU. This shows that g = G(f’) is analytic in some neighbourhood of

U (to start with).
Next we go back to (2.5) and write it as

Re(§~f/+ Q)ZO

27

holding on dU. Spelling out the real part and using that ¢ = 1/¢ on OU gives
that
Q

™

g(1/O)f'(Q) +9(O) f'(1/C) +

on QU. But here the left member is a holomorphic function in some neigh-
bourhood of AU, hence (2.9) remains to hold identically in any such neigh-
bourhood. Since now both g and f’ are holomorphic in a neighbourhood of
U and f’ has no zeros there it follows from (2.9) that the singularities of g

=0 (2.9)

outside U, i.e., the singularities of g(%) for ¢ € U, are no worse than the
singularities of f’(%) for ¢ € U. This proves 1) and 2).
From the above remarks we easily deduce the following theorem.

Theorem 2.1.1. Assume f((,0) is a rational function which is holomorphic
and univalent in some neighbourhood of U and is normalized by (2.4). Then
in some time interval around t = 0 there exists a rational solution f((,t)
of (1.16). Each f((,t) is analytic and univalent in a neighbourhood of U
and normalized by (2.4). The pole structure of f((,t) is the same as that
of f(¢,0), but all poles except the one at infinity may move around. Poles
can not collide or disappear, with sole exception that the pole at infinity may
disappear for one value of t.

Remark. We shall see later (see Theorem 3.4.1) that, in the wellposed case
@ < 0, the radius of analyticity R(¢) of f((,t), i.e., the largest number R such
that f(¢,t) is holomorphic in Ug is a strictly increasing function of ¢. If the
solution exists for all 0 < ¢ < co we shall even have that R(t) — oo as t — co.
Thus, the poles of f((,t) will not cause any break down of the solution. If
the solution breaks down in finite time it will be because univalency will be
lost, either due zeros of f/((,t) reaching OU or of f((,t)) taking the same
value twice on U = S1.

This remark applies in general to strong solutions of (2.6), not only when
f(¢,0) is rational.

Proof. In order to avoid too many summation signs, let us assume that f(¢,0)
has only two poles, one finite pole and one pole at infinity:
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Z +ZCJC’

k:l

where b,, # 0, m,n > 1. The general case is obtained by replacing a by ay,
letting m depend on | and summing over [. Then we make the “Ansatz”, for

f(C,t), m n
F(Ct) = Z T bk((lz S D e(t)C (2.10)

k=1 =0

Here it is necessary to postulate n > 1, even if ¢; = 0, because the Hele-Shaw
injection/suction will in any case create a pole at infinity. This gives

By the properties 1), 2) of G, G(f") will be of the form

m—+1 n
GG = Y o+ 3 Cya)
k=1 j=1

for suitable coefficients By (t) and C;(t). It is not hard to see, for example
from the formula (2.8), that these finitely many coefficients depend smoothly
on the coefficients of f’ (see [108] for details).

Now the Polubarinova-Galin equation in terms of present notation is

F(¢:1) = CG(F)(Q)

Inserting here the above expressions for f and f’ (or rather G(f”)) and identi-
tying coefficients gives a system of differential equations for a(t), b (), ¢;(t),
and one sees immediately from the last expression for f that this system can
be solved for the time derivatives a(t), by (t), ¢;(t) as long as b, (t) # 0. Thus,
the Polubarinova-Galin equation reduces to a finite dimensional system of or-
dinary differential equations of standard form, which by Picard’s theorem has
a unique solution, at least for a short two-sided interval around ¢ = 0. This
means that the “Ansatz” (2.10) was successful so that the rational solution
(2.10) survives of the same form for a little while. This proves the theorem,
except for the statement about collision, which will be discussed in Section
3.7 (Theorem 3.6.3). O
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2.1.3 Saffman-Taylor fingers

The most famous solutions to the original Hele-Shaw problem are the
travelling-wave fingers of Saffman and Taylor (1958) [224], [225]. When a
low viscosity fluid (for example, water) is injected into a more viscous one,
such as glycerin, an instability occurs. In fact, Hele-Shaw (1898) [130] pro-
posed the model of the air injection into a narrow channel. An important
reason for studying this problem is that it is closely related to many techno-
logically relevant ones, such as a flow in porous media. One of the features
of the channel model is that we should change the Dirichlet problem (1.12),
(1.13) to a mixed boundary problem for the potential function p. These type
of boundary conditions, known also as Robin’s boundary conditions, named
so after the French mathematical physicist Gustave Robin (1855-1897)
by Bergman and Schiffer [25], appeared in connection with the third type of
boundary conditions (after Dirichlet’s and von Neumann’s). Robin completed
a doctoral thesis in 1886 under Emile Picard and it is most probable that
this attribution does not correspond to Robin’s own works (see [106]) though
his name in this context is widely used nowadays.
Let us consider an infinite channel with parallel sides

Rez € (—o00,00), Imz € (—m,7),

in which an inviscid fluid is injected from the left (or the viscous fluid is
extracted from the right) at a constant rate @Q > 0, see Figure 2.4. The

Imz

- 2(1)
—\ Rez

Fig. 2.4. The Saffman-Taylor finger

function p(z,t) is harmonic in the region £2(t) occupied by the viscous fluid
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and vanishes on the free boundary I'(¢). It satisfies the condition of non-
penetration at the walls Im z = 7. Therefore, we have the following mixed
boundary value problem

Ap =0 in 02(t),
p@‘pf(t) 0,

%‘m z=%m : 0,

8_n|1“(t) “Uns

with the normalization at the infinity p ~ —%Re z, as Rez — +4o00. We
choose an auxiliary parametric domain D = U \ (—1,0] and construct the
conformal univalent mapping z = f({,t) from D onto 2(t) assuming that
the slit along the negative axis is mapped onto the walls. For the flow outside
the bubble we require arg f({,t) ~ —arg(. The pressure in terms of this
auxiliary variable ( is written as just

(0o 1)(Q) = 2 logl¢|

Applying the standard technique, as was done in Section 1.4.2, we come to
the Polubarinova-Galin equation for the free boundary I'(¢):

R#@ﬁﬁ%ﬁ:—%,CZW79€Fmﬂ

We are looking for travelling-wave solutions f((,t) = At + h({) with A > 0.
The slit in D is mapped onto the walls of the channel, therefore taking into
account possible singularities at the points ¢ = 0,1 we have h({) ~ —log(
as ¢ — 0 and h(¢) ~ log(1l + ¢) as ¢ — —1. Substituting f(¢,t) into the
Polubarinova-Galin equation we have

Re (ACK'(¢)) = —Q/2m, (=¢".

Differentiating with respect to 0 leads to
Im (¢(¢H(€))") = 0.

The singularities of h suggest the form of the function

/ ’r c1€
S

where c; is some real constant. The solution to this equation, neglecting a
horizontal shift, is

h(¢) = (c2 — c1)log ¢ + c1log(1 + Q).

To determine the constants we use the the Polubarinova-Galin equation again
and obtain
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c
ARe(co — El) = —%.

One can choose the ratio A € (0, 1) of the width of the finger at Re{ — —o0
as a parameter and derive ¢; =2(1 —\), co =1—2X, A= % Finally,

Q
=—t—1 2(1 — A)log(1 .
FG) = 5 50t — log ¢ +2(1 = \)log(1 + )
This function gives a travelling-wave solution, moving with the speed %,

for any value A\ € (0,1). The way in which Saffman and Taylor derived the
solution shows that it is the only possible form for a steady, travelling wave. In
terms of analytic functions this corresponds to the uniqueness of the solution
to the mixed boundary value problem with given singularities.

Curiously enough, Saffman-Taylor’s work seems to have been underesti-
mated when appeared. For example, a MR review says that “...the authors’
analysis does not seem to be completely rigorous, mathematically. Many de-
tails are lacking. Besides, the authors do not seem to be aware of the fact
that there exists a vast amount of literature concerning viscous fluid flow
into porous (homogeneous and non-homogeneous) media in Russian and Ro-
manian”. Nowadays, the Saffman-Taylor fingers are widely known in many
fields of mechanics, chemistry and industry.

Saffman and Taylor found experimentally that an unstable planar inter-
face evolves through finger competition to a steady translating finger with
A = 1/2. Recently, Tanveer and Xie [246], [247] proved that even a small
surface tension effect implies non-existence of a strong solution when the rel-
ative finger width A is smaller than 1/2. They also solved [246] the selection
problem for A > 1/2.

2.2 Corner flows

Having handled these first steps many authors have been constructing non-
trivial solutions. We should say that mostly these explicit solutions are either
polynomials and rational functions, or else, logarithmic solutions linked to
Saffman-Taylor fingers. Another type of explicit solutions has been proposed
by, e.g., Howison, King [143], Cummings [50], who reduced the problem to
solving the Poisson equation eliminating time by applying the Baiocchi trans-
formation. The solutions were given making use of the Riemann P-function
and hypergeometric functions.

Corner flows of an inviscid incompressible fluid have been studied inten-
sively, e.g., in [149], [150], [184], [197], [253] (see also the references therein).
In particular, we mention here papers [12], [22], [23], [24], [147], [218], [219],
[249]. A solution constructed by Kadanoff [147] is directly linked with ours.

In this section we will construct explicit solutions in an infinite corner of
arbitrary angle such that the viscous fluid is glued to one of the walls, the
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interface extends to infinity along it and has fluid-wall angle 7/2 at a moving
contact point at the other wall. These solutions will present a logarithmic
deformation of the trivial (circular) solution. In the case of right angle we
get Kadanoff’s solution [147]. Then we present an analogous solution in the
corner with a source at its vertex. Finally, we construct self-similar solutions
in a wedge analogous to Saffman-Taylor fingers.

2.2.1 Mathematical model

In this subsection we deal with a general case of corner flows. We suppose
that the viscous fluid occupies a simply connected domain §2(¢) in the phase
z-plane. The boundary I'(t) consists of two walls Iy (t) and I'z(t) of the corner
and a free interface I'3(t) between them at a moment ¢. The inviscid fluid
(or air) fills the complement to 2(t). The simplifying assumption of constant
pressure at the interface between the fluids means that we omit the effect of
surface tension. The velocity must be bounded close to the contact wall-fluid
point that yields the contact angle between the walls of the corner and the
moving interface to be 7/2 (see Figure 2.5). A limiting case corresponds to
one finite contact point and the other tends to infinity. By a shift we can
place the point of the intersection of the wall extensions at the origin. To
simplify matters, we set the corner of angle a between the walls so that the
positive real axis z contains one of the walls and fix this angle as o € (0, 7].

Let us mention here that the model can be studied in the presence of
surface tension and the macroscopic contact angle between the walls and the
free interface can then be different from 7/2. Let us denote it by 8. The
contact angle 0 at a moving contact line obeys interesting properties that
has been studied by Ablett [2] (see also [44], [72]) in a particular case of
water in contact with a paraffin surface. It turns out that the steady angle 8
depends on the velocity of the contact line. The angle 3 increases with the
velocity increased for the liquid advancing over the surface up to a certain
value By and, then, remains the same for a greater velocity. Reciprocally, 3
decreases with the velocity increased for the liquid receding over the surface
up to a certain value §; (different from [p) and, then, remains the same for
a greater velocity.

In our zero surface tension model we have Robin’s boundary value problem
for fluid pressure p(z,t) = p(z,y, 1)

Ap =0 in the flow region £2(¢), (2.11)
and the fluid velocity V averaged across the gap is V. = —Vp. The free
boundary conditions

op 2
=0, —| =|V 2.12
Pl ot |, = VP (2.12)

are imposed on the free boundary I's = I'3(¢). This implies that the normal
velocity v, of the free boundary I's outwards from §2(t) is given by
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1y

Fig. 2.5. £2(t) is the phase domain within an infinite corner and the homogeneous
sink /source at oo

dp

— = —Uy. 2.13
on v ( )
On the walls Iy = I'(t) and Iy = I'5(¢) the boundary conditions are given
as 5
p
— =0. 2.14
on lrun, ( )

We suppose that the motion is driven by a homogeneous source/sink at in-
finity. Since the angle between the walls at infinity is also «, the pressure
behaves about infinity as

-Q
pr~—Zlogls], as |2 — ox,
«

where @ corresponds to the constant strength of the source (Q < 0) or sink
(Q > 0). Finally, we assume that I'3(0) is a given analytic curve.

We introduce Robin’s complex analytic potential W(z,t) = p(z,t) +
ith(z,t), where — is the stream function. Let us consider an auxiliary para-
metric complex {-plane, ( =&+ in. Weset D ={(: |¢| > 1,0 < arg( < a},
Dy ={z:z=¢€%0¢€(0,0)}, Dy ={z: z=rer>1}, Dy = {z:
z=rr > 1}, 8D = D; U Dy U D3, and construct a conformal univalent
time-dependent map z = f((,t), f: D — §2(t), so that being continued onto
0D, f(oco,t) = oo, and the circular arc D3 of 9D is mapped onto I's (see
Figure 2.6). This map has an expansion
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i

@)

Fig. 2.6. The parametric domain D

Tn

FGH=C¢Y an(®) s

near infinity and ag(t) > 0. The function f parameterizes the boundary of
the domain £2(t) by I'; = {z: z = f((,t),( € D;}, j =1,2,3.
The normal unit vector in the outward direction is given by

/

n = C|jj—/| on I3, n =—ionly and n =i’ on I7.
Therefore, the normal velocity is obtained as
OW Cf'
—Re ower for ( € D3,
" on 0 for ¢ € Dy,
0 for ¢ € Ds.

The superposition Wof is the solution to the mixed boundary problem (2.1
(2.12), (2.14) in D, therefore, it is Robin’s function given by (W o f)(¢)
—% log ¢. On the other hand,

1),

Re (fCF/|f']) for ¢ € Da,
Up =< Im (fe™*)  for ¢ € Dy, (2.16)
—Im (f) for ¢ € Ds.

The first lines of (2.15), (2.16) give that
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O

Re(f (f') = for ¢ € Dj. (2.17)

==
The remaining lines of (2.15), (2.16) imply

Im (fe ™) =0 for¢e Dy, Im(f)=0 for(e D,. (2.18)

One of the typical properties of the problem (2.11-2.14) is that starting
with an analytic boundary component I'3(0), the one-parameter evolutionary
chain of solutions develops possible cusps at a finite blow-up time ¢g. Another
typical scenario is fingering. The strong solution exists locally in time in the
case of an analytic boundary I'5. We only refer the reader to some relevant
works [79], [138], [141], [209], [215], [224].

2.2.2 Logarithmic perturbations of the trivial solution

We consider the case of a sink at infinity (@ > 0). The simplest explicit
solution in this case is

fGn =122,

that produces a circular dynamics of the free boundary. Our aim is to perturb
this trivial solution by a function independent of ¢, say we are looking for a

solution in the form
76 =122+ ot

where g(() is regular in D with the expansion
oo

9 =" CGL(}

n=0

near infinity. The branch is chosen so that g, being continued symmetrically
into the reflection of D, is real at real points. Equation (2.17) implies that
the function g satisfies

Re (9(¢) +¢9'(¢)) =0, (€ Ds.

Taking into account the expansion of g we are looking for a solution satisfying
the equation

_ ¢l
C(a+1]
although other forms may be possible. The general solution to (2.19) can be
given in terms of the Gauss hypergeometric function F = 3F; as

9(¢) +¢4'(¢) ¢eD, (2.19)

CQ(C) =(—F (%,1,14— %7_C§) +C.
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We note that f’ vanishes only when (& = (2/(1 + /2Qt/a)) — 1, therefore,
the function f is locally univalent, the cusp problem appears only at the
initial time ¢t = 0 and the solution exists during infinite time. The resulting
function is homeomorphic on the boundary 9D, hence it is univalent in D.
This presents an example (apart from the trivial one) of the long-time ex-
istence of the solution in the problem with suction (illposed problem). To
complete our solution we need to determine the constant C. First of all we
choose the branch of the function 5F 1, so that the points of the ray ¢ > 1
have real images. This implies that Im C' = 0.

We continue verifying the asymptotic properties of the function f(e',¢)
as § — a — 0. The slope is

_ ' 20t e — 1
li - 10 g1/ 10 )] = z li I e N = :
9_forén—oarg[w fle” ) =a+ 2 +9_}Orén_oarg « + i +1 arm

To calculate the shift we choose C' such that

lim Tm e~ f'(e" t)] = 0.

0—a—0

Using the properties of hypergeometric functions we have

lim ImF (g,l,l—&— g;e"'y) _—
~—040 s s 2

Therefore, C' = o. We present numerical simulation in Figure 2.7.

(a) (b)

Fig. 2.7. Evolution in the corner of angle: (a) a = 27/3; (b) o = 7/3

The special case with angle « = 7/2 has been considered by Kadanoff
[147]. The hypergeometric function reduces to an arctangent and we obtain
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£(¢,1) = (V/AQt/T +1)¢ + ilog izg +3. Q>0

This function maps the domain {|¢{| > 1, 0 < arg ¢ < 7w/2} onto the infinite
domain bounded by the imaginary axis (I'1), theray Is = {r: r > \/4Qt/7+
1} of the real axis and an analytic curve I's which is the image of the circular
arc, see Figure 2.8.

Fluid

Air

Fig. 2.8. Kadanoff’s solution

By the analogy with an infinite sink we are able to give solutions for a
finite source (see Figure 2.9). The phase domain is a simply connected finite
domain at the vertex of the corner which is a source. We locate the corner
so that one of the walls lie on the real axis and the other forms the corner
of angle « at the origin. We set G = {(: (| < 1,0 < arg({ < a}, Gs ={z:
z=e% 0€c(0,0)},Gr={z: z=re r<1},Ga={z: z=1rr <1},
0G = (G1 U G2 U G3, and construct a conformal univalent time-dependent
map z = f((,t), f: G — £2(t). This map has an expansion

FGH)=C) an(t)C™
n=0

near the origin and ag(t) > 0. The equations for this function at the boundary
of G are

Re(f 0) = —2, for (e G,

where @ < 0, and
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Air

Fig. 2.9. Finite source

Im(fe*m)ZO for (e Gy, Im(f)=0 for (e Gs.

We give a solution analogous to the infinite case by

2Qlt

G = | 0=+ 2(F (5114 55—F)

The numerical simulation is presented in Figure 2.10

Remark. By the proposed method we can perturb several known self-similar
solutions even for more general flows. The idea is as follows. Let fo((,t) =
H(t)F(¢) be a known solution to the problem, the basic equation of which
is the Polubarinova-Galin equation Re (f (f’) =const (positive or negative )
and where ¢ belongs to a circular component of the parametric domain. We
are looking for a new solution of the form f(¢,t) = fo((,t) +g(¢), where g({)
is an analytic function with an appropriate expansion. Then, on the circular
component this function satisfies the equation

¢q'(¢)
ReP 0

So one must solve the equation (¢'(¢) = F({)P(¢), where P(() is a function
with vanishing real part at the points of the circular component.

=0.

2.2.3 Self-similar bubbles

In this subsection we discuss deformation of two-dimensional bubbles in a cor-
ner flow in which there is a replacement of two immiscible fluids one of which
is viscous and the other is effectively inviscid. We shall give self-similar (ho-
mothetic) drop-shaped solutions in a corner that include Ben Amar’s solution
[22] as well as those constructed in [12], [249] as particular cases. Y. Tu [252]
also analyzed of viscous fingering in corners applying the hodograph method
for the complex velocity potential. In the symmetric case this leads to Ben
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Fig. 2.10. Long-pin dynamics of the advancing fluid in the corner of angle: (a)
a=n/2; (b) a=mn/3; (c) a =2w/3

Amar’s solution [22] given in terms of hypergeometric functions, whereas in
the non-symmetric case no explicit solution was given.

The bubbles are assumed to originate at the vertex as in Figure 2.11 and
the bubble-wall contact angles are 3 € (0, «/2). We let the positive real axis
contain one of the walls and fix the angle between the walls as « € (0, 27).

Mathematically, this model is described by Robin’s boundary value prob-
lem (2.11-2.14), where the potential function p(z,t) behaves near infinity
as

—Q
pr~—2logls], as |2 — o,
(8%
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K (1)

&) r

Fig. 2.11. £2(t) is the phase domain within an infinite corner and the homogeneous
sink /source at oo

and where @ is the constant strength of the source (Q < 0) or sink (Q > 0).

Let us consider an auxiliary parametric complex (-plane, ( = £ 4 . We
set D ={(: [¢| >1,0< arg¢ <7}, Dy ={z:2=¢%60¢c(0,m},
Di={z:z=-rr>1} Dy={2: z=r,r> 1}, 0D = D; UDy U Ds.
Construct a conformal univalent time-dependent map z = f((,t), f: D —
£2(t), such that being continued onto 0D, f(co,t) = oo, and the circular arc
D3 of 9D is mapped onto I3 (see Figure 2.12). This map has an expansion

1 D

© D

Fig. 2.12. The parametric domain D

F(¢t) = ¢/™ 300 s an(t)¢™F near infinity, and ag(t) > 0. The function f
parameterizes the boundary of the domain 2(t) by I'; = {z: z = f((,t), C €
Dj},j=1,2,3.
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The free boundary condition is expressed in terms of the function f as in
preceding subsection by

Re(fTF) = £, forceDs, (2.20)

=
and the wall conditions imply that

Im (fe’®) =0 for¢e Dy; Im(f)=0 for (e Dy. (2.21)

We are going to construct an analogue of the Saffman-Taylor fingers for
the corner flows (self-dilating drops whose interface contains the vertex). An-
alytic solutions were discovered first in the case a = 7/2 in [249] and then
for general values of angles in [22], [23], [24]. We give a generalization that,
in fact, presents possible self-similar solutions, and in particular, we obtain
exact solutions for non-symmetric drops.

To simplify matters we scale the angles «, 5 by o — am, 8 — /2. Let us
analyze the auxiliary mapping f(¢, ). In the case of self-dilating solutions the
phase domain £2(¢) is a dilation of an initial domain £2(0). Then the solution
f(¢,t) to the equations (2.20-2.21) is represented as f((,t) = G(t)F((). Since
Q does not depend on ¢, the equation (2.20) implies that G(t) = C'v/t, where
C is a constant. Reducing the mapping f to a regular function we represent
it as

F(¢ 1) = Vic*g(Q),
where ¢g(¢) is an analytic function which is regular at infinity.

The boundary I3 starts and ends at the origin under the same bubble-
wall contact angles 8 € (0, ), and forms a self-similar drop-shaped bubble.
Therefore, the function ¢g({) can be represented as

0= (1- é)ﬁmo,

where h(() is a regular function in the closure of D. We differentiate equation
(2.20) with respect to 6, taking into account ¢ = e¥, § € (0,7) and obtain

¢g'(¢) ng“(C)] _ _ i
Im [(2&4—1) ) + 40 =0, (=¢€".
In terms of the function h we have Im G(¢) = 0, where
_ 28(2a+1) 48(B—1) 68 48\ ¢h'(Q) , ¢h(Q)
GO = S 2-12 (- 1+((2a+ D+ ¢ - 1) h(C) - h(¢) -

Equations (2.21) imply that the equation Im G(¢) = 0 is satisfied on the
whole boundary Dy U Do U D3. The function h(() is regular at 1, therefore

1

G(¢) ~ @1

as ( — £1.
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Taking into account the regularity of h(¢) near infinity we propose that the
function G has the form

- E=1C

although other forms may be possible. Our intention is to obtain a complex
differential equation for which we can construct explicit solutions. So we have
it in the form

+((2a+1)+ 46 >4h/(o SUAGS

+ —0.
¢2—1) h(C) h(¢)
Changing variables w = 1/¢2, Y(w) = h(1/y/w) we come to the hypergeo-
metric equation

1-wwY"+(1—a—-(14+28—a)w)Y' —3(8—a)Y =0. (2.22)

The general solution of (2.22) can be given in terms of the Gauss hyper-
geometric function oF 1. We thus have two linearly independent solutions

O =F (5-asi-ag). m©=-F (ss+altaz).

Finally, we find f(¢,t) in the form

1 6]
F(6t) = Vic (1 - C—) (CLha(C) + Caha(C)), (2.23)

for real constants Cy,Cy and we choose the branch so that f(r) > 0 and
h(r) > 0 for r > 1. Since the primitive

/ I <|f|2G<e"9>

is constant, we can choose Cy, C5 such that it is exactly Q/7 > 0 and f((,t)
satisfies the equation (2.20) in the arc {¢®, § € (0,7)}. By construction we
have that the function f maps the rays (—oo, —1] and [1,00) onto the walls
Iy and I respectively. In order to check the univalence of f we note that
given a positive @ and f of the form (2.23), we choose the constants C7,Cs
as mentioned above. The function f is starlike with respect to the origin
because Q > 0 and, hence, univalent. If the constant C's vanishes, then the
equality f(—C,t) = €™ f((,t) is easily verified. This means that the solution
is symmetric with respect to the bisectrix of the phase angle, namely the ray
z=re %2 r>0.

In Figures 2.13, 2.14 we present asymmetric drops in angles /3 and 27 /3
(a,c), as well as the symmetric case (b).

) df = Re f(e® t)ei® f/(eif, t)

h=C1h14+C2h3
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Fig. 2.13. Finger dynamics in the wedge angle 7/3 and the bubble-wall angles
7/20: () C1 =1,C2=09;(b) C1 =1,C2=0; (¢c) C1 =1, Cr = -1

-1 -0.5 0.5 1 1.5 2 -0.5 0.5 1 1.5 oy 05 T

(a) (b) (c)

Fig. 2.14. Finger dynamics in the wedge angle 27/3 and the bubble-wall angle
71'/20: (a) C1 = 1, 02 = 0.9; (b) 01 = 1, 02 = 0; (C) C1 = 1, Cg =—1

In the case @ = 1/2 the hypergeometric functions reduce to a simpler

form: ' I\ 128 I\ 128
mo=3((vg) (-0 )



48 2. EXPLICIT STRONG SOLUTIONS

otz (49 6-))

and we have
FGH = S A+ 10P 4 BE- )P Y), (22)

where 3 € (0,1/2), Q = 4AB(1 — 203)sin(5(1 —28)), A, B > 0. We remark
here that the map f(({,t) becomes non-univalent for other choices of A, B, 3.

The function f((,t) obviously satisfies the equations (2.20), (2.21). It
maps D onto §2(¢) that is complement of a bubble for any time ¢. The bound-
ary I3 starts and ends at the origin under the same bubble-wall angle 73/2,
and forms a self-similar drop-shaped bubble. If A = B, then the bubble is
symmetric with respect to the bisectrix of the corner (Figures 2.13(b), 2.14(b)
and 2.15) and the solution is known [12], [249]. If A # B, then we have non-
symmetric dynamics (Figures 2.13(a,c), 2.14(a,c), 2.16, 2.17). It is interesting
that although the bubble-wall angles are the same, we have a two-parameter
(A/B, ) continuum of possible developments of fingers.

For angles greater than 7 the procedure is the same. A corner of angle 7
implies other linearly independent solutions of the equation (2.22):

mic) = F (6,6+1,2; ;—2)

ha(¢) = ‘22;‘% (ﬁ’ﬁ“’?;c_lz)

J[[j(ﬁﬂ)%ﬁ—l)(ﬁw—n o,k
+kZ:1 R (RI2(k 1 1) 2\ 2575725

R S ) 1
B B+k kE+1 B(B+1)
that can be treated similarly.
Most of the results presented in this section are found in [178], [179].
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Fig. 2.15. Finger dynamics: (a) A =1, B =1, =0.16; (b) A =1, B =1,
B=01;(c) A=1,B=1, 3 =0.05
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Fig. 2.16. Finger dynamics: (a) A =1, B =3, 3 =0.16; (b) A =1, B = 3,
5=01;(c) A=1, B=3, 8 =005
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Fig. 2.17. Finger dynamics: (a) A=1, B=1/3, 3=0.16; (b) A=1, B =
5=01;(c) A=1,B=1, = 0.05



3. Weak solutions and balayage

In the previous chapter we discussed strong solutions, which for their defi-
nition required smooth analytic boundaries. This section is devoted to weak
solutions and their relations to potential theory.

3.1 Definition of weak solution

For the well-posed version (Q < 0) of the Hele-Shaw problem (without surface
tension) there is a good notion of weak solution. It is based on the Baiocchi
transform, replacing the pressure p in (1.12) by

u(z,t)z/(J p(z,7)dt. (3.1)

This type of transformation, with time ¢ replaced by the vertical coordinate
y, was used by C. Baiocchi in [19] to obtain a variational inequality for-
mulation of the so-called dam problem. For the Hele-Shaw problem, weak
or variational inequality formulations (in somewhat different disguises) were
obtained around 1980 by Elliott, Janovsky [74], Sakai [226], [229], Gustafsson
[109]. See also [75].

To arrive at the concept of a weak solution, let £2(t) be a strong solution
of (1.12-1.14) with @ < 0, i.e., £2(¢) is a smooth family of domains such that
(1.12-1.14) hold. For simplicity we take @ = —1, so that p(-,t) simply is
Green’s function of {2(¢) with the singularity

1
p(z,t) = ~5 log |z| + harmonic.

Using the Reynolds Transport Theorem and Green’s formula we have

d dp
E//(pdoz = / Uppds = — a—ﬂ(pds

2(t) on(t) 202(t)

0
= — / pa—::ds — // pApdo, + //pAgodaz > (0),
2(t) Q(t)

a0(t)
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for any test function ¢ € C°°(C) which is subharmonic in £2(¢). Here we used
that —Ap = dg and that p > 0.

We have already remarked that {2(¢)} is a monotone increasing family.
Integrating the above inequality from s to ¢, where s < t, gives

// pdo, — // pdo. = (t — s)¢(0),
(1) Q(s)

for all ¢ which are subharmonic in (¢). In particular,

J[ oo~ [ oao. = tot0 (3.2)

(1) 2(0)

which already is the weak formulation given by Sakai [226]. By approximation
any integrable subharmonic function ¢ in £2(¢) is allowed in (3.2). Sakai shows
that given £2(0) and ¢ > 0 there is a unique, up to null-sets, domain 2(t)
satisfying (3.2) for these ¢. If ¢ is harmonic in (2(t), then both +¢ are
subharmonic so we get (3.2) with equality. Therefore, (3.2) contains (1.21)
as a special case (with Q = —1).

To go further, we keep ¢t > 0 fixed and define

u(z,t) = // log |¢ — z|do¢ — // log |¢ — z|do¢ — tlog |z|. (3.3)
(t) 2(0)

for any z € C. Notice that this is the difference between the left and the right
member in (3.2) with ¢ chosen to be

p(¢) =log|¢ — |-
Since this ¢ is integrable and subharmonic in £2(t), (3.2) gives that
u >0 everywhere. (3.4)

For z outside £2(t) also ¢(¢) = —log|¢ — 2| is subharmonic in 2(¢), so we
obtain u < 0 outside £2(t), hence

u(z,t) =0 for z ¢ (). (3.5)
Finally, by definition (3.3), u satisfies
XQ(t) = X() + o + Au (3.6)

in the sense of distributions.

Equations (3.4)—(3.6) comprise the requirements we shall have on a weak
solution. The function u is a kind of potential (indeed, it is the logarithmic
potential of the measure x o) — X + t9) and it is uniquely determined
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by £2(t), even at every point if the natural representative, given by (3.3), is
chosen. Away from the origin Au is a bounded function by 3.6, therefore u is
continuously differentiable in the space variables. Since u attains its minimum
(u=0) on C\ £2(t), in particular on 02(t), it follows that also Vu = 0 there.

On the other hand, as an open set just satisfying (3.4-3.6), {2(¢) is not al-
ways uniquely determined. Indeed, equation (3.6) allows for arbitrary changes
as to null-sets of £2(t), whereas (3.5) is more sensitive. A point z € 2(¢) may
be removed from £2(¢) only if u(z,t) = 0, while points may be added as long
as the area does not increase and (2(¢) remains an open set. As a matter of
normalization, in order to make {2(¢) uniquely determined as a set, we shall
usually take it to be saturated with respect to area measure. This means that
we add to 2(t) all discs U,.(z) such that U,.(z) \ £2(¢) has area measure zero.
This gives a domain which contains {2(t), has the same area as 2(t), and
which cannot be further enlarged keeping these properties.

In summary we state the following definition.

Definition 3.1.1. A weak solution of the Hele-Shaw problem (1.12-1.14)
with Q = =1 is a family {2(t) : 0 <t < to} of bounded open sets containing
the origin such that there exists, for each t, a function u = u(z,t) so that

(3.4)~(3.6) hold.

When u exists satisfying (3.4-3.6) it is given by (3.3), because being = 0
in a neighbourhood of infinity it is the logarithmic potential of (—Vu).

It is clear from the above derivation that a strong solution (if exists)
is always a weak solution. In the case a weak solution is derived from a
strong solution we may differentiate (3.6) with respect to t to obtain that
do + A%—‘t‘ = 0 in £2(t). Using that v = |[Vu| = 0 on 92(¢), showing that u
grows only quadratically near 0£2(¢), it also follows that % = 0 on 9£2(t).
Thus, %‘ = p (in (1.12)), so the function w is indeed the Baiocchi transform
of p. Note that u(z,0) = 0.

There are other types of solutions to Hele-Shaw problem. For example,
Crandall and Lions [45] introduced the notion of wiscosity solutions which
was successfully used to study nonlinear elliptic and parabolic equations.
Calffarelli and Vazquez CaffarelliVazquez proved the existence and uniqueness
of the viscosity solution for the porous medium equation, and later, Kim [152]
adapted this notion for the Hele-Shaw problem.

3.2 Existence and uniqueness of weak solutions

For weak solutions we have the following remarkably good existence theorem.

Theorem 3.2.1. Given any bounded open set {2y there exists a unique weak
solution {£2(t) : 0 < t < oo} with 2(0) = 2y (uniqueness in the strict sense
only if the £2(t) are required to be saturated).
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Proof. Let ¢t > 0 be fixed. In order to construct {2(¢) we shall relax (3.4-3.6)
further, to
u>0, (3.7)

Xo() +td + Au < 1, (3.8)

// u(1 = x0() — tdo — Au)do. = 0. (3.9)
C

Here £2(t) has disappeared from the formulation, but v remains and §2(¢) can
finally be recovered again. The system (3.7-3.9) is sometimes called a linear
complementarity problem because it states that two linear inequalities are to
hold and that at each point there shall be equality in at least for one of them.

There are several ways of constructing the solution of (3.7-3.9). The most
direct way of obtaining w is simply to say that u shall be the smallest among
all functions satisfying (3.7), (3.8) alone. This function will satisfy (3.9) as
well.

To see that such a smallest function exists we choose a function ) satis-
fying

Ay = X 02(0) +tdp—1 inC,

for example,

1 t 1
=—— [[log|c - — 1 — 2|2 1
v2) = —5- [[oglc ~ sldoc — 5 -loglel - 1P (310
(0)

and set
v=u-+1P. (3.11)

Then v is to be the smallest among all functions satisfying

v >,
—Av > 0.

We can think of ¥ as an obstacle function, and the problem becomes that
of finding the smallest superharmonic function v passing the obstacle. It is
well-known from general potential theory (see, e.g., [11], [213]) that such a v
exists. It is the lower semicontinuous regularization of the pointwise infimum
of all superharmonic functions > 1. Superharmonic functions are usually
normalized to be lower semicontinuous.

Thus v, and hence u, as above exists. Now we have to show that u sat-
isfies (3.9). For this we continue to work with v. Suppose we have the strict
inequality v(z) > 1(z) at some point z. Then since v is lower semicontin-
uous and v is continuous (outside the origin) there is an € > 0 and a disk
Ur(z) ={w : |lw—2z < r}, (r > 0), such that v > ¢ + ¢ in all U,.(2).
Therefore, if v is not already harmonic in U,.(z), then it can be made smaller
by making a Poisson modification of it (i.e., by replacing v in U,.(z) by the
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harmonic function with the same boundary values on U,.(z)). If the radius
r > 0 is sufficiently small, then the modified v will be > ¢ in U,.(z).
From this we realize that Av = 0 in the open set {v > 1}, or that

Au = Ay = X g(0) + 100 — 1,

in {u > 0}. This proves (3.9).

Thus we have produced a solution u of (3.7-3.9). One easily sees that
u = 0 outside some large disk Ug. In fact, by comparing with an expanding
disk solution one sees that if £2(0) C Ug,, then any R > 0 with 7R3+t < 7R?
will do. Thus R depends on ¢.

To prove that u is unique and to obtain some further properties of it, let
us indicate two other ways of constructing u, or v. By minimizing Dirichlet
integrals (measuring energies) of v and v, keeping one of the inequalities (3.7)
or (3.8) as a side condition, these two problems are:

(i) Minimize fUR |Vu|?do, among all u vanishing on U and satisfying
Au+ xo(0) + 1o < 1;

(i) Minimize [;, |Vv|2do, among all functions v which agree with ¢ outside
Ug and satisfy v > 1 everywhere.

In order to have finite integrals above one should, for the first integral,
smooth out dy a little (e.g., to replace dg by 0 = \U_15|6Us for some small

e > 0). The proper settings then are that one works in the Sobolev space
HY(Ug) (or H}(Ug) in the case of u). Both problems (i) and (ii) then have
unique solutions which can be characterized by their variational formulations
(variational inequalities).

The variational formulation for (ii) is

// VoV(w—v)do, >0,
Ur

to hold for all w > 1) having the same boundary values as 1) on OUg, or using
Stokes’ theorem

/ Av (w —v)do, <0,
Ur

for all w as above. Since any w > v is allowed here, we get Av < 0. Choosing

then w = ¢ gives
// Av (v —1p)do, >0,
Ur

/ Av (v — )do. = 0.

Ur

hence actually,
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Thus, in the two inequalities Av < 0 and v > 1 there is nowhere strict
inequalities in both. The problem (i) is treated similarly. In both cases we find
that u and v satisfy linear complementary problems, which expressed in terms
of w are (3.7-3.9). Conversely, one can go backward in the above reasoning,
so the complementary problem (3.7-3.9) is equivalent to the two variational
inequalities and the two minimum problems. In particular, it follows that
the solution u of (3.7-3.9) is unique and that it has finite Dirichlet integral
[[ |Vu|?*do. (leaving out a neighbourhood of the origin).

Next invoking general regularity theory for the obstacle problem [86],
[154], it follows that u actually is in the higher order Sobolev space H*P(Ug)
for any p < co. Now define §2(t) to be the largest open set in which

Au+ X0(0) + t60 =1.

In other words, {2(t) is the complement of the closed support of the distribu-
tion 1 — Au — X o(0) —tdo. By (3.9), u = 0 outside (2(t). It is known [154] that
this implies that Au = 0 almost everywhere outside 2(¢) (when u € H?P).
Therefore,

Au+ xq0) + 0o = Xe(0) +tdo <1

almost everywhere outside £2(t), hence actually Au + x o) + tdo = 0 there
(because x (o) + tdo > 1, where it is not zero). Finally, we conclude that

Au+ X0 + t6o = Xt

which means that we have established all properties of a weak solution. Note
also that £2(¢) was defined to be saturated. a

3.3 General properties of weak solutions

It is clear from the way the concept of a weak solution was defined that a
strong solution always is a weak solution. This guarantees the uniqueness of a
strong solution by the uniqueness of the weak one. However, a weak solution
need not be a strong one, e.g., because a weak solution may change topology,
a possibility which is not allowed even in the concept of a strong solution.

A remarkable property of the weak solution is that the time variable ¢
only occurs as a parameter in it. No derivative with respect to t occurs and
one may jump to compute {2(¢) for only ¢ > 0 directly, without computing it
for any smaller values of ¢.

The following proposition shows that a weak solution has the monotonic-
ity and semigroup properties one expects.

Proposition 3.3.1. Let {2(t)} and {f)(t)} be weak solutions with the initial
domains, or just open sets, {§2(0)} and {£2(0)} respectively, and let u = uy
and 4 = Uy be the corresponding potentials. Then,
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(a) if £2(0) is connected, then so is £2(t) for any t > 0;

(b) if 0 < s <t, then us < uy and £2(s) C 2(t);

(c) if 2(0) C 2(0), then 2(t) C 2(t) for all t > 0;

(d) if 2(0) = 02(s) for some s > 0, then Q(t) = 2(t + s) for all t > 0.

(eInequality (3.2) holds for all integrable subharmonic functions ¢ in 2(t).
In particular, (taking o = £1) we have |2(¢t)| = |£2(0)| + ¢.

Proof. (a) Let D be a connected component of §2(¢). Then v = 0 on dD. If
D does not meet 2(0), then Au = 1 in D, which in view of the maximum
principle contradicts u > 0. Thus every component of {2(t) intersects £2(0).

(b) us is the smallest function satisfying us > 0, x ) + sdo + Aus < 1,
and similarly for u;. Since xo0) + 890 < X (o) + tdo, it follows immediately
that us < ug. Outside £2(t) we have uy = 0, hence also us = 0, and so

X2(s) = X(0) + 800 + Aus
= X0(0) + 800 + Auy
< Xo(0) + oo + Ay
=Xo@w =0

there. Thus £2(s) C £2(t).
(c) This is proved the same way as (b).
(d) Fix s > 0, t > 0, and set w = ug4¢ — us. Then

Aw = Xo(s4t) — Xa(s) — tdo-

By (b) w > 0 and w = 0 outside 2(s+1t). Thus {2(s+1), 0 <t < oo} is the
weak solution with the initial domain (2(s), which is exactly what is stated
in (d).

(e) By (b) £2(0) C £2(t) so (3.2) makes sense. The definition of a weak
solution amounts exact to that (3.2) holds for all ¢ of the form ¢(() =
log|¢ — z| for z € C, and ¢(¢) = —log|¢ — z| for z & 2(t) and it is known
[226] that the positive linear combinations of these are dense in the set of
integrable subharmonic functions in 2(t). Now (e) follows. O

3.4 Regularity of the boundary

Let {2(t) : 0 < t < oo} be a weak solution. Then 2(s) C £2(¢) for all
0 < s < t, but it is not always true that £2(0) C £2(¢). If we, for example,
choose the initial domain 2(0) such that 962(0) is of positive area measure,
then it will take 9f2(t) a finite time to move through 942(0). Even if £2(0)
has piecewise smooth boundary containing a corner at zg with the interior
angle smaller than 7/2 it is known [155], [156], [232], that 0f2(t) stays at the
corner for some positive time.
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On the other hand, if £2(0) is C'*-smooth (not only piecewise), then £2(0) C
£2(t). The following regularity theorem is to most parts due to Sakai [227],
[228], and shows that the situation outside £2(0) is rather pleasant. The last
statement is taken from [116].

Theorem 3.4.1. Assume 2(0) C £2(t). Then 0§2(t) consists of finitely many
analytic curves which may have finitely many singularities in the form of
inward cusps or double points, but no other singularities. In case the 2(t) are
simply connected, the Riemann map f((,t) parameterizing the phase domain
§2(t) extends analytically to a disk Ugyy where the radius of analyticity R(t) >
1 is nondecreasing as a function of t.

Remark. It is important that 2(¢) is saturated, otherwise the formulation
becomes more complicated. The most difficult part of the proof is actually
to show that (2(t) is finitely connected. We shall not take this difficulty here,
but just prove the theorem in the case 2(t) is finitely connected, say simply
connected.

Proof. So assume (2(t) is simply connected and let f : U — §2(t) be the
Riemann map, z = f((,t). Using the potential u in (3.4-3.6) we can define a
one-sided Schwarz function, defined in £2(t) \ £2(0), by

Ju
S(z,t) =2 482'
We see immediately from (3.6) that S(z,t) is analytic in £2(¢)\ £2(0). Since u is
continuously differentiable away from the origin, v > 0 attains its minimum
on C\ £2(¢t), and |Vu| = 0 there, S(z,t) is continuous up to 92(t) with
S(z,t) = z on 012(t).
The conjugate of S(z) can be interpreted as the anticonformal reflection
in 0§2(t) and we use it to extend f in the following way. We extend the
function f by

f(l/& t) = S(f(Cvt))a

for those ¢ € U for which f((,¢) € £2(t) \ £2(0). This defines f analytically
in U and in an annulus 1 < [¢| < R(t). Here we take R(t) > 1 largest
possible, which means that R(t) = 1/r(t) where 0 < r(t) < 1 is the smallest
radius such that f~1(£2(0),¢) C U, (). Across OU we have a certain form of
continuity because of the continuity of S(z,t). Indeed, as |(| — 1 with ( € U
we have

[F(¢,t) = F(1/C. ) = 1£(C.t) = S(f(C. 1), )] = 0, (3.12)

where z = S(z,t) on 0£2(t), and therefore, given € > 0, we have |z—S(z,t)| <
e for z € 2(t) in some neighbourhood of 92(t). By now the function f((,t)
is defined in U as well as in the annulus 1 < |[¢| < R(t), hence, almost every-
where in the disk |¢| < R(t). Let us prove that the distributional derivative
df(¢,t)/0¢ vanishes in || < R(t) using (3.12). Obviously, we must verify
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this across the circle |¢| = 1. Given a test function ¢ with compact support
in |¢| < R(t) we have

/fCt —=dog¢
:__//fgt ‘pdgdc——//fct 22 qcdc

I<I>1

—yim| [ e [ e

¢l=1-¢ ICI=1+4e

——ylm [ (€0 - 0/S e dc =0,

[Cl=1—¢

In the above curve integrals we take the counterclockwise direction on the
circles. Thus, the function f(¢,t) is analytic in the disk || < 1/r(t).

For any pair of numbers s,t such that 0 < s < t < T, we have that
the function h(¢,s,t) = f~1(f(¢,s),t) maps the unit disk into itself and
h(0,s,t) = 0. A simple application of the Schwarz Lemma to the function h
shows that

FHRA0),8) € Uy,

Therefore, r(t) < r(s), hence R(s) < R(t).

We have f(9U,t) = 0£2(t) as sets, f is univalent in U but need not be
univalent on U. Therefore, f2(t) is analytic with possible singularities as
stated. O

Remark. More generally, the arguments of the proof work for any isolated
component of 9f2(t). A different approach to the regularity of 9£2(t) was
given in [112]. There it was shown that the analytic continuation of a certain
exponential transform directly gives a real analytic defining function for the
boundary.

3.5 Balayage point of view

At this point it may be apparent that in the treatment of weak solutions
the expression x (o) + tdo always appear as one quantity. The weak solution
itself is the family {£2(¢)}, or better {x o) }. Moreover, time ¢ only plays the
role of a parameter, and for any fixed ¢ > 0 the whole construction really
amounted to the construction of a map

Xo(0) + 00 = Xo)-
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This map finally came out to be just the addition of the term Aw, where u
solves the complementary problem (3.7-3.9).

For a further systematic treatment of weak solutions it is really advan-
tageous to take this operator theoretic point of view. Everything looks more
natural if we replace the number one in the right member of (3.8) by a more
general function, say p > 0. It will have the interpretation of a density. We
shall use letters p or similar for what used to be x o) + tdo (also a density,
or a measure denoted as a density).

Assume that p > 0 is a measure with compact support and that

0<cp <p<Lceg <oo.
Then we define
Bal (u, p) = u + Au,

where v is the smallest function satisfying
u>0 inC, (3.13)

n+Au<p inC. (3.14)

Such a function exists as before. We also define a corresponding saturated
set 2 (which will be bounded),

£2 = {the largest open set in which p + Au = p}. (3.15)
Then the complementary condition
{u>0}Cc (3.16)

holds.
The interpretation of Bal is that it performs a kind of balayage — partial
balayage. Indeed, let v = Bal (u, p), and let

Ur(z) =~ / / log |2 — ¢| dju(¢)

be the logarithmic potential of u, and similarly for other measures. Then
since v = u+ Au and v = 0 outside 2 (in particular, in a neighbourhood of
infinity) it follows that

u=U"-U".

The vanishing of u outside {2, therefore, means that p and v are graviequiv-
alent in a certain sense, which explains the word “balayage” (sweeping of
measures without changing exterior potentials). For details we refer to [111],
[119], see also [61].

In view also of the minimization problem (i) in the proof of Theorem 3.2.1,
what the operator u — v = Bal (u, p) does, is that it replaces any measure
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i by a measure v satisfying v < p (everything denoted as densities) using as
little work

/ |Vu|?do, = energy of v —

as possible. The result of the whole thing is a measure v and an open set (2,
such that
U =U" outside {2,
v=p in {2

(by (3.16) and (3.15) respectively). Thus v has the desired potential U#
outside {2 and the desired density p in (2.

In terms of Bal (i, p), a weak solution of the Hele-Shaw problem now is
just a family of open sets {£2(¢) : 0 <t < oo} satisfying

Bal (x(0) + td0, 1) = X2

By (d) of Proposition 3.3.1 we also have, for arbitrary s < ¢,

Bal (xa(s) + (t = 8)d0, 1) = X(1)-

This is then an instance of a general property of Bal, namely that

Bal (1 + p2, p) = Bal (Bal (u1, p) + p2, p).

Take p = 1, p1 = x(0) + tdo, 2 = (t — s)do to get the previous statement.
A more general statement is also true:

Bal (1 + pi2, p1) = Bal (Bal (1, p2) + 2, p1), (3.17)

whenever p; < ps + ps.
Similarly, parts (b) and (c) in Proposition 3.3.1 are special cases of the
implication
w1 < po = Bal (u1, p) < Bal (u2, p). (3.18)

Given p, taking here pu; = min (p, u), e = p, gives the lower bound in the
estimate

min (p, 1) < Bal (1, p) < p, (3.19)

because Bal (min (p, i), p) = min (p, 1). The upper bound is just by definition.
The inequality (3.19) can be reviewed as a regularity statement for the

functions u and v in (i), (i) (in the proof of Theorem 3.2.1). With, for ex-

ample, p = 1, u = X 0(0) + oo, we get, for u, that 0 < Au < 1 away from the

origin, which gives the previously used regularity u € H?P for all p < oo.
The general structure of Bal (i, p) is

Bal (1, p) = pxa + #xc\o- (3:20)

Indeed, (3.20) is true in 2 by definition (3.15) of {2, and outside 2 we have
u = 0, hence Au = 0 there, at least under some regularity assumptions (e.g.,
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i € L); the general case can be handled by an approximation argument
[241]. Thus Bal (g, p) = u outside (2.

In the special case of Hele-Shaw dynamics (p = 1, u = x (o) + tdo) we
have 1 > p everywhere where p does not vanish. This guarantees

Bal (1, p) = pxa;

as is immediate from (3.20) together with the definition (3.15) of {2. For any
kind of injection Hele-Shaw problem, if the sources are located within the
initial domain £2(0), and if the accumulated sources up to time ¢ > 0 are
represented by the measure p(t) > 0, then the weak solution 2(t) is given by

Bal (xa(0) + #,1) = Xa@)-

If there are sources outside §2(0) and these are sufficiently weak (meaning
that p(t) < 1 outside 2(0) and for some time ¢ > 0), then there will also be
the second term in the right member of (3.20),

Bal (xo(0) + 1, 1) = Xa) + BXC\2(1);
corresponding to some kind of “mushy region”.
As a useful application of (3.17) we have the following. Given ¢ > 0 choose
r > 0 so small that 772 < ¢ and let

1
w—xv, = Bal (0, 7)
Ul U |

be the Dirac measure swept out to a uniform density on U,.. Then also

t6 = Bal (téo,ﬁ),

for any ¢ > 0. Since |J—‘ > 1, (3.17) with p1 =1, p2 = |l§ i shows that

5:

Bal (tdg + x12,,1) = Bal (Bal (tdy, )+ X205 1)

t
U |
= Bal (t5 + X205 1),

i.e., the Hele-Shaw evolutions with d and & are exactly the same.

3.6 Existence and non-branching backward of weak
solutions

In this section we discuss the existence and uniqueness of weak and strong
solutions backward in time. For the strong case Tian [250], [251] proved the
local backward existence, uniqueness for an analytic smooth initial boundary,
and the fact that if the initial boundary is not analytic (but still smooth e.g.),
then the backward strong solution will not exist. As to existence of a backward
weak solution {£2(¢)} for some interval —e < t < 0, satisfying 2(¢) C 2(0)
we necessarily need the analyticity of the initial boundary.
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Theorem 3.6.1. Assume that 2(0) has a smooth analytic boundary and
contains the origin. Then there exists, for some e > 0, a weak solution {2(t)},

—e <t <0, with 2(t) C £2(0), such that
Bal (xq(s) + (t = 8)d0,1) = xa@)
holds for any s < t, and in particular,

Bal (x () — td0, 1) = X0(0)-

Proof. We first recall that §; may be replaced by a smoothed out version of

it, say
5 1
= 777 XUr>
U]
where r > 0 is so small that U, C U, C £(0).
Next we construct a domain D satisfying

U.C D c D c 020,

and a measure y on D which satisfies du = (1 + 3)do, on D for some 3 > 0,
p = 0 outside D, and for which Bal (u,1) = X(0)- This is done as follows
(we just outline the construction, more details can be found in [110]). Using
the Cauchy-Kovalevskaya theorem we solve the Cauchy problem

Au =1, in £2(0), near 952(0),
u =0, on 9£2(0),
Vu =0, on 9£2(0),

in some neighbourhood of 942(0) in £2(0). This requires the analyticity of
0£2(0). The solution can analytically be gotten directly from the Schwarz
function S(z) of 0£2(0) as

u(z) = %Re / (S(2) — 2)dz,

where the integration is performed from any point on 942(0) (and to the point
z in u(z)).
The function u(z) will grow quadratically with the distance from 9£2(0)

u(z) ~ %distQ(zﬁQ(O))

and we take D to be a level set u = « for u, with a > 0 so small that the
normal derivative in the direction out from D satisfies

ou
6—n§61<0.

Then in D we take u to solve the Dirichlet problem
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{Au =—0, in D,

u =a, ondD,

with 8 > 0 sufficiently small, so that the outward normal derivative of u|p
satisfies

ou
C1 <02Sa—n<0.

Extending u by zero outside §2(0) we have

Au = x0) — K

where p is a positive measure on D, which has density 1 + 8 in D and also
has a contribution on dD corresponding to the jump of the normal derivative
of u.

Since u > 0, and u = 0 outside £2(0), we have Bal (u,1) = x (). Now
take ¢ = 728 = |U,|8. Then for —e <t < 0 we still have p + t5 > 1in D.
Therefore, ~

Bal (1 +16,1) = xo@), (3.21)

for some domains 2(t), —e < ¢ < 0, and this will be the weak solution.
One may notice, using (3.17), that

Bal (1 +t6,1) = Bal (u — €6 + (t +€)4,1)
= Bal (Bal (1 — €6,1) + (t +€)d,1)
= Bal (xq(—e) + (t +€)3, 1),

so the family x ) really is an ordinary weak solution started with 2(—¢).
By construction of p, taking ¢ = 0 in (3.21) gives the given initial domain
£2(0), and for t > 0 one gets the usual forward solution. Thus (3.21) defines
a weak solution on all —e <t < o0. O

Remark. By the formula (3.21) we have, for ¢ in a small interval around
t = 0, the solution {{2(¢)} represented by smooth perturbations of a measure
i, sitting compactly in 2(0). Moreover, 92(0) is smooth real analytic. It
is known [34], [234], that the solution {{2(¢)} in such a case also will vary
smoothly in ¢. Therefore, the solution obtained will in fact be a strong solution
for the Hele-Shaw problem.

A weak solution can branch at any time in the backward direction. This
occurs when a simply connected domain G(tg) = £2(¢o) for some 0 < tg < 0o
appears as a result of a strong simply connected dynamics §2(t) and at the
same time as a result of a weak dynamics G(t), where G(t) for t < tg is
multiply connected with some holes to be filled in as t — ¢, see Figure 3.1.
Our next result says that branching can take place only when such changes
of topology occur, see [117].
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Fig. 3.1. Branching weak solutions

Theorem 3.6.2. Let G(0) and H(0) be two initial domains in C, and G(t)
and H(t) be the corresponding weak solutions, 0 <t < co. We assume that
G(0) C G(t) and H(0) C H(t) for all t > 0;

C\ G(t) and C\ H(t) are connected for any t > 0;

there exists 0 < tg < 0o such that G(to) = H(to);

there exists € > 0 such that H(0) C G(to — ¢).

Then, G(t) = H(t) for allt € (to — €, o).

Remark. If the initial domain G(0) is bounded by a smooth analytic curve,
then the strong solution exists locally in time and coincides with the weak
one G(t). Since in the strong case the normal velocity at the boundary does
not vanish, the first assumption of the theorem is satisfied whenever the
boundaries of the initial domains are smooth analytic.

Proof. Let us consider ¢ € ({9 —¢,%p) and construct the functions u(z,t) and
v(z,t) that correspond to the domains G(t) and H(t) respectively. Then,
Au = Xe@) — Xa(o) T to,
Av = Xg(t) — XH(0) T tdo,

u(z,t) > 0, v(z,t) > 0in C and u(z,t) = 0 in C\ G(t), v(z,t) = 0 in
z€ C\ H(t).
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Next consider the function
Y(z,t) = v(z,t0) — u(z,to) + u(z, t).
One easily calculates
Ay(z,t) = Xa@) — XH(0) + tdo-

Under the assumption H(0) C G(to — &) the function 7(z,t) is harmonic in
C\ G(t) for any t € (to — €,t0), and y(z,t) = 0 in C\ G(to). Therefore,
v(z,t) = 0 in C\ G(¢t) by harmonic continuation (using that C\ G(¢) is

connected).
We have v(z,t) > 0 in C and v(z,¢) =0in C\ H(t). Let us set

w(zvt) - U(Z,to) - U(Z,t) - U(Z,to) + U(Z,t) - ’7(th) - U(Zat)'
This function is non-positive in C \ G(¢), and

Aw = Xty = XH(1)- (3.22)

Therefore, Aw > 0 in G(t). Hence, w < 0 in C. Moreover, the function w is
subharmonic in the connected set C\ H(t). Therefore, w < 0 in C\ H(t), or
else, w =0 in C\ H(¢) by the maximum principle. Since w(z) = 0 for z of a
sufficiently big norm, only the second option is valid. In particular, Aw = 0
in C\ H(t), which by the equation (3.22) implies that

G(t) C H(t). (3.23)

By Proposition 3.3.1 (e) we have |H(t)| = | (t)]. Since G(t) and H(t)
are the saturated sets which satisfy (3.4-3.6) for G(0) and H(0) respectively,

and |0H (t)| = |0G(t)| = 0, it follows from (3. 23) that G(t) = H(t) for all
t € (to — &,t0). This ends the proof. O

3.7 Hele-Shaw flow and quadrature domains

Closely related to partial balayage, and hence to Hele-Shaw flow, is the notion
of a quadrature domain. Ideas related to quadrature domain theory have
already been used implicitly in the previous sections. Here we shall spell out
some basic definitions and thus make the connections more explicit.

If 4 > 0 is a measure with compact support, then a bounded domain
2 C C containing supp p is called a quadrature domain for subharmonic
functions for p if the inequality

//wlaz > //wlu (3.24)
2
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holds for all integrable subharmonic functions ¢ in £2. See [226]. Thus equa-
tion (3.2), says that £2(¢) is a quadrature domain for subharmonic functions
for the measure () = x () +1tdo and this is an equivalent way of expressing
that the family of domains 2(¢) is a weak Hele-Shaw solution. In general, a
domain 2 (if assumed saturated) is a quadrature domain for subharmonic
functions if and only if Bal (1, 1) = x . If Bal (1, 1) is not of this form, i.e., if
there is also a remainder term px <, then there exists no quadrature domain
for subharmonic functions for p.

In case ¢ is harmonic the inequality (3.24) becomes an equality, be-
cause both ¢ and —¢ are then subharmonic. Replacing the inequality sign
(3.24) by equality we may also consider analytic (hence complex-valued) test
functions. A particularly rich theory then arises for measures of the form
=Y p_q Ck0sz,, i.e., for measures with support in a finite number of points.
Allowing, more generally, p to be an arbitrary distribution with support in
a finite number of points one arrives at the following classical concept of a
quadrature domain: a bounded domain {2 is called a (classical) quadrature
domain if there exist finitely many points z1,...,2z, € {2 and coefficients
ckj € C(0<j<ng_1,1<k<m,say), such that the quadrature identity

m ngp—1
//@daz => > o ®V(z) (3.25)
o k=1 j=0

holds for every integrable analytic function @ in 2. The integer n = Y -, ny
is then called the order of the quadrature identity (assuming cgn,—1 # 0).

Notions of quadrature domains and identities as above were introduced
in the 1970’s by Davis [57] and Aharonov and Shapiro [4]. For general de-
velopments after that, see e.g., [237], [118]. In [254] quadrature domains as
above are named algebraic domains.

The relationship between classical quadrature domains and Hele-Shaw
flow is immediate from the generalized moment property (ref (1.21)): if £2(0)
is a quadrature domain as in (3.25), then all domains 2(¢) in a Hele-Shaw
evolution with injection or suction at the origin are quadrature domains as
well. To be precise, if (3.25) holds for £2(0) and the suction rate is @, then
the £2(t) satisfy the quadrature identity

m nrp—1

/ / Bdo. = > @9 (2) — QtP(0) (3.26)

o) k=1 j=0
for any t.

Theorem 3.7.1. Let {2 C C be a bounded domain. Then the following are
equivalent.

(i) 2 is a (classical) quadrature domain.

(ii) The exterior part g.(z) of the Cauchy transform (1.28) of 2 is a
rational function.
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(#ii) There exists a meromorphic function S(z) in 2, continuous up to
082, such that
S(z)=%z ondf. (3.27)

If 2 is simply connected a further equivalent property is:
(iv) any Riemann mapping function f : U — (2 is a rational function.

Clearly the function S(z) will be the Schwarz function of 9f2. More pre-
cisely, it can be shown [4], [107] that the boundary of a quadrature domain
always is an algebraic curve. This curve may have certain singular points,
namely such points which in the simply connected case are images f(¢p) of
points (p € AU such that f is not univalent in a full neighbourhood of (j
(f' (o) =0, 0r f(¢1) = f({o) for another {; € OU). Away from these singular
points S(z) is analytic in a full neighbourhood of 92, hence is a true Schwarz
function. At singular points S(z) is only a “one-sided Schwarz function”.

Proof. (i) implies (i4): Just choose ¢(¢) = C+z for z € C\ 2 in the quadrature
identity.

(#) implies (447): Assuming a little regularity of 912 we simply define S(z)
by the formula (1.27) Since g.(z) is rational (by assumption) and g;(z) (see
(1.27)) is always holomorphic in all of 2, S(z) then is meromorphic in 2 and
the statement follows.

(#4i) implies (7): Using the residue theorem we have, when S(z) is mero-
morphic in {2 and @ is analytic,

//@da = 2%//@(2) dzdz = 2% /@(z)?dz
Q Q a9

1

=5 B(2)S(z)dz =7 Res®(2)S(2),

90 zEM2
which is a quadrature identity of the form (3.25).
(#i1) implies (iv): In the presence of S(z) any conformal map f: U — {2
can be extended to the Riemann sphere by

F/Q) = 8(£(¢) (3.28)
for ¢ € U, i.e., for % € U* (cf. the proof of Theorem 3.4.1). This makes f

meromorphic in C, hence rational.

(tv) implies (i73): If f is rational we can define S(z) for z = f({) € 2 by
(3.28) and it is easy to see that it becomes meromorphic in {2 with S(z) =z
on 0f2.

It is clear from the above proof that when (2 is a quadrature domain the
relationship between the data in (3.25) and the poles of g.(z), S(z) and f(¢)
is as follows:
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1 & jle;
ge(z) = p Z W7
k=1 j=0
S(z) = 1 zm:"k_l _dewj + regular
T =1 j=o (z — 2+t ’
m nrp—1 b )
f(¢) = Z kg + regular.

k=1 j=0 (C - 1/<—/€)j+1

Here (; € U are the points which are mapped onto the quadrature nodes:
f(Ck) = 2. The expressions for the coefficients by; in terms of cx; and z
are somewhat complicated because of the nonlinear nature of (3.28) as an
equation for f.

Quadrature domain theory is in many cases helpful for understanding
properties of Hele-Shaw evolutions, and also for construction of explicit solu-
tions. For example, Theorem 3.7.1 gives a new proof of the fact that the
Polubarinova-Galin equation preserves rational mapping functions (Theo-
rem 2.1.1). Indeed, if f(¢,0) is a rational function, then §2(0) is a quadrature
domain, say satisfies (3.25). Hence all the 2(t) are quadrature domains as
in (3.26), and therefore f((,?) is rational for every ¢. In addition, from the
above relationships between the poles of f(¢,t) and the quadrature data {2z},
{ck;}, which by (3.26) remain fixed during the Hele-Shaw evolution (except
for the coefficient at z = 0), it becomes clear that the poles of f((,t) cannot
collide or disappear. The only possible exception here is the pole at infinity
which, being linked to the source/suction point z = 0, may disappear for one
value of t.

Let us next revisit the first example in Section 2.1.2 and try to explain
why it is possible, in the suction case, to have a rational solution f({,t) of the
Polubarinova-Galin equation such that the free boundary reaches the sink,
whereas this is not possible in the pure polynomial case.

In Figure 2.2 the residual fluid domain after suction of fluid at the origin
is the disk 2 = {|z + 1| < 1}, for which the quadrature identity

é/@daz = 7d(—1)

holds. From this disk the whole Hele-Shaw family may be recovered by in-
jecting fluid at z = 0. This gives a family of quadrature domains {2(t) with
quadrature nodes at z = —1 (for the original disk) and z = 0 (due to injec-
tion there). Letting the time parameter ¢ be the same as in Section 2.1.2 the
quadrature identities are

/ / Bdo. = 7d(—1) + (7 — QO)B(0),

2(t)
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0 <t < 7/Q. The corresponding mapping functions f(¢,t) will be the ratio-
nal functions (2.3) with one pole at infinity, corresponding to the quadrature
node z = 0, and one finite pole ( = 1/¢(t) having the property that the
reflected point 1/¢ = ¢(t) is mapped onto the other quadrature node z = —1.
All this is perfectly fine, and the same argument can be used to show that ra-
tional solutions of the Polubarinova-Galin may end up in virtually any simply
connected quadrature domain {2 with 0 € 0f2.

However, these rational solutions can never be of pure polynomial type,
because for polynomial solutions the fluid domains will satisfy quadrature
identities of the kind

//@doz = (cg — Q)P(0) + 1P (0) + -+ + Cn_lgp(”*l)(O),
20

and then z = 0 can never be on 9f2(t). The corresponding mapping functions
will be of the form f({,t) = a1(t)C+. .. an(t)¢™ with a1 (¢) > 0. An important
remark here is that the quadrature identity remains valid for the limiting
domain in the Hele-Shaw evolution, even if the Polubarinova-Galin solution
breaks down there. Notice also that the above coefficient of ¢(0) equals the
area of £2(t) (choose @ = 1), hence vanishes only if all fluid has been sucked,
which occurs only in the shrinking disk case.

Returning to quadrature domains in general, let us be a little more explicit
concerning the algebraic boundary of a (classical) quadrature domain. Using
the so-called exponential transform [112] one can show [113] that if £2 is a
quadrature domain such that (3.25) holds, then the equation for 92 can be
written on the form

n—1
Pa(2)]P = 1Pe(2) P, (3.29)
k=0

where each Pg(z) is a polynomial of degree k (exactly). The two highest
polynomials P, (z) and P,_1(z) make up the rational function g.(z):

_ |Q‘ Pn—l (Z)
9:C) =\ he)
hence P,(z) = [[j—1(z — zx)™ (up to a constant).
It follows in particular that for a rational solution of the Polubarinova-

Galin equation, the fluid fronts 92(¢) are given, in the notations of (3.26),
by equations of the form

n

Pt = 3 [Pz DI,

k=0

with P,y1(2) = 2[[{=, (2 — 2x)™ and P,(z,t) determined by
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[2(0)] = Qt Pu(z,t) _ IS ey 0t
_ge(z,t)—ﬂ_z :

™ Poi1(2) (2 — 2p)itt 7wz’

To get hold of the remaining polynomials Py (z,t) (0 < k < n — 1) seems to
be quite difficult in general. See [47] for some studies of such questions. An
overview of applications of quadrature domains to problems in fluid dynamics
is given in [48].






4. Geometric properties

In this chapter we deal with geometric properties of general Hele-Shaw flows.
Special classes of univalent functions that admit explicit geometric interpre-
tations are considered to characterize the shape of the free interface under
injection. In particular, we are concerned with the following question: which
geometrical properties are preserved during the time evolution of the moving
boundary. We also discuss the geometry of weak solutions.

4.1 Distance to the boundary

In this section, using some simple observations found in [135], we shall esti-
mate the minimal distance from the source to the free boundary.

Let us consider the problem of injection (@ < 0) into a bounded domain
£2(t) parameterized by a univalent function f(¢,t) that maps the unit disk
U onto 2(t), normalized as f(¢,t) = a(t)¢ + aa(t)2 + ..., a(t) > 0.

Using the Lowner-Kufarev type equation (1.17) for the function f we
obtain

27
. Q 1 1
0

This immediately gives the inequality

or
Qt

7r
The 1/4 Koebe theorem (see, e.g., [95]) yields the inequality

Qt

dist(002(¢),0) > -

a2 (O) —

-

A more general result will be given at the end of this chapter.
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4.2 Special classes of univalent functions

Let us define some special classes of univalent functions which will parame-
terize our phase domains.

A domain 2 C C, 0 € {2 is said to be starlike (with respect to the origin)
if each ray starting at the origin intersects {2 in a connected set. If a function
f(¢) maps U onto a domain which is starlike, f(0) = 0, then we say that
f(¢) is a starlike function. If a function f(¢) maps U onto a domain which
is convex, f(0) = 0, then we say that f({) is a convex function. We denote
the class of starlike functions by S* and the class of convex functions by C.
A necessary and sufficient condition for a function f(¢), ¢ € U, f(0) =0 to
be starlike is that the inequality

¢f'(©)
f(©)

holds. Similarly, a necessary and sufficient condition for a function f to be
convex is the inequality

Re

>0, ¢e€U (4.1)

¢f"(©)
f'(<)

These standard characterizations can be found, e.g., in [8], [65], [98], [206].
A simple way to generalize the class S* is to introduce a class of so-called
starlike functions of order a, 0 < a < 1, obtained by replacing 0 in the right-
hand side of (4.1) by the constant a. Let us denote it by S%. It is known that
any convex function is in 7, (see [182]). Unfortunately, the classes S¢, do not
admit any clear geometric interpretation. A more reasonable generalization
has been given by Brannan, Kirwan [32] and Stankiewicz [243]. A function
f:U—C, f(0) =0 is said to be strongly starlike of order a inU,0 < a <1

ifforall ( e U ©
¢f'(¢
|are f(©) <

The set of all such functions is denoted by S*(«). This class of functions has
a better geometric description: every level line L, = {f(re¥?), 6 € [0,2m)},
f € S*(a) is reachable from outside by the radial angle 7(1 — «) (see Figure
4.1).

The inequalities (4.1- 4.3) also give sufficient conditions for an analytic
function f to be univalent (see [13] for a collection of sufficient conditions
of univalence). Kaplan [148] proved that if f(¢) and g(¢) are analytic in U,

g € C, and
f'(©)
9'(¢)

then f is univalent in U. Kaplan gave the name close-to-conver to univalent
functions f that satisfy the above condition. The close-to-convex functions

Re (1 + ) >0, ¢el. (4.2)

ag. (4.3)

Re

>0, ¢eU,
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Fig. 4.1. Strongly starlike functions of order a (S*(«))

have a nice geometric characterization: every level line L, of a close-to-convex
function f has no “large hairpin” turns, that is there are no sections of the
curve L, in which the tangent vector turns backward through an angle greater
than .

We say that a simply connected hyperbolic domain (2 is convex in the
direction of the real axis R if each line parallel to R either misses {2, or the
intersection with (2 is a connected set. The study of this class goes back to
Fejér [83] and Robertson [220]. If a function f(¢) maps U onto a domain
which is convex in the direction of the real axis, f(0) = 0, then we say that
f(¢) is a convex function in the direction of the real axis and denote the class
of such function by Cr (see Figure 4.2). The criterion that characterizes these

Fig. 4.2. Convex functions in the direction of the real axis (Cr)
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functions is as follows: the unit disk can be divided into two disjoint arcs I
and J, [ = {¢ =¢€¥, 0 € [0,0]U[y,27]}, J ={¢ =€ 0¢€[p]}, such
that

Re ¢f'(¢) 20, for (el
Re (f'(¢) <0, for (e

The harmonic function Re ¢ f’(¢) changes its sign in U. Therefore, the
level lines L, for 0 < r < 1 need not be convex in the direction of R. Hen-
gartner and Schober [132] proved this in 1973. Their proof used an existence
argument. An example of such a function has been given by Goodman and
Saff [97]. Fejér and Szegd in 1951 [84] proved that if the domain f(U) is
symmetric with respect to the imaginary axis, then the above conditions for
a holomorphic function f, f(0) = 0, are sufficient for its univalence and the
level lines are convex in the direction of R. Prokhorov [210] proved in 1988
that, in general, for any r € (0, V2 — 1) the level lines are still convex in the
direction of R. Independently this result (even a more general one) has been
obtained by Ruscheweyh and Salinas [222]. An example by Goodman and
Saff [97] shows that the constant v/2 — 1 can not be improved.

Now we discuss conformal maps from the right half-plane. A simply-
connected domain {2 with a boundary that contains more than two points
in the extended complex plane C is said to be convex in the negative di-
rection of the real axis R~ if its complement can be covered by a family of
non-intersecting parallel rays starting at the same direction of R~. A holo-
morphic univalent map f(¢), ¢ € HY, Ht = {¢ : Im¢ > 0}, is said to be
convex in the negative direction if f(H™) is as above. We denote this class
by Hy . This is somehow an analogue of the class of starlike functions for the
half-plane. The criterion for this property is

Re f/(¢)>0, (=&4ine HY.

We define a subclass Hg (o) of Hp of functions whose level lines L, =
{f(a+1in), n € (—o0,00)} are reachable by the angles m(1 — «) with their
bisectors co-directed with R™. We call these functions convex of order o in
the negative direction (see Figure 4.3). The necessary and sufficient condition
for a holomorphic function f to be convex of order « in the negative direction
is that -

|arg f'(¢)] <ag, 0<a<l, (€H'. (4.4)

4.3 Hereditary shape of phase domains

In this section we shall find some geometric properties which are preserved
during the time evolution of the moving boundary.
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Fig. 4.3. Convex functions of order « in the negative direction (Hg («))

4.3.1 Bounded dynamics

Simple examples show that virtually no geometric properties are preserved
in the case of suction, @ > 0. So we henceworth assume that ) < 0.

Starlike dynamics. Let us start with starlike dynamics. We suppose that
the initial function fy is analytic in the closure of U to guarantee the local
in time existence of solutions (see Section 1.4.3). The following theorem was
proved in [137] (see also [255]). Here we use a slightly modified arguments.

Theorem 4.3.1. Let Q < 0, fo € S*, and be analytic and univalent in a
neighbourhood of U. Then the family of domains 2(t) (in the sequel, the
family of univalent functions f((,t)) remain in S* as long as the solution to
the Polubarinova-Galin equation exists.

Proof. If we consider f in the closure of U, then the inequality sign in (4.1)

is to be replaced by (>) where equality can be attained only for || = 1.
The proof is based on consideration of a critical map f € S*, such that

the image of U under the map (f'({,t)/f(¢,t), |¢] < 1 touches the imaginary

axis, say there exist ¢’ > 0 and (o = €%, such that

arg W0 T (o ), (15)

f(Go,t) 2

and for any € > 0 there are t > ¢/ and 6 € (6y — ¢, 6y + €) such that

10 f/ (10
t
argw Z

f(e?,t)

(or < —

). (4.6)

vl

us
2
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For definiteness we consider the sign (+) in (4.5). Without loss of generality,
let us assume ¢’ = 0. Since f’(e?,t) # 0, our assumption about the sign in
(4.5) yields that

Go.J' (G0, 0)

Tm 20 0 (4.7)
f(€0,0)

(the negative case is considered similarly).

Since (p is a critical point and the image of the unit disk U under the

mapping 4]{&%(;) touches the imaginary axis at the point ¢y = €0, we deduce
that _ )
o 619.](’/(610’0) 0
a0 f(e?,0) 9=0, ’
0 retfo f'(reif ) 0
or f(re®,0) |._,

From this we calculate

Cof"(¢0,0) Cof'(Co,O)] _

fe [” PG00  f0 |7 (*5)
Cof"(60,0) Cof/(Co,O)]

m {” 0 G0 |7 9

By straightforward calculations one derives

9 ¢f'(¢) 9 10e LG (gf’(“) %f@’t)>.(4.10)

A 1 (S0) B A 1 (90

f(¢1) f(¢1)

We now differentiate the equation (1.16) with respect to 6,

—— 0
tun (G 53460 = CFC0/60) - CFG0/G0) =0, (411
for |¢| = 1. This equality is equivalent to the following:

I£(¢,£)2Im <%f’<<7t> B %f(c,t)>

f(¢1) f(¢1)

=Im (Cf/(C7 t)f(Cv t))

V(ST A(SY))
Substituting (1.16) and (4.8) in the latter expression we finally have

0 ¢f(¢1)

ot e f(¢,t) ‘C:e“’o,tzo

T <<f”<<,t> U +1>.
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Q I 61'90 f/(ewo’ 0) N ewo f//(eieg , 0)
= : m - - .
27r|f’(e“90, 0)|2 f(eleo, 0) f/(ezeo, O)

The right-hand side of this equality is strictly negative because of (4.7), (4.9).
Therefore,

eief’(eig,t) _ -
fle? ) 2
for ¢ > 0 (close to 0) in some neighbourhood of #y. This contradicts the

assumption that 2(¢) fails to be starlike for some ¢ > 0 and ends the proof
for the class S*. m|

arg

The property of preservation of starlikeness is especially interesting in
view of Novikov’s theorem [193], that says: if two bounded domains are star-
like with respect to a common point and have the same exterior gravity
potential, then they coincide.

We continue with strongly starlike functions of order «. We shall prove
that starting with a bounded phase domain (29 which is strongly starlike
of order @ and bounded by an analytic curve we obtain a subordination
chain of domains 2(¢) (and functions f(¢,t)) under injection at the origin
which remain strongly starlike of order «(t) with a decreasing order «(t).
The following monotonicity theorem is found in [116]. A similar result has
recently and independently been obtained in [168]

Theorem 4.3.2. Let fy € S*(a), o € (0,1], be analytic and univalent in
a neighbourhood of U. Then the strong solution f((,t) to the Polubarinova-
Galin equation (1.16) forms a subordination chain of strongly starlike func-
tions of order a(t) with a strictly decreasing a(t) during the time of existence,
a(0) = a.

Proof. Let tg be such that the strong solution f((,t) exists during the time
t € [0,tp), to > 0. Since all functions f((,t) have analytic univalent extension
into a neighbourhood of U during the time of the existence of the strong
solution to (1.16), their derivatives f'(¢,t) are continuous and do not vanish
in U. Moreover, f((,t) are starlike in U (see Theorem 4.3.1). Therefore,
there exists a(t), 0 < «a(t) < 1, such that f({,t) € S*(a(t)) and f((,t) &
S*(a(t) —€) for any € > 0.

Let us fix ¢ € [0,t0) and consider the set A of all points ¢, || = 1 for

which |arg C}tééct,t),” = am/2. First, we deal with the subset AT of A where

arg ft) _— (4.12)

Gy 2
The sets AT and A~ = A\ A7 are closed and do not intersect. One of the sets

AT and A~ is allowed to be empty. Without loss of generality we suppose
that AT #£@. For any point ¢ € AT, we have
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¢SSt
f(Gt)

Im

> 0. (4.13)

(Gt

]{ég ) attains its maximum on ¢ € U at the points of

The argument arg
AT. Therefore,

i eief/(eie,t/)

. = =e? c At
aearg 7@ 1) 0, (=eYe€e

6 g/ 6 4/ .
The argument arg %, e’ € At attains its maximum on r € [0,1]

at r = 1. Hence,

9 rewf’(rew, t/)
or e 1) |, 2
We calculate CHCE) P
fte {” PG FGE) } - .
- [1+ CfGt) Cf’(C,t’)] >0, (4.15)

V(ST (91
where ¢ € AT.
Let us represent the derivative

CH 0 P <%f’<<vt> %f<“>>.<4.16>

at " TF(C D) = Im g log f(¢1)

f(¢1) f(¢ 1)

Now we differentiate the Polubarinova-Galin equation (1.16) with respect to
0 as

Im (f'(c,w%f’(w — G - <2f”<<,t)f<<,t>) =0, (="
(4.17)
This equality is equivalent to

(¢, t)[*Im <%f'<<’f> - %f(ng))

F1(¢,t) F(G:1)
- w[crenricy <(<f”(<,t)) RN 1) J

f(¢1) f(¢: 1)
Substituting (1.16) and (4.14) in the latter expression we have
9 ¢f'(¢1) _Q (Cf’(C,t') Cf”(C,t/)>
- = I .
5T kearae = FEAP™ UG T TS

The right-hand side of this equality is continuous on AT and strictly negative
because of (4.13), (4.15). Therefore,
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NS (S

max - arg

ceAt Ot f(¢, 1) ‘t:t’

=—-0<0.

There exists a neighbourhood A (4) on the unit circle of AT such that A*(4)
and A~ do not intersect and

!/
O o ¢r'(¢.t) ‘ < 8
f(Gt) lceat(s)=v 2
There is a positive number o such that
¢f'(¢t) _arm
max  arg =— —o0.
CEDU\A+(5) f(Gt) D= 2

‘We choose such s > 0 that

(i) t' + s < to;

y ¢f(G 1) Ll

(11)5 arg F(C,1) lceat o) 0, telt't' +s];

Cfl(g t) T < 1oy
(111)C€81f[}1\8LAJr arg ) §7—§, teltht +s].

The condition (ii) implies that

arg% < %, te 't +s], (€ AT().

Thus, the condition (iii) yields

at(t) = Iax arg CJ{;S;;) < % =a(t), forallte (t',t + s

This means that o (t) is strictly decreasing in [0, Zg).
If the set A~ #0), then we can define the function

o )
o (0) =~ iy e e gy

Similar argumentation shows that o~ (¢) is strictly decreasing.

If A= =0 (or AT =0), then a(t) = a™(t) (or = a~(t)) for t € [t/,t' + 3],
s sufficiently small.

We set the function a(t) = max{a™(t),a ()} in the case AT #0 and
A~ #@. The so defined function «(t) is strictly decreasing, that ends the
proof. O
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Directional convex dynamics. We proceed with the class Cr and the
dynamics under injection (Q < 0).

Theorem 4.3.3. If the initial domain 2(0) is convex in the direction of R,
then the family of domains 2(t) (in sequel, the family of univalent functions
f(¢,t)) preserves this property as long as the solution of the Hele-Shaw prob-
lem exists and the level lines of the function f({,t) also are convex in the
direction of R in a neighbourhood |¢| € (1 —¢,1].

Remark. The last requirement is fulfilled always if the initial domain {2y is
symmetric with respect to the imaginary axis due to Fejér and Szegé [84].

Proof. Let us again consider a critical map f € Cg, such that the image
of U under the map (f'({,t), || < 1 touches the imaginary axis. In other
words, there exists (o = €', which satisfies the equality arg (o f’(o,0) = 3
(or —%) at the initial instant ¢ = 0 and for any ¢ > 0 there is such ¢t > 0
and 0 € (6p — €,00 + ¢) that arg e f'(e?, 1) > T (or < —%). Of course,
arg e f'(¢"?,0) = Z and arg e™ f'(e",0) = —Z. In this case the curve
e? f/ (', t) has the intersection with the imaginary axis at the points ¢, .
Then, % arg e /(e t) > 0, or Re (1+¢ f"(¢,0)/f'(¢,0)) > 0 for ¢ = re®®
forall 7 ~ 1, r # 1, and € ~ ¢ or 9. Thus, the level lines of the function f are
of positive curvature, therefore, due to the argument of continuity, they are
still of positive curvature locally in time ¢ > 0 and reachable by horizontal
rays. So we suppose that arg (g = 0y # ¢, or 1 on the smooth boundary of
f(U,0) = £2y. Let us assume 0y € [0, ¢) U (¢, 27]. For other location of 6y the

proof is similar. For definiteness, we put

[Fr0)

arg o f'(Co,0) = % (4.18)

Since f’(e?,t) # 0, we have that Im (o f’({p,0) > 0. Since ( is a critical
point and the image of the unit disk U under the mapping (f’(¢,0) touches
the imaginary axis at the point (o = €0, we deduce that

9 § i
— arg " (e 9’0)|9:90 =0,

00
9 arg e’ f'(re’® . 0)| _ >0
or P =1 =
We calculate Cof"(6o.0)
0 0> _
Re |:1 + m} = 0, (419)
o.f"(¢o0,0)

Let us show that in (4.20) the equality sign is never attained. If it were so,
we would conclude that (Cf’((,O))"CZCO = 0 because of (4.18). This means
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that the function Re ¢ f’(¢,0) admits both signs in a neighbourhood of {y in
U. This contradicts the condition that the level lines preserve the property
to be convex in the direction of R. Therefore, there is a strict inequality in
(4.20).
Then we derive
F1(¢ 1)

57 () =T Slog £/(C.0) = T 50 a2n)

Now we use the result of differentiating (4.11) and come to the equality

O g1 . S
If’(c,t)lzlm%(i’;) — Im CF(C, D (. 1)) <<f Gt 1) .

f(¢1)
Substituting (4.31) and (4.19) in the latter expression we finally have

_ Q ei@g f//(ewo’ 0)
—e0  2m[ [/, O)? fi(e®,0) )

The right-hand side of this equality is strictly negative because of (4.20) and
the remark thereafter. Hence, arg e? f'(e? t) < 5 for t > 0 close to 0 in
a neighbourhood of 6y. This contradicts the assumption that {y is a critical
point and ends the proof for the class Cg. a

o arg TG0, tm (14

Close-to-convex dynamics. Of course, a function from Cpg is close-to-
convex. But in general, a result analogous to the previous theorem for close-
to-convex functions is not true [137], because the level lines of a close-to-
convex function remain to be close-to-convex but may fail to be Cr. Here
we give an example to prove that the solutions of the inner problem do not
preserve the property of the initial flow domain to be close-to-convex.

It is known [148] that close-to-convexity is equivalent to the following
analytic assertion: for any 67,6 such that 0 < 65 — 61 < 27, the inequality

7

01

Tewf//(rew)

1+ Re F(rei)

1d9>—7r, 0<r<l1,

holds (the equality sign is possible when r = 1). Denote by

02

H(91,92,f(4at)):/

01

1+Re (ga%log f’(g,t))]de, ¢ =re?.

Let f(¢,t') be a critical close-to-convex mapping, i.e., there are 1 and 65,
such that 0 < 6y — 61 < 2m and H (6,602, f(e’?,t')) = —m. Without loss of
generality we assume ¢’ = 0. Therefore, the integrals .J1(0) = H(0, 02, fo(e'?))
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and Jo(0) = H(01,0, fo(e?)), as differentiable functions of the first and the
second argument of H respectively, have the local maxima J;(6) at the point
01 and Jy(0) at the point 6, i.e., J{(61) = 0 and J5(02) = 0. This means

() m (D) s

The function J3(r) = H (61,04, fo(re'?)) locally decreases in r € (0,1] in the
neighbourhood of 17, and J3 is differentiable in this semi-interval. Hence,

02
s eief//(eie) B ei92f//(€i02) eielf”(ewl)
A= fa( SR ) =m (G - ) <o

01
(4.23)
Checking the sign of
O H (01,62, fo(e?))
ot

at the point ¢t = 07 we come to the decision about close-to-convexity. If it is
negative, then there is a neighbourhood (0, &) where H(01, 09, f((,t)) < —,
that contradicts the condition of close-to-convexity.

As in preceding subsections we deduce from the Polubarinova-Galin equa-
tion

2H(el,ag,f(e“’,t))

. . 723
5 —Q ’f (60’0)] . (4.24)

= |f/(ei0’0)|21m /(e 0)

We have @ < 0 for injection and consider an example of critical map

t=0

fo(6) = j exp [— - 7@(9) —0-3)s(0. <>d9] d,
0 0

where S(6, () is the Schwarz-Poisson kernel

e +¢
ez‘@_c’

5(0,¢) =

v(0) = 3m(1 +sin(2(0 —7))), @ =7 — arcsin 23, = ) =7 — % This
function satisfies the condition fo(¢) = fo(¢), hence |f}(e?)| = |f5(e?%2)].
By (4.23) we obtain that the right-hand side in (4.24) is not positive. So it

w0 e a0y |92
suffices to prove that Im %eﬁz)) , £ 0.
1

Calculate integrating by parts

02 a2 2
, = 237042 /sin(%(@ — 7)) log [1+ cos(f + ;T—a)]d& (4.25)
0

eief(/)/(eie)
Im ——————=
CD
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From the obvious inequality § < % < 7 it easily follows that the right-hand
side of (4.25) is strictly negative and remains negative for f({,t) in some time
interval ¢ € [0, ).

To complete the proof we show that fy(() is close-to-convex and univalent
verifying the condition Re f{(¢) > 0. This condition is equivalent to the
inequality

27 .
s 1 s
~ L < Re— —0— =)= <
2—Re2w/<7(9) 3 =3
0

The right-hand side inequality is equivalent to fo% (v(0)—0—m)P(¢,0)do <0,
where P((,0) = Re S((,0) is the Poisson kernel. The sign is obviously verified.
The left-hand side inequality can be considered analogously.

4.3.2 Dynamics with small surface tension

As we mentioned in Section 1.4.4, in most practical experiments zero surface
tension process never occurs in the three dimensional case. A 2-D approxima-
tion of the 3-D effect is given by introducing surface tension in the 2-D case.
At the same time the non-zero surface tension model regularizes the illposed
problem.

We recall from Section 1.4.4 that the governing equations for the nonzero
surface tension model are

Ap = Qbp, in 2z € 2(t), (4.26)

p=k(z), on ze€I(t), (4.27)
__op

Un=—po, on z€ I(t), (4.28)

where « is the curvature of the boundary and ~ is surface tension. The prob-
lem of the existence of the solution in the non-zero surface tension case has
been discussed in Section 1.4.4.

Now we obtain the equation for the free boundary using an auxiliary
parametric univalent map. To derive it let us consider the complex potential
W(z,t), Re W = p. For each fixed ¢ this is an analytic function defined in
£2(t) which solves the Dirichlet problem (4.26-4.27) in the sense that its real
part induces the same distribution as the solution of the problem (4.26-4.27).
In the neighbourhood of the origin we have the expansion

Wi(z,t) = %logz+wo(z,t), (4.29)

where wy(z,t) is an analytic regular function in §2(t).

To derive the equation for the free boundary I'(t) we use the same argu-
ments as in Sections 1.4.1, 1.4.2 and consider the Riemann conformal univa-
lent map f(¢,t) from the unit disk U = {¢ : |z| < 1} into the phase plane
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f:U— 02(t), f(0,t) =0, f/(0,t) > 0. Then the moving boundary is param-
eterized by I'(t) = {f(e%?,t),0 € [0,27)}. The normal velocity v,, of I'(¢) in
the outward direction is given by v, = —dp/0n. The normal outer vector is
given by the formula )

f

n=_(—, (edl.
']
Therefore, the normal velocity is obtained as
!
v, =V -n =—Re ow. .
9z " |f'|

The superposition (W o f)((,t) is an analytic function in the unit disk. Since
the Laplacian is invariant under conformal map, the solution to the Dirichlet
problem (4.26—4.27) is given in terms of the {-plane as

27
_ i0
(Wo f)(C1) = % log ¢ + o / K1) gda +iC, (4.30)
0

where

Re (1+ ¢ (e, 0)/f (. 1))
(e, 0)

k(e t) = , 0€l0,2m).

We calculate ) ) )
Or(e” t)  —Im e*0 Sy (e", )

o0 |f/ (e, t)] ’
with the Schwarzian derivative (see e.g. [65], [206], [207])

0= & (J6) _L(FEy”

Differentiating (4.30) we deduce that

ow .,
Cgf(gt)—% - 5df, C€U.
0

27
Q v [ r(e?)ce”
- ./(a9—<>

Integrating by parts we obtain

27 . . .
Q ~y / Im ezlesf(ele,t) e + ¢

P ar—¢?

ow .,

T 2r 2mi
0

On the other hand, we have v, = Re f (f’/|f'|, and applying the Sokhotskii-
Plemelj formulae [187] we, finally, get
Q ¢254(¢:1)

Re f(¢, 1) f/(C.t) = o vH [ilm m} (9), (4.31)
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¢ = €%, where the Hilbert transform in (4.31) is of the form

L / I i)

For v = 0 we just have equation (1.16).
From (4.31) one can derive a Lowner-Kufarev type equation by the
Schwarz-Poisson formula:

j= —Cf B / m (Q +~H {zlm Q?iil(;i:),|t)} (9)) eze + gd9

(4.32)

where ( € U.

An interesting question appears when v — 0. It turns out that the solution
in the limiting ~-surface-tension case need not always be the correspond-
ing zero surface tension solution (see the discussion in [239], [245], [251]).
This means that starting with a domain 2(0) = £2(0,v) we come to the do-
main (2(¢,7) at an instant ¢ using surface tension v and to the domain £2(t)
at the same instant ¢ in the zero surface tension model. Then the domain
%ii% 2(t,v) = £2(t,0) is not necessarily the same as (2(¢) (see numerical evi-

dence in [212]). If the boundary I" is highly curved, then the condition (4.27)
must be used even though + is small. Obviously, the non-zero surface tension
model never develops cusps. Thus, solutions and geometric behaviour of the
free boundary for small v are of particular interest.

4.3.3 Geometric properties in the presence of surface tension

We need the following technical lemma.

Lemma 4.3.1. For the function f : U — C which parameterizes the phase
domain 2(t) we have the equality

0 rie*®Im Sy(e') B ‘
89H[W} () = —H[iA](9)
with
e (25,0 +<[(59) - 8 (£8)]) + n 5§ 1m0
A(Q) = .

11Ol

Proof. We denote by
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2m

i Ime?i@’sf(eie’) et )
20 =1 [ et o s €U

Then, by the Sokhotskii-Plemelj formulae we deduce that

_ Im 62i0’Sf (eiel) JIm 62i0/5f (eiel)
20 =i par g~ e o

We note that the second term in the above relation is real, that can be easily
seen by the definition of ¢ and the Schwarz integral formula. The left-hand
side in (4.31) is differentiable on 6 and that is why one can calculate the
derivative in question as the limit

](9).

1m
¢—(1-0)e

0 {,Im 29" Sy (e")

25 Ve }(0):1111 lim ().

(—(17)er

We calculate

2

. Imem"lS (eie’) 61‘9’
()= f 4 4
© ”0/ R ) I

Integration by parts leads to the equality

cdo
et — C

1 27 >
(') == [ A(e”)
W!

Thus, we apply the Sokhotskii-Plemelj formulae once again and get the as-
sertion of the Lemma 4.3.1. a

Theorem 4.3.4. Let QQ < 0 and the surface tension vy be sufficiently small.
If the initial domain $2(0) is strongly starlike of order o, then there exists
t = t(y) < to, such that the family of domains Q2(t) (in the sequel, the
family of univalent functions f((,t)) preserves this property during the time
t € [0,¢(y)]-

Remark. For v = 0 we have the result of Theorem 4.3.2.

Proof. If we counsider f in the closure of U, then the inequality sign in (4.3)
can be replaced by (<) where equality can be attained for |¢| = 1.

We suppose that there exist a critical map f € S*(a) of exact order a,
that is the image of U under the map (f'((,t)/f(¢,t), |¢] < 1 touches the
boundary rays I* of the angle arg w € [~a%, %], say there exist such ¢’ > 0
and ¢y = €%, that

CO f/(<07 t/)

m s
arg W = QE (OI' —065), (433)



4.3 Hereditary shape of phase domains 89
and for any € > 0 there is such ¢ > ¢’ and 6 € (6p — ¢, 0y + €) that

10 £1( 10
t
arg M 2 aE (Or S —
f(e,t) 2
For definiteness we put the sign (+) in (4.33). Without loss of generality, let
us assume ' = 0. Since f’(e?,t) # 0, our assumption about the sign in (4.33)

yields that
Cof'(€o,0)

(the negative case is considered similarly).
Since (j is a critical point and the image of the unit disk U under the

ol

).

mapping GO touches the ray [T at the point (y = e, we deduce that

£(¢,0)
o ewf/(ew, O)
—arg ————— =0,
00 f(e?,0) {4,
0 ret f'(reifo 0)
— _ e~ > 0.
or are f(rei?,0) —1

We calculate

Cof"(¢0,0) COf,(<07O):| _

Re {1 e TG | =0 (4.35)
Cof"(C,0) Cof/(Co,O)]

Im [1 + (G, 0) G0, 0) > 0. (4.36)

One can derive

o CF(GH) () N (%f’(at) %f@at)) (4.37)

T (e e TRl 7oty )

We now differentiate the equation (4.31) with respect to 6 using Lemma 4.3.1,

Im (f’(C,t)%f’(Qt) RGOS —czf"(c,t)f'(c,t)) = —YHLiA](6),

(4.38)
for ¢ = €. This equality is equivalent to the following:

21t 21
) ) 57 _ ot
1f1(¢, 8)[*Im ( ¢t FG) )

V(SR ()
Substituting (4.31) and (4.35) in the latter expression we finally have

— I (GG DG 1)) (Cf 6t GG | 1) L H[IA)(0).
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9 Cr(¢,t) 1 (% Y ~NH {ﬂm W} (00)) x

ot e m’<=ei90,t:0 ~f(e,0)) (el

cifo f/(ci%,0) e f(ci® 0)\  H[iA(c)](0))
”m( f@.0) " F{@m,0) )” [/ (e, 0)2

The right-hand side of this equality is strictly negative for small v because
of (4.34), (4.36). Therefore,

(4.39)

et f/(em’ t) T

eI <
for t > 0 (close to 0) in some neighbourhood of 6y. This contradicts the
assumption that 2(¢) fails to be starlike for ¢ > 0 and ends the proof for the
class S*(a). |

4.3.4 Unbounded regions with bounded complement

We now consider a Hele-Shaw cell in which the fluid occupies a full neighbour-
hood of infinity, so that the complementary set is a finite bubble. Injection
or suction is supposed to take place at the point of infinity. This model has
various applications in the boundary problems of gas mechanics, problems of
metal or polymer swamping, etc., where the air viscosity is neglected. More
about this problem is found in [76], [140].

As usual we denote by 2(¢) the fluid domain, i.e., in this case the un-
bounded complement of the bubble in consideration (see Figure 4.4). Let p

Y

()

Fig. 4.4. 2(t) is the complement to a bounded simply connected bubble with the
boundary I'(t) and the sink/source at infinity

be the pressure in the domain 2(t) occupied by the fluid. We construct the



4.3 Hereditary shape of phase domains 91

complex potential W(z,t), Re W = p. For each fixed ¢ this is an analytic
function defined in £2(t) which solves the problem

Ap =10, in ze (), (4.40)

p=0, on ze€lI(), (4.41)
__9p

Un=—g o on 2z e I'(t), (4.42)

normalized about infinity by
Q
P~ loglal, as |zl — oo,
2w

where () is the rate of bubble release caused by air extraction, @ < 0 in
the case of contracting bubble, ) > 0 otherwise. For this choice of @ the
case of Q < 0 is stable whereas Q > 0 is not. Mathematical treatment for
the case of a contracting bubble was presented in [76]. In particular, the
problem of the limiting configuration was solved. It was proved that the
moving boundary tends to a finite number of points which give the minimum
to a certain potential. There an interesting problem was posed: to describe
domains whose dynamics presents only one limiting point. Howison [140]
proved that a contracting elliptic bubble has a homothetic dynamics to a
point (in particular, this is obvious for a circular one). Entov, Etingof [76]
(see also [254]) have shown that a contracting bubble which is convex at the
initial instant preserves this property up to the moment when its boundary
reduces to a point. These domains are called “simple” in [76].

Now our parametric domain is the exterior part of the unit disk, and there
exists a unique conformal univalent map F'(¢,t) from the domain U* = {¢ :
|2| > 1} into the phase plane F': U* — (1), F(¢,t) = a +ao + “z- + ...,
a > 0. By a shift we assume 0 & closure(F(U*,t)).

We repeat the calculations of the preceding subsections taking into ac-
count that the normal vector is calculated as

n =—CF'/|F'|, [¢{|=1,

and come to the Polubarinova-Galin equation:

Re F(¢ TG = &, (1.43)
The Lowner-Kufarev realization of this equation is easily obtained by analogy

with the equation (1.16).

Hereditary properties. We call the problem with injection at infinity the
outer problem. In other words we consider the stable case of a contracting
bubble, @ < 0. Here we prove that a contracting starlike bubble preserves
the property of starlikeness and directional convexity.
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Let us suppose that the complement of the fluid domain contains the
origin and starlike with respect to the origin at the initial instant. Therefore,
if a function F'(¢) = a(+ao+a—1/¢+... is defined outside of the unit disk,
then the function f(¢) = 1/F(1/¢) is holomorphic in U. Then the equation
(4.43) can be rewritten in terms of this holomorphic function as

X . 4
Re fe 0T @D =~ 2EOE o1 g0 aay

The condition of starlikeness Re (F'/F > 0, [(| > 1 is equivalent to
Re ¢f'/f > 0,|¢| < 1. We must control the sign of the functional % arg Cf'/f.
Differentiating (4.44) with respect to 6 we obtain

LS (SR
ot f(CD) fof

:%Im (f7(1—<_f+£)+44_fw)

|f A f oo
on the circle |¢| = 1. At a critical point (, we have
Re%—q Im%>0,
O O N
| S ) 2

Finally, we have

GG QU SRS ANes
gie ey =g (0SS ) aw

The right-hand side of (4.45) is strictly negative due to the previous chain
of inequalities. Therefore, we have the affirmative answer in the case of an
contracting bubble.

Theorem 4.3.5. Let Q < 0. If the domain of a contracting bubble Dy =
C\ 2 is starlike (or strongly starlike) with respect to a point zo € Dy at
the initial instant, then the family of functions f((,t) and the family of the
domains D(t) = C\ £2(t) preserves the same property as long as the solution
exists and zy € D(t).

In particular, a convex domain Dy is starlike with respect to any point
from Dy, and therefore, the convex dynamics is also preserved, as has been
proved earlier in [76], [254].
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Remark. Let us give a remark concerning the above result. It can be for-
mulated as follows: if we find a point zg in Dy with respect to which Dy
is starlike, then the domains D(t) are also starlike with respect to the same
point zg during the existence of the solution or up to the time when zo € I'(t).
This means that if Dy is simple (in the terminology of [76]), zo is a limiting
point in which D(t) contracts, and Dy is starlike with respect to zg, then
D(t) remains starlike up to the instant when all air is removed (there exist
non-convex simple domains, see [76], [254]).

Similarly we establish the following.

Theorem 4.3.6. If the initial domain is convex in the direction of R and
symmetric with respect to the imaginary axis, then the contracting bubble
preserves this property as long as the solution exists.

Let us set up in the table the information about the dynamics for bounded
and unbounded domains for the inner and outer stable (well-posed) problems
known at the moment using special univalent functions. Here “yes” means
that the property is preserved whereas “no” means that is not. For the outer
problem we consider the complement to £2(¢).

Class Inner Outer problem
of univalent functions problem

starlike (or strongly starlike) yes yes

convex no yes
close-to-convex no no

convex in the direction of R yes yes

(with the condition for level lines)

For the illposed case less results are known. Injected air forms a bubble
which grows as time increases. It has been shown [140] that three kinds of
behavior can occur. Firstly, the solution may cease to exist in finite time;
secondly, the solution may exist for all time and the free boundary may have
one or more limit points as t tends to infinity; and thirdly, the bubble may
exist for all time and fill the whole space as t tends to infinity. Making use of
quadrature domains it has been proved that the only solutions of the third
kind are those in which the bubble is always elliptical. The multidimensional
case has been treated in [59].

4.3.5 Unbounded regions with the boundary extending to infinity

This model corresponds to the moving fluid front which for definiteness we
suppose to be located to the right. More precisely, we denote by £2(t) a simply
connected domain in the phase z-plane occupied by the moving fluid and its
moving boundary I'(¢t) = 0f2(t) contains the point at infinity. With z =
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x + 4y one can construct a parametrization I'(t) by the equation ¢(z,y,t) =
#(z,t) = 0, so that ¢(co,t) = 0. Assuming a natural normalization for I'(¢)
close to 0o, we require that I'(¢) is a vertical straight line near infinity (see
Figure 4.5). The initial situation is represented at instant t = 0 as 2(0) =

Fig. 4.5. 2(t) is an infinite domain with the boundary I'(¢) extending to infinity
and the sink/source at the infinity

2y, and the boundary 02y = I'(0) = Iy is defined parameterically by an
implicit function ¢(x,y,0) = 0. We construct the complex potential W(z,t),
Re W = p, where p is, as usual, a pressure field in £2(¢). For each fixed ¢ the
potential W is an analytic function defined in (2(¢) which solves the problem

Ap =0, in ze€ (), (4.46)
p=0, on zell(t), (4.47)
dp
= - — . 4.
Up o’ O0 ZE€ I(t) (4.48)

We assume that the velocity tends to a constant value ) as z — oo, that is
positive when fluid is removed to the right and negative otherwise. In terms
of the potential p we have p(z,y,t)/x — —Q as x — oo for any ¢ fixed.
The problem of the existence has been discussed in Subsection 1.4.4. It is
noteworthy that for this case the local solvability and uniqueness was proved
by Kimura [153] in presence of surface tension.

We consider the auxiliary parametric complex (-plane, { = £ + in. The
Riemann Mapping Theorem yields that there exists a conformal univalent
map f((,t) of the right half-plane HT = {¢ : Re ¢ > 0} into the phase
plane f : HY — (t). The half-plane HT is a natural parametric domain
for §2. The function f(¢,0) = fo(¢) produces a parametrization of I'y. The
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smoothness of the boundary I'(¢) and its behavior in the neighbourhood of
oo allows us to assume the normalization f((,-) = al + ao + a% + ...,
¢ ~ o0, a > 0, i.e., the function f has an analytic continuation on the
imaginary axis OHT near co. Thus, the moving boundary is parameterized
by I'(t) = f(OH™,t). The normal velocity v, of I'(t) in the outward direction

is given by v, = —dp/On . The normal exterior vector is given by the formula

of !

=—-==|= €0HT.

aclac| ¢
The harmonic function p is a linear one. The normalization about infinity
implies that W o f = —Q( and the Polubarinova-Galin equation is of the
form _

e (fc.HF D) =@ Re¢ =0, (4.49)

The application of the Schwarz integral formula enables us to deduce a
Lowner—Kufarev type equation in the right-hand half-plane

8f __la_f by Q dn/ .
at wagé (i )2 i — ¢ CeHT, (4.50)

with the initial condition f({,0) = fo(¢). Taking into account surface tension
this equation becomes

ZIme
/']

e (FGOFEn) =@+l S5 ), Re ¢ =0,

with the Hilbert transform defined as

Y(in')dn’
/ T~ H).

Hereditary properties. We are going to prove that if the initial interface
possesses the property to be convex of order « in the negative direction
(Hg (), then the free boundary remains convex in the negative direction
of the same order in so far as the solution to the Hele-Shaw problem exists
in the case @ < 0 (the liquid moves to the left). An important remark is
that the level lines of a function from Hp (a) remain convex in the negative
direction.

We are going to prove the following statement.

Theorem 4.3.7. Let @ < 0 and $2(0) (and so that for f(¢,0)) be a domain
convex in the negative direction of order (o). Let the solutions to the equation
(4.49) exist during the time t € [0,tg]. Then, for all t € [0,t0] the family of
functions f(¢,t) and the family of domains 2(t) preserve the same property
of convezity.
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Proof. Let us again suppose the contrary. In other words, there exists {; =
e that satisfies the equality

arg f'(Co,0) = ozg (or —aZ) (4.51)

at the initial instant ¢ = 0 and for any € > 0 there is such ¢ > 0 and
6 € (6o —e,00 +¢) that arg f/(e"?,t) > aZ (or < —aZ). For definiteness we
put the sign (+) in (4.51). This means that the mapping f(¢,0) is critical for
the property of convexity in the negative direction. Since the free boundary
I'(t) tends to a vertical line as n — %00, we can consider finite critical points
Co = imp and the set of such critical points lies in the compact subset on the
imaginary axis.

I'(t) is analytic, the function f is analytically extendable onto the imag-
inary axis, and the derivative f'({p,t) # 0. Suppose that Im f'({p,0) > 0
(for Im f'({p,0) < O the proof is similar). Now we show that f”(¢p,0) # 0.
If not, then the point ¢y is a branch point of the function f’(¢,0) and in a
neighbourhood of this point in HT the quantity arg f’(¢,0) — an/2 admits
both positive or negative values. This contradicts the assumption that the
function f(¢,0) is convex in the negative direction.

The image of the right half-plane H™ under the map f’(¢,0) touches the
ray arg w = af at the point f'(¢p,0). Thus, the following statements are
true

0 , 0
——ar in, 0 =0, —=arg f'(£+1ino,0 <0.
o 28 [ 0) g & ['(€+im, 0)]
Calculation of the left-hand sides of these formulae leads to the following
f"(imo, 0) f"(ino, 0)
Rel 10— i 00 4.52
(i 0) (i, 0) o2

We differentiate (4.49) with respect to  and at the point 7y using (4.52) we
obtain

s 2 f’(imO) o hre Ty L ,.—f”(inyo)
|f'(in,0)] Imm =1Im f(in,0)f"(in,0) = Im f(in,0)f (Zﬁvo)m~
(4.53)
From (4.52) and (4.53) it follows that
a (s
5 418 1 (ino,t) o —QIm %. (4.54)

The inequality in (4.52) with @ < 0 implies that the right-hand side of
(4.54) is strictly negative for t > 0 close to 0 and the inequality arg f’(ing,t) <
a3 holds in some neighbourhood of i7g. This contradicts the assumption that
£2(t) fails to be convex in the negative direction for ¢ > 0 and ends the proof.
O
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Finally, in this section we should say that there are several other processes
that involve planar dynamics in Hele-Shaw cells. Let us refer the reader, for
example, to the papers [28], [82], [138], [143], [198], [209] and the references
therein. We mention here a 600-paper bibliography of free and moving bound-
ary problems for Hele-Shaw and Stokes flow since 1898 up to 1998 collected
by Gillow and Howison [93]. Let us mention also a recent work [128] where
the authors study the Hele-Shaw flow on hyperbolic surfaces.

Most of the results presented in this section are found in [116], [137], [211],
[258], [255], [257].

4.4 Infinite life-time of starlike dynamics

In this section we prove precisely that starting with a starlike bounded ana-
lytic phase domain {2 the Hele-Shaw chain of subordinating domains {2(t),
20 = £2(0), exists for all time under injection at the point of starlikeness.
Suppose that at the initial time the phase domain {2y occupied by the fluid
is simply connected and bounded by a smooth analytic curve .

In Section 4.3.1 we proved that starting with a phase domain {2y which
is strongly starlike of order o and bounded by an analytic curve we obtain a
subordination chain of domains 2(¢) (and functions f((,t)) strongly starlike
of order «(t) with a decreasing order «(t).

In this section we will first prove that if the strong solution to (1.16) exists
during the time interval [0,¢p), then the limiting function t_l)itron_o f¢,t) =

f(¢, tp) is analytic in some neighbourhood of the unit disk U. Here the limit
is taken with respect to the uniform convergence on compacts of the unit
disk U. It exists because f((,t) is a subordination chain and due to the
Carathéodory Kernel Theorem. Then, we shall give the main result about
the infinite lifetime, see also [116]. Let us normalize the injection rate by
taking @ = —1.

Theorem 4.4.1. Let the strong solution to (1.16) with Q = —1 exist during
the time interval [0,tg), 0 < to < oo, 2(t) = f(U,t), and let the initial
function f((,0) be analytic and univalent in a neighbourhood of the closure of
the unit disk U. Then the function f((,t) is analytic in Ug, where the radius
of analyticity R(t) > 1 is a nondecreasing function int € [0,tg]. The function
f(¢,t) is univalent in U, and possibly f((,to) has a vanishing derivative at
some points of the unit circle OU or is not univalent on OU. It follows that
N2(te) = f(U,to) is a simply connected domain with an analytic boundary
082(to) with possible analytic singularities in the form of finitely many cusps
and double points. In the case there are no singularities the strong solution
can be extended to some time interval [0,to + €).

Proof. By the Carathéodory Kernel Theorem the domain
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2= |J 20

te(0,t0)

is just the same as in the formulation of the theorem and 2(t¢) is a simply
connected domain. It follows from Proposition 3.3.1 that 2(¢g) is also the
same as the domain at time tg for the weak solution.

We note also that since the normal velocity on the boundary never van-
ishes, we have the strict monotonicity of the subordination chain of domains:

Q2(s) c 2(t) for s <tands,te(0,t). (4.55)

Letting t — to we see that 4.55) hold for ¢ = tg, i.e., for £2(¢g) as well.

The strong solution exists in the time interval ¢ € [0, to) and coincides with
the weak one. Therefore, the statements about f({,to) and 9§2(tg) follows
directly from Theorem 3.4.1.

Let us prove the existence of the extension of the solution to the time inter-
val [0, t0+¢) when there are no singularities on 9§2(ty). Construct the subordi-
nation chain of mappings f5((,t) satisfying the Polubarinova-Galin equation
(1.16) with the initial data f2(¢,0) = f((,to). The strong solution exists and
is unique locally in time, say ¢t € [0,¢). Moreover, we have tiar(fl_of(c,t) =

. _ . , o y T
Jim f2(C, 1) = f(C, to) and  im f (Gt) = lim f3(C,t) = f'(C, to) locally
uniformly in Uy4,. We recall equation (1.17) (with @ = —1):

2

. 0
fC) = PO [ e telt). [ <1,

6i0,t)|2 eiG _ g
0

Similar equation is valid for the chain fo((,¢) in the time interval [0,¢).
Taking the limit in the above equation as ¢t — ¢y — 0 we observe that there
exists the one-sided limit f (¢,to — 0). Similarly, there exists the one-sided
limit f2(¢,0+0) and they are equal. Let us define f({,t) = f2(¢,t—to) in the
interval ¢ € [to,to+¢). Above observations yield that the so extended function
is continuous in the interval ¢ € [0, ¢y + €), analytic, univalent and starlike in
some neighbourhood of U. Moreover, it is differentiable at the point ¢ = g,
and being extended onto the unit circle, satisfies the equation (1.16). Thus,
it is a unique strong solution in the interval t € [0,¢g + ¢). This finishes the
proof of the theorem. O

Lemma 4.4.1. Under the assumptions of the previous theorem, if £2g is star-
like (fo € S*) then the limiting domain 2(tg) has no singularities on the
boundary.

Proof. The function f((,t) belongs to the class S*(«a(t)) with a(t) < 1 for any
t € (0,t9) due to Theorem 4.3.2, where a(t) strictly decreases with respect
to t.



4.5 Solidification and melting in potential flows 99

Define the limiting function f(¢,to) = . litm Of(C,t), where the limit is
—to—

taken locally uniformly in U. The function f((,to) is univalent, strongly star-
like of order a(ty) = \ lifrn Oa(t) < 1. According to the geometric characteri-
—to—

zation of the class S*(a(to)), the boundary of the domain £2(t9) = f(U, o) is
reachable by the radial external angles (1 — a(tp)), which implies that there
is no cusp or a double point on the boundary of 2(¢p). This completes the
proof. O

Theorem 4.4.2. Starting with a starlike phase domain {2y with an analytic
boundary the lifetime of the strong Hele-Shaw starlike dynamics (2(t) is infi-
nite.

Proof. Indeed, if the strong solution exists during the finite interval ¢ € [0, ¢o)
and does not in ¢ € [to,to + €) for any € > 0, then this contradicts Theorem
4.4.1 and Lemma 4.4.1. O

4.5 Solidification and melting in potential flows

Another free boundary problem which we consider in this book is the problem
of pattern formation in a forced hydrodynamic flow. The Ivantsov problem of
dendritic solidification [144] and the Saffman-Taylor problem of viscous fin-
gering [224] present a basis for a mathematical treatment of two-dimensional
solidification/melting in a forced potential flow. Such a problem arises, for
example, in models of artificial freezing and thawing of flows in porous media
(see [9], [56], [94], [99], [160], [176], [177]). The behavior of a solution to our
problem have common features with solutions to the one-phase zero surface
tension Hele-Shaw problem, melting corresponds to the stable case of the
injection into the Hele-Shaw cell, and crystallization to the unstable case of
suction. Mathematically, the problem that appears for the complex potential
of the unfrozen flow is governed by Darcy’s low which takes into account
additional equations for the temperature field. One of the typical features of
this problem is that there is not, in general, the uniqueness of the solution.
At the same time the existence can be proved in a usual way.

Let us formulate the governing equations. In the exterior part £2(¢) of the
crystal cross-section we introduce the complex coordinate z = x + iy and the
complex flow potential W = ¢ + i), where ¢ is the velocity potential and 1)
is the stream function. We consider a dimensionless model such that ¢ = p
refers to the pressure and gravity is neglected. Let us denote the temperature
field by 0(z) = 0(x,y) in 2(t) and suppose that the phase transition is taken
under the temperature § = 0 on I'(t) = 9§2(t). A suitable scaling leads to
the condition that 0(x,y) = £1 if z — —oo, where we suppose that the fluid
moves to the right and (+) corresponds to melting and (-) to crystallization
with supercooling. Within strong Hele-Shaw assumptions, the mathematical
model is described by the following equations [9], [56], [53], [99], [160]:
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{v-vo,vw, PeV V0= A0, z € Q(t); (456)

=0, wv,=-22 g—i: , z € I'(t).

In this system the Péclet number Pe is a measure of the intensity of heat
transfer by convection compared with conduction. We note that this model
is time-reversible [53]. In fact, reversing the sign of the temperature changes
only the sign condition for lim,_, ., # and for the kinematic boundary con-
dition which are both reversed.

4.5.1 Close-to-parabolic semi-infinite crystal

Let us specify the shape of the initial crystal. In this subsection we suppose
that the initial melting crystal is approximately parabolic when z,y € I'(t),
x — 00. Let us note that if I'(0) admits such a normalization, then I'(t) is
of the same normalization for ¢ > 0. We add to (4.56) the initial conditions

lim 6=1, lim @20.
r——00 y—Foo ay

The Boussinesq transformation [30] applied to the convective heat transfer
equation (4.56) leads to uncoupling of the problem and permits us to ap-
ply analytic univalent functions. Uncoupling means that the initial problem
(4.56) may be split into two independent tasks ([160], [176], [177]), the first of
which is the problem of heat exchange, the second refers to the free boundary
nature of the problem. In fact, the Boussinesq transformation is equivalent to
the existence of a conformal univalent map from the phase domain £2(t) onto
the plane of the complex potential W = ¢ + i1p. Under this transformation
the boundary of the crystal cross-section is mapped onto the slit directed
along the positive real axis ¢ = 0, ¢ > 0 in the W-plane. Thus, the problem
admits the form: Y

Pe— = A0 D 4.
e(‘)gp , WebD, (4.57)

where D = {C\ [0,00)}. The boundary conditions are

. . 00

WE@WO =1, szl}tloo o0 0, 6=0, WeoD. (4.58)
Now let us introduce the auxiliary parametric complex (-plane, { = £ +
in. The Riemann Mapping Theorem yields that there exists a conformal
univalent map f({,t) of the left half-plane H~ = {{ : Re ¢ < 0} onto the
phase domain f : H~ — §2(t). The parabolic shape of I'(t) implies the
normalization f({,-) = —(? + a1{ + ag + a_1/¢ + .... Fortunately, for the
problem (4.57-4.58) the method of separating variables is applicable. First
we introduce the map H~ — D given by W = —(2. Then we are looking for
a similarity solution 6 = g(¢). Elementary calculation leads to the relations
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’%’ =2 on the slit 0D,
ovl /e
where o = y/Pe/m, and
a0 o
= T w(2).
ol = HW )
The unit normal outer vector to the moving interface isn = f/(in, t)/|f'(in, t)|,
and the normal velocity, hence, is of the form

v, = Re f'(in,t)%, 1 € (—o0,00).

Bebldeb, we llaVe
‘ 9 ‘ ,( ) n ? ’lr/) ’ > 0.

Changing variables, W = —(? we come to the Polubarinova-Galin type equa-
tion for the free boundary:

Re f(in,t)f'(in,t) = =20, &=0,1 € (—o0,00). (4.59)

Using the same argumentation as in the above subsections we prove the
following statement

Theorem 4.5.1. If the initial crystal interface possesses the property to be
convex of order « in the negative direction (Hg (cv)), then the free boundary
remains convex in the megative direction of the same order as long as the
solution to the problem (4.57-4.58) (or (4.59)) exists (o > 0 and the liquid
moves to the right).

The result for @ = 1 is obtained in [161].

4.6 Geometry of weak solutions

Some of the results on geometry of solutions to Hele-Shaw flow problems are
most easily discussed in terms of weak solutions, in fact, they will really be
results on the geometry of domains obtained by partial balayage (see Section
3.5). We recall that the weak solution (2(¢) of the one point injection Hele-
Shaw problem with @Q = —1 is expressed as

Bal (xo(0) + tdo, 1) = Xo@)-

in terms of balayage. What will count in the results on geometry is just
the support, or even the convex hull of the support, of the measure u =

X2(0) + tdo-



102 4. GEOMETRIC PROPERTIES
4.6.1 Starlikeness of the weak solution

We already proved via conformal mappings that starting with a domain £2(0)
which is starlike with respect to the origin, the injection at the origin gives
a strong solution with the starlikeness preserved. In the weak formulation
the preservation of starlikeness is even easier to show. The following result is
originally due to Di Benedetto and Friedman [58].

Theorem 4.6.1. Let Bal (x o) + tdo) = Xo@), where £2(0) is starlike with
respect to the origin. Then also Q(t) is starlike with respect to the origin for
t>0.

Proof. We write
X0(0) + 0o + Au = X o)

with u > 0, u = 0 outside £2(¢), as usual. Then in terms of polar coordinates

10 (o), 10
ror T@r r2 962 X0(0)

in 2(¢) \ {0}. Multiplying by 7% and then applying %% to both parts gives

ror \  or \' or 2002 \' or) ror X2()) -
Here the left member is A(r%) and the right member is non-negative due to
the starlikeness of £2(0). Thus r9 is subharmonic in 2(¢)\ {0}, and &% = 0
on 992(t).
At the origin u has the positive singularity u ~ — 2 log |z|, hence 7‘% <0
near the origin, and therefore, in all £2(¢) \ {0}, from which the starlikeness
follows. O

4.6.2 The inner normal theorem

Next we show that §2(¢) has very good properties outside the convex hull of
£2(0), e.g., that there are natural bounds on the curvature of 9£2(t). So we
consider a weak solution

Xe) = Bal (xe) + tdo, 1),

or more generally,
Xo@) = Bal (xo) +v(t),1),

for any measure v(t) > 0 which vanishes outside £2(0). Let K = conv £2(0)
be the closed convex hull of £2(0).

Theorem 4.6.2. [111], [114], [115] Under the above assumptions 2 = (2(t)
has the following properties:
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(1) 002\ K is smooth analytic;

(i) for any z € 002\ K the inward normal ray N, from z intersects K (if
£2(0) is connected, then it has to intersect 2(0) itself);

(iii) the normal rays N, in (ii) do not intersect each other before they reach
K;

(iv) 2 can be expressed as a union of disks with centers on K N §2:

= U Ur(a) (CL)

aceKNS2

for suitable r(a) > 0.
Proof. Set 1 = x (0 + v(t) and write
xn = Bal(u,1) = p+ Au,

where v is the smallest function satisfying u > 0, Au <1 — p.
We first assume that K lies in the lower half-plane K C {y < 0}, i.e.,
that £2(0) C {y < 0}, and we shall study the geometry of

2T =0n{y >0}

Let u* be the reflection of u with respect to the real axis, i.e., u*(x 4 iy) =
u(z — iy), and set
v=u—inf(u,u") = (u—u")4.

Since Au < 1—p < 1 everywhere, we have Au* < 1. Therefore, Ainf(u, u*) <
1 everywhere. Indeed, the infimum of two superharmonic functions is again
superharmonic, so

Ainf(u,u*) — 1 = A(inf(u, u*) — i\z|2) = Ainf(u — i|z|2,u* — %|z|2) <0.

Since Au = 1in 27 it follows that Av > 0 in 2. Moreover, v = 0 on 9(27).

The maximum principle now shows that v < 0 in 7. This means that
u < u* in 27, i.e., that u is smaller (or at least not larger) at any point in
the upper half-plane, than in the reflected point in the lower half-plane. On
the real axis this gives

Ju

Jy
and in general it shows that the reflection of 27 in the real axis is contained
in (2

(z,0) <0, (4.60)

() cao. (4.61)
Now since Vu = 0 on (962)" and A({’“) =2 S Au =0 in 2% we can apply
the maximum principle again, now to a—“ to obtaln that a“ < 0in 7. This

inequality is everywhere strict because 1? we had equality at some point, then



104 4. GEOMETRIC PROPERTIES

it would follow that u = 0 in a whole component of £27; and this is impossible
because 1 = xo = u + Au = Au in 27,

The conclusion now is that u(x + iy) is a strictly decreasing function of
y > 0 in £27. Therefore, since u = 0 outside {2, every vertical line L in the
upper half-plane intersects 27 in at most one segment (L \ 27 is connected).
It follows that (942)T is a graph of a function, say

0" ={z=z+iy,y = g(z)}.

The domain of definition of the function g may consist of more than one
interval. It follows from the general regularity theory (e.g., [33], [228]) that g
is real analytic.

Next, with K still in the lower half-plane we shall obtain a similar con-
vexity statement, but for semicircles instead of vertical lines. Let (r, 0) be the
polar coordinates. In the proof of Theorem 4.6.1 we studied

ou ou ou

"o T Y on + ya_y’
here we shall study
ou ou ou

0" Yoz “Ea_y’

in 2%. Since Au =1 in 21 and the coefficients in

1 1 92
A= 2(8u>+ 0%u

(4.62)

“ror\ar) T2 a0
do not depend on 6, % is harmonic,
ou 0
A— = —Au= in 2.
20 20 u=0 in

As to the boundary values of 2% on 9(£2%), we have

ou

= +
20 0 on (092)*.
By (4.60), (4.62) we have that

ou

—<

70 = 0 for x>0,
ou

—_— >

20 = 0 for xz <O,

on the real axis.
Now consider a circular arc

Cr={z=re, r=R0<60<n}
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in the upper half-plane. We shall prove that Cg \ 2 consists of at most
one segment (more precisely, that it is connected), and we shall argue by
contradiction.

So suppose Cr \ 27 has at least two components. Then there are points
21 = Re™ and 2 = Re'®? with 0 < 0; < 0, < , such that 2,2 € (002)7,
and z = Re? € 0% for all §; < 6 < 0,. Since u(z1) = u(z2) = 0 and u(z) > 0,
we have, integrating along Cg,

[ ou

%de =u(z) —u(z) >0,
7 ou

%de =u(z2) —u(z) <O0.

z

Therefore, there must be points z = Re®® with ; < 6 < 6 arbitrarily
close to 61 for which % > 0. Similarly, there must be points z = Re®® with
01 < 6 < 65 arbitrarily close to 65 for which % < 0.

Now we apply the maximum principle. Every component of % > 0}
must reach some part of the negative real axis, because we know that % <0
on all other possible parts of the boundary of that component. Similarly,
every component of {% < 0} must reach some part of the positive real axis.
But it is obviously topologically impossible to have components of {g—g > 0}
stretching from points arbitrary close to z; (the rightmost end point of the
described component of C'r) to the negative real axis, and simultaneously,
components of {% > 0} stretching from points arbitrary close to z2 to the
positive real axis.

This contradiction shows that Cr \ 27 actually is connected. The same
reasoning applies with the center of the polar coordinates at any point of the
real axis. Thus for any semicircle C' in the upper half-plane with the center
on the real axis, C'\ 27 is connected. Together with the first part of the
proof, saying that L\ 27 is connected for any vertical semiline L, what we
have proved can be expressed by saying that the complement of 27 in the
upper half-plane is convex with respect to the Poincaré metric in the upper
half-plane.

Next, like for Euclidean convexity, CT\ 27 being convex (in the Poincaré
metric) implies that it is the intersection of Poincaré half-planes, or that,
turning to the complements, 27 is the union of such. This means that

0" = Ur) (@) (4.63)
a€cR

for suitable radii 7(a) > 0.
Let z € (02)" and let N, be the inward normal ray at z. Since (9£2)" is
a graph of a function, N, intersects the real axis at a point p(z), which we
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call the foot point of the normal. In terms of the equation y = g(x) for (9£2)*
we have z = = + ig(z) and one easily computes p(z) = x + g(z)g’(z). The
fact (4.63) that 27 is a union of semidisks (U, (4)(a))™ implies that actually

(Ulz—p(2) (0(2))) T C 027, (4.64)

Let 21 # 22. Assume that two normals N,, and N, intersect in C*, say
w € N, N N,,, where w € C*. We may assume that |2; — w| < |29 — w], for
example. Then z; is contained in the closure of the disk with the center at w
and the radius |z2 — w|, and therefore, in the interior of the larger disk

U\ZQ—p(zz)‘ (p(ZQ))

But z; € (92)*, so this disk must contain points outside 2+ as well. This
contradicts (4.64), and we conclude that N,, and N,, actually can not inter-
sect in CT.

One easily sees that the inner ball property (4.63), or the fact that the
inner normal do not intersect in CT, is equivalent to the foot point p(z) =
x + g(z)g’(x) being a monotone increasing function of x.

So far we have assumed that K C {y < 0}. Adapting the results we have
obtained to all half-planes containing K easily gives the statements of the
theorem. We give some details below.

(i) We already know that 942\ K is analytic but with possible singularities.
But since near any point of 92 \ K, 92 will be a graph seen from several
different angles (choosing different half-planes containing K) there can be
no singular points.

(ii) If the inward normal N, at a point z € 92\ K did not intersect K we
could find a half-plane H O K which does not meet N, contradicting that
02\ H is a graph when seen from H.

(iii) Similarly, if w € N,y N N,,, w € 2\ K, 21,220 € O\ K, 21 # 22, we
choose a half-plane H D K, such that w ¢ H. By (ii), both N,, and N,
intersect K. This shows that 2, ¢ H, zo ¢ H, and we are back in the
situation with H = {y < 0}, i.e., we have a contradiction. Thus N,, and
N, do not meet before they reach K.

(iv) From what we already did it follows that

Q\K = ( U Ur(a)(@)) \K

a€dK
for suitable r(a) > 0. Also, by (4.61),

U U,,(a)(a) C 0.
a€cdK

Obviously, r(a) = 0 for a € dK \ £2. The points from 2N K can be trivially
covered by the disks U, (q)(a) C 2 with a € 2N K. Now (iv) follows, and
the proof of the theorem is complete.
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O

4.6.3 Distance to the boundary (revisited)

Now we discuss the distances from points in the initial domain £2(0) to points
on the boundary of £2(¢). The following theorem is due to Sakai [231].

Theorem 4.6.3. Let 4 > 0 be a measure with a support in the disk Ug,
R > 0. Define r(u) by

w(rl))? = [ [ dn
and let £2 be the saturated set (3.15) for Bal (u,1). Then
2 CUry+r;
and if r(p) > 2R, we moreover have
Upr(uy—r C £2.
Proof. First we recall from (3.20) that

Bal (1,1) = xo + xc\o-

From this it follows that

U/R/sodu<é/<pdoz+//sodu

C\n2

for all functions ¢ in C which are integrable and subharmonic in 2. In par-
ticular, taking ¢ = +1, |2| < [[ du.

The upper bound 2 C Ug4,(,) is actually a direct consequence of the
Inner Normal Theorem. By that theorem (2 is a union of disks with centers
in Ug, so if {2 contained points outside U R+r(u)> then it would contain a disk of
radius greater than r(y), which is impossible because |2| < [[ dp = |U,(,)|-

Next assume 7(u) > 2R and let 2z ¢ (2. We shall show that |z| > r(u) — R,
hence that U,(,)—r C §2. By a rotation we may assume that z = p > 0.

If 0 < p < R we choose

() =G((,p) +e,

where G((,p) = 5= log|1§(2{”,f)\ is Green’s function of Ur and ¢ > 0. Since

p ¢ £2, ¢ is subharmonic in 2. The level lines of G(-, p) and ¢ are circles, so

{C:0(Q) >0} = {C: G(¢p) > —c} = Ui(a)

for some disk U;(a), which contains Ug because ¢ > 0.
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//Ut(a) G(¢,p)do = 0.

By a straightforward computation (see section 6 in [231]), this gives R < ¢ <
2R. Thus, using that U(a) is exactly the set where ¢ is positive we get

cm(u>2c//URdug//UR<G<<,p>+c>du<<>//URsodu
§//ngdo*—l—//c\gtpd,ug//Ut(a)gpdor://Ut(a)cdor:mrtz.

Hence r(u) <t < 2R, contrary to our assumption in the beginning. Thus
there is no 0 < p < R with p ¢ 2. So Ug C 2 and Bal (i,1) = xq

If p > R then we take instead ¢ to be the Poisson kernel for the disk
Upr+p(—R) and with the pole at p:

Now choose ¢ so that

o(C) = (R+p)?—IC+R? _ (R+p)°—|C+RP
[(R+p) = (C+R)? ¢ = pl? '

Since p ¢ {2, ¢ is subharmonic in 2. Also in this case the level lines of ¢ are
circles. The circle where ¢ = 1 passes through the center —R of Ur,(—R)
and through the pole ( = p, hence ¢ > 1 inside that circle, in particular
¢ > 1 in Ug(0). Moreover, Ur4,(—R) is exactly the set where ¢ > 0. All
this, combined with the mean value property of ¢ in Ury,(—R), gives that

w(u)Q/UR dué//ljﬁwdué//gsoda

< //(]R+p(—R) pdo = |UR+p(—R)| o(—R) = W(R"‘l‘p)Q.

Thus p < R — r(u) as required. a

Corollary 4.6.1. In the one point injection Hele-Shaw case p = X o(0) +10a-
This gives, if a € Ug, £2(0) C Ug, that

Q(t) cu (1£2(0)|+t)/m+R"

If, in addition, t > 4w R? — |£2(0)|, then

U feoro-—r © 20



5. Capacities and isoperimetric inequalities

Isoperimetric inequalities has been known since antiquity. The simplest ver-
sion of an isoperimetric theorem reads in two equivalent forms:

e Among all planar shapes with the same perimeter the circle has the largest
area.

e Among all planar shapes with the same area the circle has the shortest
perimeter.

This is the solution of what is sometimes known as Dido’s problem because
of the story that Queen Dido of Tyre bargained for some land bounded on
one side by the (straight) Mediterranean coast and agreed to pay a fixed sum
for as much land as could be enclosed by a bull’s hide. Both statements can
be expressed in a more algebraic form which indeed underlines the fact that
they are equivalent. Denote the perimeter and area of a planar shape by L
and A, respectively. Then, 47rA < L2. The equality only holds for a circle.
In higher dimensional spaces, for example, if S is a surface area while V' a
volume of a three dimensional body, then 387V? < S3 (see, e.g., [42], [63]).

Pappus of Alexandria (ca 300 A.D.) wrote: bees, then, know just this fact
which is useful to them, that the hexagon is greater than the square and the
triangle and will hold more honey for the same expenditure of material in
constructing each. But we, claiming a greater share of wisdom than the bees,
will investigate a somewhat wider problem, namely that, of all equilateral
and equiangular plane figures having the same perimeter, that which has the
greater number of angles is always greater, and the greatest of them all is the
circle having its perimeter equal to them.

Probably, the most representative work on isoperimetric inequalities in
various aspects of mathematical physics is the famous monograph [202] writ-
ten by George Pdlya (1887-1985) and Gabor Szeg6 (1895-1985) (see also
[185]). By an isoperimetric inequality we mean an inequality that links a
measure of volume with a measure of its boundary. We shall be concerned
mainly with the following related question: how is the area of the phase do-
main controlled by the capacity of its boundary (or conformal radius of the
domain)?
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5.1 Conformal invariants and capacities

We start by giving some background on quantities we are going to use in
isoperimetric inequalities. These quantities are moduli, reduced moduli and
capacities.

5.1.1 Modulus of a family of curves

The notion of the modulus of a family of curves goes back to early works
of Grétzsch [104], [105]. Later, Ahlfors and Beurling [5], [6] introduced the
notion of extremal length (the reciprocal of the modulus) which stimulated the
active development of the method of extremal lengths. Major contributions to
the subject have been made by Jenkins [145], [146], Strebel [244] and Ohtsuka
[196] who connected the modulus problem with the problem of the extremal
partitioning of a Riemann surface and proved the existence of the extremal
metric by Schiffer’s variations.

Let {2 be a domain in C and p(z) be a real-valued, Borel measurable,
non-negative function in L?(§2). Let this function define a differential metric
pon 2 by p:= p(z)|dz|.

Let v be a locally rectifiable curve in 2. The integral

[zl = 1,0) (5.1)

~

is said to be the p - length of . If p(z) = 1 almost everywhere in (2, then the
1 - length of any rectifiable v C {2 coincides with its Euclidian length. The
integral

// p*(2)do, =: A,(2), do, = dxdy, (5.2)
2

is called the p-area of (2.
Let I" be a family of curves v in §2. Denote by

L,(I) i= it 1,(7)

the p-length of the family I". Then, the quantity

_ g 2e2)
m(02,I) = 1rgf L2(0)

is said to be the modulus of the family I' in {2 where the infimum is taken
over all metrics p in 2.

Another equivalent and suitable (in a view of further applications) defi-
nition of the modulus can be formulated as follows. Denote by P the family
of all admissible (for I') metrics in §2, that is, metrics p € P that satisfy the
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additional condition I,(y) > 1 for all v € I'. If P # @, then we can define
the modulus as
2, = inf A,(£2).
m($2, 1) Inf p(£2)
If there is a metric p*, such that m(£2,I") = A,«({2), then this metric is
called extremal.
Two main properties of the modulus is its conformal invariance and the
uniqueness of the extremal metric (if exists). More precisely, let I" be a family
of curves in a domain 2 € C, and let w = f(z) be a conformal map of 2

onto 2 € C. If I := f(I'), then
m(2,T) =m(2,T).

Let p; and ps be two extremal metrics for the modulus m(£2,I"). Then,
p* = p1 = p2 almost everywhere. Moreover, L,-(I") = 1.

The property of monotonicity reads as follows. If Iy C I5 in 2, then
m(Q,Fl) < m(Q, FQ)

Ezample 5.1.1. Let 2 be arectangle {z =z +iy: 0 <z <a,0 <y < b} and
I' be the family of curves in {2 that connect the opposite horizontal sides of
£2. Then, m(§2,I") = a/b.

Ezample 5.1.2. Let {2 be an annulus {z = re?? : 1 <r < R,0 < 0 < 27}
and I' be the family of curves in {2 that separate the opposite boundary
components of 2. Then, m(2,I") = % log R.

Ezample 5.1.3. Let 2 be an annulus {z =re?? : 1 <r < R,0 <6 < 27} and
I" be the family of curves in {2 that connect the two boundary components

of 2. Then, m(2,I") = 102g7TR'

For more information see, e.g., [5], [146], [196], [256].

5.1.2 Reduced modulus and capacity

Let £2 C C be a simply connected hyperbolic domain, a € 2, |a|] < co. We
consider the doubly connected domain 2. = 2\ U(a,¢) for a sufficiently
small € > 0. The quantity

. 1
M(02,a) := illr(l) (M(QE) + 7 log 5)

is said to be the reduced modulus of the circular domain {2 with respect to
the point a, where M (£2.) is the modulus of the doubly connected domain {2,
with respect to the family of curves that separate its boundary components.

Let a simply connected hyperbolic domain {2 have the conformal radius
R(£2,a) with respect to a fixed point a € 2. Then, the quantity M ({2, a)
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exists, is finite, and is equal to 5= log R({2, a), see [146], [256]. An immediate
corollary when |a| < co says that if f(z) is a conformal map of {2, such that
|f(a)| < oo, then M(f(£2), f(a)) = M(£2,a) + 5-log |f'(a)].

Now, we define the reduced modulus M ({2, 00) of a simply connected
domain (2, co € (2 with respect to infinity as the reduced modulus of the
image of {2 under the map 1/z with respect to the origin,

1
M(02,00) = o log R(£2, 00).

So, if 2 is a simply connected hyperbolic domain, a € 2, |a|] < oo, and
f(z)=a_1/(z—a)+ap+ai(z —a)+... is a conformal map from (2, then
M(F(2),00) = M(2,0) 3= log la—1].

We give all further definitions only for compact sets, however, there are
generalizations to the Borel sets as well. Denote by Lip ({2) the class of func-
tions u(z) : 2 — R satisfying the Lipschitz condition in {2, i.e., for every
function w € Lip (£2) there is a constant ¢ such that for any two points
21, 22 € {2 the inequality |u(z1) —u(z2)] < ¢|z1 — 22| holds. In the case co € 2
the continuity of u(z) at oo is required. Functions from Lip (C) are absolutely
continuous on lines which are parallel to the axes and the integral

I(u) := //\Vu(z)|2daz
C
exists.

An ordered pair of disjoint compact sets Ky, K is called a condenser
C = {K1, Ky} with the field C\ {K; U K2}. The capacity of a condenser C
is the quantity
cap C :=inf I(u)

as u ranges over the class Lip (C) and 0 < u(z) < 1 whenever z € C, u(z) =0
in Ky, u(z) =1 in Ko.

A condenser C' is said to be admissible if there exists a continuous real-
valued in C function w(z), 0 < w(z) < 1 which is harmonic in C\ {K; U K5}
and w(z) = 0 for z € Ky, w(z) = 1 for z € K,. This function is said to be
a potential . The Dirichlet principle yields that in the definition of capacity
equality appears only in the case of an admissible condenser and u(z) = w(z)
almost everywhere for the potential function w. Then by Green’s formula

cap C = // |[Vw|do = /|g—;j|d$

C\{K,UK>} O0K>

Obviously, the capacity is a conformal invariant, that is, if C'y is a con-
denser C\ f(C\ {K; U K3}) for a conformal map f in C\ {K; U K5}, then
cap C' = cap Cf.
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If K7 and K> are two disjoint continua, then we can construct the confor-
mal map w = f(z) of the doubly connected domain C\ {K;UK>} onto an an-
nulus 1 < |w| < R and the potential function for the condenser C' = {K;, K3}
is

log
[7(2)] el
= — C\{Kj UK.
W(Z) IOgR ’ KRS \{ 1 2}?
w(z) =0in K1, w(z) =1 in Ks. Therefore, cap C = 27/ log R.

Let C = {K;, Ky} and Cy = {K¥,K§}, k=1,...,n be such condensers

that all C; have non-intersected fields and

K, C ﬁKf, Ky C ﬁK§.
k=1 k=1

From the definition of capacity and from the Dirichlet principle one can derive
the inequality (Grétzsch Lemma)

5.3
cap C k; cap C’k (5-3)
(possibly with equality, see, e.g., [62]).
Let K be a compact set in C. We consider condensers of special type
Cr = {|z| > R,K} for R large. If Cg, g, = {|2| < Ri1} U{|z] > Ry} for
R; < Rs, then the inequality (5.3) implies

1 1 1 Rg
> + —
cap Cr, ~ cap Cp, R1
Therefore, the function m — % log R increases with increasing R and the
limit
K= lim R 2n (5.4)
= lim Rexp| — .
cap R—o0 P cap Cpr

exists and is said to be the logarithmic capacity of the compact set K C C.
Equality (5.4) is also known as Pfluger’s theorem (see e.g. [206], Theorem
9.17).

Next we briefly summarize the definition and some properties of the log-
arithmic capacity of a compact set K C C following Fekete. For n = 2,3, ...

we consider
n

Ay(K)= max H |z — 2.

21,-e2n EK
Lot =R ck<i<n

The maximum exists and is attained for so-called Fekete points z,r € 0K,
k=1,...,n. The value A, is equal to the Vandermonde determinant

= ’ det (1zpg - zzlzl)‘

7 7n
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Then, the limit
2
cap K = lim (A, (K))*®-D

n—od
exists (see [206]), is known as the transfinite diameter, and is equal to the
logarithmic capacity (see also [202], [223]).

Let K be a continuum (a closed connected set containing at least two
points) in C and 2 = C\ K. Then, from the definition of the logarith-
mic capacity and the reduced modulus it is clear that cap K = cap 0K =
exp(—2m m(f2, 00)).

It is well known that for K = [0, 1] the capacity is given by cap K = 1/4.

If we have a condenser C") = {K}, K5} of the special type K; C U,
Ky = @\ U, then cap C'™ is said to be the hyperbolic capacity of K; and
cap M K7 = cap C™. One can define also cap ) K by means of the hyperbolic
transfinite diameter. Set

Zk — Zj

1— 2,z

Then,
2
cap™ K = lim (AW (K))»t-1.

Finally, if K is a continuum in U and 2 = U \ K, then
cap M K = cap ™ 9K = exp(—2rM (£2)),

where M (£2) is the modulus of the doubly connected domain {2 with respect
to the family of separating curves.

5.1.3 Integral means and the radius-area problem

We consider the zero surface tension Hele-Shaw model with injection through
a source at the origin and with a bounded initial phase domain (2.

Let f be a univalent function f(¢) = a¢ + a2¢? + ... defined in the unit
disk U and let S be the area of f(U). An obvious inequality, which we call
the radius-area estimate, is S > ma?. It follows from the formula of the area
S = m(a® + Y ;o klax|?). Equality is attained for a trivial map f(¢) = a(.
There is no upper estimate of S, namely, the area can be infinite. As for the
perimeter, the classical result by Pélya and Schiffer [203] states that L > 27a.
The upper estimate is co in general and 8R(f(U), o) for convex domains.

Let S(t) be the area of the domain {2(¢) in the Hele-Shaw dynamics under
the conditions of Section 1.4.2. A simple application of Green’s theorem im-
plies that the rate of the area change is expressed as S = —Q under injection
(Q <0). From (1.17) we deduce that

2m .

. 1 Q Q -Q _ 5

“ e / |f’(619,t)|2d9 =T /Re [f’(ele,t)]Qde 2na  2ma’
0
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where a = f/(0,t). In other words the area rate is controlled by the rate of the
conformal radius of the domain {2(¢) with respect to the origin: S < 2maa.
Equality in the above inequalities is attained for §2(¢) = {z : |z| < a(t)}.

The lower bound for S in terms of a is much more difficult. One must
estimate the integral mean

27
1
0/ T (5.5)

from above. The fact that cusps may develop shows that there is no uniform
estimate with respect to t. But one can estimate (5.5) under some geometric
constraints on the domain {2(¢) at an instant ¢. For example, assume that the
domain {2(t) is convex. The function f is also convex and, thus, %—starlike,
ie, Re ¢f'(¢,t)/f(¢,t) > 1/2. Moreover the Koebe covering theorem for the
convex functions says that |f(¢,t)| > a/2. This implies the estimate

2m

1 327 . Ta,
/de < ?, and so S > ga.
0

Let us give a precise estimate for this integral mean in the case of convex
functions f. If f is convex, then the function g(¢) = ¢f’({) is starlike in U
and the function h(¢) = 1/g(1/¢) = 1((+ o+ 1/ +...) is starlike in the
complement U* of the closure of U. The function h(¢) is univalent, bounded
in U, and have no zeros in the closure U. Therefore,

27 2

1 do 1 o2, L ) > )
277/|f/(6i9)|2 = 2W/|h(e )[7do = CLg(l‘f'|00| +Z|Ck| ) < (5.6)
0 0 k=1
1 o0
< (Lo + Y Klew]?).

k=1

We have |¢g] < 2, and by the Area Theorem (see e.g. [95], [98], [206]) the
right-hand side of (5.6) is < 6/a?. This estimate is sharp. Finally, for domains
£2(t) which are convex at an instant ¢ we have

S > "Za.

If the domain §2(t) is convex, then during the time of the existence of
the solution of (1.16) convexity may be lost at the next instant. It is better
to find a geometric condition that is preserved during some time interval of
the existence of the solution of (1.16) and that permits us to estimate the
integral mean (5.5) from above.
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Let a univalent function f be defined in U, have the non-vanishing finite
angular derivatives almost everywhere at the unit circle, and the boundary of
f(U) be reachable by outer angles > 7/2. Then 1/f” is from the Hardy class
H?2. Generally, we operate with univalent functions with analytic boundaries
of f(U). Of course, we can consider domains with angles on the boundary
and weak solutions. For example, the following theorem was proved in [211].

Theorem 5.1.1. Let a univalent map z = f(¢) = (+az(?+... be a-convex
in U. Then the angular derivative of f exists almost everywhere on the unit
circle and

27
1 1 28(1—a) 5 5
— ___d0 < B(2 —2a,2 —2
o / Fened? S~ BG 20,5~ 20),
0

where B(-,-) stands for the Euler Beta-function. The inequality is sharp. In
particular,

2
1 1 414 (3 —40)(1 —4a) 1 1
— - < i i
2w/|f’(e“’)|2d9* 2 (1 —a)(1 - 2a) B(g —20.5-29)
0

for0<a<1/4.

Proof. If a function f is a-convex in U, then the analytic function g(z) =
z2f'(z) is a-starlike (S%, see Section 4.2). Functions from S admit the fol-

a?

lowing known integral representation

s

o2) € Si % 9() = = exp{-2(1— a) [ log(1 ~ *2)du(6)).

—T

where p(6) is a non-decreasing function of 6 € [—7, 7] and [ du(f) = 1.

If pu(9) is a piecewise constant function, then we have a set of complex
valued functions g, (z) that admit the following representation

z

gn(Z): n GSSH eke [771-77(-]? ﬂkZOa Zﬁk:
H(l _ ei9k2)2(17a)ﬁk k=1
k=1

(5.7)
Using known properties of Stieltjes’ integral and Vitali’s theorem it is easy
to show that the set of functions (5.7) is dense in S, i.e., for every function
g(z) € S¥ there exists a sequence {g,(z)} satisfying (5.7) that locally uni-
formly converges to g(z) in U. Therefore, we need to prove our result only

for g(z) = gn(2).
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Let us present a chain of inequalities

T 2T n )
2 | e df = g7 [ 11 1= @700 0medg
21 n
S%f25|1*690’“)|41 @) 16
0 k=1 o
— 2L Z ({ ‘(G*Hk)|4(17a)d9
_ 619|4 1—a)d9

Il
()
>1|"
) ocﬁt:\‘oﬁ"
M —

= f(l — cos)2(1=)dp

0
= 20U B(2 20,5 —20).

™

i
—

N
3

The last assertion of the theorem follows from the formulae of reduction of
the Beta-function. O

We summarize the results of this section in the following theorem.

Theorem 5.1.2. Let Q2(t) be a phase domain occupied by a fluid injected
through the origin, let the area of 2(t) be S(t), and a(t) be the conformal
radius of 2(t) with respect to the origin. Then S < 2rwaa. If, moreover, (t)
18 a-convex at an instant t, then

2m2aa
28(1-)B(3 - 2a, 3 — 20)

< S < 2maa.

In the case of a contracting bubble we have a similar estimate S > 2maa,
where S(t) means the area of the bubble and a = cap I'(¢). The good thing
is that the outer Hele-Shaw problem preserves the convex dynamics. More
about estimates for integral means can be found, e.g., in [207].

5.2 Hele-Shaw cells with obstacles

Recent studies of Robin’s function and Robin’s capacity [66]—-[71] showed
their connections with several problems of potential theoretic nature as well
as extremal length and minimal energy considerations. Our goal is to give
another physical interpretation that comes the Hele-Shaw problem with an
obstacle inside. We shall connect the rate of area change of the phase domain
with the rate of change of Robin’s reduced modulus of the free boundary.
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5.2.1 Robin’s capacity and Robin’s reduced modulus

Let £2 be a finitely connected domain in C, and A be an arbitrary closed
set of the boundary 02. Let us denote by B the complementary part of 02,
so that 9f2 = AU B. For a fixed finite point zg € {2, the complex Robin’s
function R(z, zo) is defined by the following requirements:

e R(z,zp) is analytic in {2 except at the point zyp where R has a logarithmic
singularity: R(z,z0) = 5= log(z — z9) + wo(z), where wy(z) is a regular
function in §2;

e Re R(z,2) =0 for all z € A, while B (5 2,) =0 for all z € B.

For zp = oo the definition is modified by requiring R(z,c0) — % log =
to be regular in a neighbourhood of infinity. The real part of this function
R.¢(z,20) = Re R(z, zp) is the classical Robin’s function that has been stud-
ied deeply in [66]—[71]. The main property which we use here is its conformal
invariance. For basic properties of Robin’s function we refer the reader to
[66].

Let us define the Robin’s reduced modulus Mg (A, zp) of the set A with
respect to the domain {2 and the point zg € 2 as

1
Mg (A, z) = lin%)Rre(z,zo) + 2—10g r, |z—zo| =7
r— e
in the case of a finite zg, and

Mg(A,00) = lim Rye(z,00) — Llog r, |zl=r
r—00 2w
otherwise. We note that 0 (A) := exp(2rMp (A, 00)) is Robin’s capacity of
the set A with respect to 2. In particular, if B = 92\ A = @, then Robin’s
capacity coincides with the usual logarithmic capacity d(A) and Robin’s re-
duced modulus is exactly the reduced modulus of the domain {2 with respect
to the finite point zg.

Another description of Robin’s capacity and Robin’s reduced modulus is
provided by means of the modulus of a family of curves.

Let Cy(z0) = {z: |z — 20| = r} and C, = C,.(0). For r sufficiently small
and a finite zg € 2 let us consider the family I" of curves that connect the
set A with Cy(zo). Then the limit

’ 1 n 1 1

im ————+ —logr

r—0 m(.Q, F) 2T &

exists and is exactly Robin’s reduced modulus M, (A, zp). Analogously, for

zp = 0o € {2 and 7 sufficiently large we define I" to be the family of rectifiable

arcs that connect A with C,.. Then the limit
1 1

lim ————— —

1
r—oom(2,I") 27 o8
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exists and is Robin’s reduced modulus Mg (A, 00). From this definition it
follows that Robin’s modulus is changed under a conformal map f : 2 — (2’
by the following rule: for finite points wo = f(zo)

w=f(z)=wo+alz—20)+..., Mao(f(A),wy) =Mnp(A, z)+ %log |al,
for infinite points (29 = wp = 00):

w=f(z) =az+ao+ % +..., Mq(f(A),00) = Mg(A,oc0)— %log |al,
and for the mixed case (z9 = 00, wq finite):

w=fE)=wo+ S, Mo(f(A),wo) = Mo(A,00) + %log al.

Let us mention some results about distortion of Robin’s capacity under an
“admissible” conformal map f(z) = z 4+ ao + “* 4+ .... Ch. Pommerenke
[207], [204], [206] proved that for an arbitrary closed set A on the unit cir-
cle the sharp estimate d(f(A)) > (d(A))? holds. Later on, P. Duren and
M. M. Schiffer [68] generalized this result to an arbitrary multiply connected
domain giving Robin’s interpretation to the inequality d(f(A4)) > dn(A4),
which is sharp. Let us give two elementary examples of Robin’s capacity and
Robin’s reduced modulus.

Examples.

e Let U be the closed unit disc and A be an arc on the boundary which

subtends an angle 2a at the center. Then d(A) = sin §, while 65(A) =

(sin 2)°. Besides, 6;(A) +65(B) = 1 = d(AU B) (see [68]).

o Let U' =U\ (—1,—r], r € (0,1], and A be the unit circle. Then Robin’s
reduced modulus My (A,0) = 0 of the set A with respect to U’, whereas
the usual reduced modulus of the domain U’ with respect to the origin is

> log ui—:)Q < 0. To see this we use the standard Pick function ¢ = ¢(w)

(80— w) — VB~ w?  dw)’

4w

p(w) =

4w
(80 = w) + VB =P+ 4w)

B > 1, that maps the unit disk U onto U’ with

1 2
. S Y Py
v/ S

27
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The arc v = {e%%,0 € [r — a,7 + o]}, cos(a/2) = 1/3, is mapped onto
the slit [—1, —r]. Robin’s modulus of v is My(7,0) = 5= log 32. There-
fore, making use the formula of the modulus transformation we have
My/(A,0) = -log1/82 + 5= log 8% = 0.

Sometimes the notion of reduced modulus of the domain {2 with respect to
the point zg is replaced by the notion of conformal radius. These concepts
are linked by the formula

1
Maq(z0) = M(£2,29) = 7 log R(£2, zp).

Similarly we define Robin’s radius of the set A with respect to the domain {2
and the point zg as

1
Mq(A, %) = o log Ro(T #0).

5.2.2 A problem with an obstacle

Let a viscous fluid be injected into a Hele-Shaw cell through a point well
producing a simply connected evolution until it meets a straight wall. Then
it starts sliding along the wall. We denote by £2(¢) the bounded plane domain
in the phase z-complex plane occupied by the moving fluid at instant ¢. The
source is located at the origin and is of strength —@Q), @ < 0. The unique force
in consideration is the dimensionless pressure p scaled so that 0 corresponds
to the atmospheric pressure. The initial moment we choose to be when the
fluid reaches the wall. This stationary infinite straight wall placed in the
Hele-Shaw cell so that 0f2(t) splits into two parts: I'(¢) is the free boundary
and [1(t) is the complementary arc on the wall. The potential function solves
the mixed boundary value problem

Ap = Qdp(z), in =z€ (), (5.8
9p
p =0, Un=—p - on zeI'(t), (5.9

v, =0, on ze€lIl(t). (5.10

The complex potential is exactly given by Robin’s function as W = QR(z,0
(of course R depends on t).

Richardson [218], [218], considered a similar problem in a wedge assuming
circular initial evolution.

We consider the case when the boundary II(t) is an interval during the
time of consideration. Observation of the velocities at the contact point be-
tween I'(t) and I1(t) suggests the contact angle to be 7/2. To derive the equa-
tion for the free boundary I'(t) we involve an auxiliary parametric complex
(-plane, ¢ = £+4in. The Riemann Mapping Theorem yields that there exists a
unique conformal univalent map f({,¢) from the unit disk minus a radial slit



5.2 Hele-Shaw cells with obstacles 121

U =U\(-1,-r(t)], r(t) € (0,1], U = {¢ : |[¢| < 1}, onto the phase domain
f:U — Qt), f(0,t) =0, a(t) = f(0,t) > 0, so that I'(t) = {f(e??),0 €
(—m,m)}, and IT(t) = {f({),¢ € (—1—=0¢,—r(t) — 0i) U (—r(t) +0i, =1+ 04)}.
The point ¢ = r(t) corresponds to a stagnation point at II(¢). The function
f(¢,0) = fo(¢) produces a parametrization of 02(0) = I'(0) U II(0). The
moving boundary is parameterized by I'(t) = f(0U,t). The normal outer
vector is given by the formula

!/
n:Cf—/a 42610, 96(—71’,7'('),
/']
and n = —1 on II(t). Therefore, the normal velocity at the free boundary is

obtained as

ooy [ (V) serce oo nn,
Re W', for z € I1(t).

The superposition (W o f)((,t) = Q Ro f({,t) is —Q times Robin’s function
of the domain U’ because of the conformal invariance. The set A for the
function Ro f is the unit circle and the set B is the radial segment [—1, —r(t)].
Robin’s function for U’ with the chosen A and B is simply % log ¢. Hence,
W' = 2%. On the other hand, we have v, = Re f Cf'/|f'], for ¢ = ¢,
0 € (—m,m) and

o Q

2mCf’
on the wall. This implies that f and 1/(f’ are imaginary or f/Cf’ is real.
Finally we deduce the Polubarinova-Galin type equations

Ref(G OGN = 52 KI=Lage(-mm, (311

Imf((,t)(f’((,t) =0 on the radial slit [—1, —r(¢)]. (5.12)

R

=ReW' =Ref=0

The length of the radial slit 1 — r(¢) is such that the conformal radius of the
domain £2(t) with respect to the origin is equal to 4r(t)a(t)(1 + r(t)) 2.

If I1(t) is the union of intervals, then the function f({,t) maps the unit
disk minus several slits onto the phase domain. Each slit corresponds to a
connected component of I7(t).

Now we apply Robin’s reduced modulus to estimate the area growth of the
phase domain of the injecting fluid in the Hele-Shaw problem. First of all, let
us remind that the boundary 92(¢) of the domain occupied by viscous fluid
contains a free part I'(t) and the solid part I7(t). The fluid is injected through
the origin 0 € £2(¢). The parametric function f(¢,t) maps U’ = U\(—1, —r(t)]
onto f2(t) and satisfies the equations (5.11-5.12).

A simple application of Green’s theorem implies that the rate of the area
change is expressed as S = —@Q, where S(t) is the Euclidean area of £2(t). For
injection we have @ < 0.
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Let the Pick function ¢ = ¢(w,t) map U onto U’,

4r(t
<p(w,t):( r(t) wH byw? 4+ - =bw + byw® 4 ...,...b=1/5

1+ r())?

so that the arc {e?? 60 € (—a(t),a(t))} is mapped onto OU \ {—1} and the
arc {e? 0 € (a(t),2m — a(t))} is mapped onto the radial slit (—1, —r(t))
Set the analytic function

_ _foe
D= SFen Y

defined in U. The mixed boundary value problem (5.11-5.12) can be refor-
mulated a the Riemann-Hilbert problem for the analytic function @ as

—-Q
2m|(f o o) (e, )?

Im & ) =0, 6¢€ (a,2m —a),

Re &(e'?,t) = 0 € (—a,a),

with bounded values of |limg_, 4.+ ®(e?,t)|. The solution to this problem is
given by the integral representation

1 \/ _ eza _ e—ioz)

d(w,t) =

w + 1
19 1 ) 0
/ i (e, 1) Y gp,
\/ 619 _ eza 610 _ e—wz) 610 —w

where the branch of the root is chosen so that v/1 =1, and
—Q
2m|(f o )(e? )2

and vanishes in the complementary arc of U, see, e.g., [87]. We deduce that

h(eia, t) =

0 e (—a,a),

27

1 2cos 2 )
e_ 2 &h(ew,t)dﬁ.
a 27r0 cosf — cosa
Obviously,
2cos ¢ 1
\/—0052 > ——=0, forfe(-a,a).
Vecosf —cosa ~ sing
Therefore,
27
a_ —Qp 1
-> — N s 40
a ~ 4m? /X[ O (p(ei®, 1), )2
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where X[_q(t),a()) 18 the characteristic function of the segment [—a(t), a(t)],
and p(e'*® t) = —1. The Holder inequality implies

27
a —Qp 1
- > — _ ——————df
a = 83 /X[ a(t),a(t)] |f’((p(€’9,t),ﬁ)|

0

In its turn,

03 / b
, X[—a(t),a(t)] [F'(p(et?,t),t)]
0

2T

1

- / X ey )

But Re f/(p(e?,t),t) = 0 for 6 € (a(t), 27 — a(t)). Therefore,

2

27
-Qp 1
373 /X[—a(tm(t)]Re [W]M
0
27 2
_—Qp 1 e
© 8m3 /Re [f’(ga(e“g,t),t)]de T 2ma?’
0

Finally, we have an estimate 27aasin § > S, where a = f(0,t). The con-
formal radius R(£2(t),0) of the domain £2(t) is just ab = a/3* = asin® §.
Robin’s radius of the arc I'(t) is R (I'(t),0) = a. Therefore, we have our
main isoperimetric inequality

§ < 2mRo(D(1),0)y/ R (D(#),0) R(2(1),0).

In other words this means that the rate of area change of the phase domain
£2(t) is controlled by Robin’s radius of the free boundary as well as by its
conformal radius.

Finally, let us remark that a general case of disconnected boundary com-
ponent II(t) can be treated in the same way. The solution to the correspond-
ing Riemann-Hilbert problem yields more complicated formulations, so we
have considered only the simplest case.

5.3 Isoperimetric inequality for a corner flow

In this section we shall obtain an analogue of the right-hand side estimate
given in Theorem 5.1.2 for the corner flow. In Section 2.2 we already con-
sidered such flows and derived the governing equations for the conformal
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map that parameterizes the phase domain. Here we use slightly different
parametrization that fits better for our concrete purpose.

Similarly to the model analyzed in Section 2.2 we consider a Hele-Shaw
cell where the viscous fluid occupies a simply connected domain 2(t) in the
phase z-plane whose boundary I'(t) at an instant ¢ consists of two walls I" (¢)
and I5(t) of the corner and a free interface I'3(t) between them. The inviscid
fluid (or air) fills the complement of £2(¢). The simplifying assumption of
constant pressure at the interface between the fluids means that the surface
tension effect is neglected. We let the positive real axis z contain one of
the walls and fix the angle between walls as a € (0,27). The motion of the
boundary I3(t) is due to injection of strength ¢ > 0 through the vertex of
the corner placed at the origin. The initial domain 2(0) fills the vertex. In
our model we consider the local behavior of I'3(t) and agree that I'3(t) is
connected. At the wall-fluid contact points where I'y or I join with I'3 the
velocity vector is directed along the walls that implies that I'; and Is are
perpendicular to I's at these points.

As before, the pressure field p satisfies the Laplacian equation and the
boundary conditions split into the free boundary condition (given on I)
for pressure and the wall conditions for pressure’s normal derivative. The
potential p behaves near the origin as

P~ —Qlog\z|, as |z| — 0.
a

Let us consider an auxiliary parametric complex (-plane, { = £ 4 in. We
set D ={C: (| <1,0<argl <7}, Dy ={z:2=¢"%0c(0,m)}
Di={2:2z=-rre(0,1)}, Do ={2: z=nrr € (0,1)}, D =
D1 U Dy U D3. Construct a conformal univalent time-dependent map z =
f(¢,t), f: D — £2(t), such that being continued onto 9D, f(0,t) = 0, and
the circular arc D3 of 0D is mapped onto I'3. This map has the expansion
F(Ct) = ¢/™ 302 ax(t)¢F near the origin, and ag(t) > 0. The function f
parameterizes the boundary of the domain 2(t) by I'; = {z: z = f((,t), ¢ €
D;}, j=1,2,3.

Using standard steps of Section 2.2 we arrive at the free boundary condi-
tion expressed in terms of the function f as

Re(f Cf') = g for ¢ € Ds. (5.13)
The wall conditions imply that
Im (fe™™) =0 for (e Dy; Im(f)=0 for¢e D,. (5.14)

We note that the derivative of the mapping function f’(¢,t) satisfies the
following conditions at D1 and Do

arg(Cf'(¢,t)) =7+ for ¢ € Dy,
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and
Im (Cf'(¢,t)) =0 for ¢ € Ds.

Hence, we can rewrite the conditions (5.13-5.14) as a mixed boundary value
problem for the analytic function

(%)
YO0 = ey
given by
Re (2(¢, 1)) = W, for ¢ € D3, (5.15)
Im (#(C,t)) =0, for ¢ € Dy U Ds. (5.16)

Firstly, we solve the mixed boundary value problem (5.15-5.16). Making
use of an auxiliary Joukowski transform

1 1
w(C) == 5 <C+ Z) , or ((w) i=w— Vw2 —1,
we reduce this problem to a Riemann-Hilbert problem in the upper w-half-
plane. Applying the Keldysh-Sedov formula (see, e.g., [87]) for the analytic
function &(¢(w),t) which is bounded at +1, we get

2w = Y=L [ 2 cu
21

T f(G(r), PV =17 —w

The analytic function in the right-hand side is defined in C\ [—1, 1], therefore,
choosing a suitable branch of the root we can calculate

1

. 1 < v
Jm o= APC PV

-1

Secondly, we return back to the variable { and obtain

ao(t) @ [ 1
%@)W3!mﬂ@WﬂPw'

Certainly,
aop(t) _ aQ [ et/ .9 dl
w(@) = W " e R
0
or ( ) 20,/
dO t ﬂ C a/m %
a() = " / CCOEC

D1UD>UD3
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The function
<2a/ﬂ

(€f(¢.1)?
is analytic about the origin and symmetric with respect to the real axis.
Hence, we can take a small circle S = {¢ : (| = ¢} and write

<2a/w CQa/W
I —__
" / (P D)2 m/ (CF (D)
D1UD»UDs3
1 C20z/7r
B Im/ LAk
o
-~ a2a}’

So we have the inequality @ < aagag. The constant @ corresponds to the
rate of the area growth. However, one can obtain this directly using Green’s
theorem. In fact, if S(¢) means the area of 2(¢t) and I' = I'; U I, U I's, then

1 1.
t) = Sl / Zdz = SIm / frlie?ds.
r 0

Therefore,
S| s 1 L
S:§Im / ff'z'el9d9+§1m / fflie?do.
0 0

Integrating by parts the second term and using (5.13) we come to the equality
S = Q. Finally, we obtain the desirable inequality

S < aapao, (5.17)

which is known for o = 27 (see Theorem 5.1.2).

To make inequality (5.17) isoperimetric we interpret ag as a certain entity
related to the free boundary I'5. Let D be a hyperbolic simply connected
domain in C with three finite fixed boundary points zi,z2, and a on its
piecewise smooth boundary. Denote by D. the domain D \ U(a,¢) for a
sufficiently small e, where U(a,e) = {2z : |z — a|] < €}. Denote by M(D.) the
modulus of the family of arcs in D, joining the boundary arc of U(a,¢) that
lies in the circumference |z — a| = ¢ with the leg of the triangle D which is
opposite to a (we choose a unique arc of the circle so that it can be connected
in D, with the leg (21, 22) for any e — 0). If the limit

. 1 1
Ma(D,a) = il_I)I(l) (W + Elog 5)
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exists, where p, = sup 4, is the inner angle and A, are the Stolz angles
inscribed in D at a, then it is called the reduced modulus of the triangle D.
The conditions for the reduced modulus to exist are found in [208], [242],
[256]. It turns out that the reduced modulus exists if D is conformal at a.
Let there exist a conformal map f(z) of the triangle D onto a triangle D’
such that there is an angular limit f(a) (see definitions in [207]) with the
inner angle ¢, at the vertex f(a). If the function f has the angular finite
non-zero derivative f’(a), then ¢, = vy, and the reduced modulus of D
exists and changes [242], [256] according to the rule

1
MA(f(D), f(a)) = Ma(D,a) + —log|f'(a)|.
If we suppose, moreover, that f has the expansion

f(2) =wi + (2 —a)¥*/®(c1 + ca(z —a) +...)

in a neighborhood of the point a, then the reduced modulus of D changes
according to the rule

Ma(f(D), f(a)) = Ma(D,a) + wi log |ea].

Similarly to the connection between the conformal radius and the usual
reduced modulus of a simply connected domain with respect to an inner
point, we introduce the conformal triangle radius Ra(D,a) as

RA(D,a) = explpo Ma(D, a)].

The conformal triangle radius of the half-disk {|z| < 1} N {Im z > 0} with
marked vertices 0, £1 with respect to the origin is 1. The phase domain {2 is
conformal at the origin. Using this interpretation we rewrite inequality (5.17)
as

S < a RaA(R(t),0)RA(£2(t),0).

This is the isoperimetric inequality we were looking for.

5.4 Melting of a bounded crystal

In Section 3.4 have already discussed governing equation for a melting crystal.
In this section we consider a bounded initial crystal that is melting in forced
flow. The fluid moves to the right and there are two stagnating points on the
interface of the crystal. The governing equations are the same (4.56) with the
initial conditions

. . 00

lim =1, lim — =0
z—+o0 y—+oo Jy
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The Boussinesq transformation applied to the convective heat transfer equa-
tion (4.56) leads to uncoupling of the problem. There is a conformal uni-
valent map from the phase domain (2(¢) onto the plane of the complex po-
tential W = ¢ + i1p. Under this transformation the boundary of the crys-
tal cross-section is mapped into the slit along the positive real axis ¥ = 0,
¢ € [—2a,2,a] in the W-plane. Thus, the problem admits the form:

PelY — A9, WeD, 5.18
o (5.18)
where D = {C \ [-2a, 2a]}. The boundary conditions are
lim =1, lim P _ =0, =0, WedD (5.19)
p—too - P—Foo (91/} ’ o ’ '

We introduce the auxiliary parametric complex (-plane, ( = & + in. The
Riemann Mapping Theorem yields that there exists a conformal univalent
map f(¢,t) of the exterior part U* of the unit disk U onto the phase domain
f:U* — 02(t), normalized by f(¢,) = al +ap+a—1/¢ +.... This problem
does not admit separation of variables as in previous case. In [160] it was
shown that the heat flux density at the slit on the plane of the complex
potential W = ¢ + 1) can be expressed as |00/ ¢| = (4a% — )~ 2u(p/2a).
The Joukowski function W = a(¢ + 1/¢) permits us finally come to the
Polubarinova-Galin type equation for the free boundary:

Re f(¢,0)Cf(C 1) = —plcos ), ¢ =e”. (5.20)

The function p in (5.20) satisfies the integral equation [160] for a crystal that
admits reflection with respect to the real axis and for small Péclet numbers:

Q ae” Pe
In

[ e

where ¢ € [—2a, 2a], 7 is Euler’s constant, and

N S I
Q72/,1 \/@dé/o w(cos 0)do

is the total heat flux. Obviously, the sign of the function p is connected
with the sign of the normal velocity. Therefore, for a melting crystal we have
p(cosf) > 0 for all @ € [0,27). A simple applications of Green’s Theorem
yields that the rate of the area change of the nucleus S is exactly equal to
the total heat flux taken with (-): S = —Q. In fact, we have

2

r 7 0 f(Cv t) —10
25(t) = — [ Im (fdf) =Re [ f(e%,1) e de.
F(/t) 0/ 0¢ ez
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Then,
S 2 27 P 8f
2% = —/u(cos 0)do — Im /fﬁ <%) de.
0 0
Integrating the last term by parts we obtain that S = — fo% w(cos 0)df =
—Q.

The equation (5.20) implies
2m
. —a cos 0
27 0 ‘f (6 7t)|
Since we have the inequality |f’(¢?, )| < 2a for functions that map U* onto
a convex domain, the radius-area estimate S > 8maa can be given.

Theorem 5.4.1. If the initial nucleus is convez, then locally in time we have
the estimate S > 8maa where a = cap I'(t).






6. General evolution equations

Let us consider the solutions to the Polubarinova-Galin equation (1.16) in the
case of injection (with @ < 0). The fluid is advancing in the normal direction
and the solutions form subordination chains of conformal univalent maps
(and corresponding chain of hyperbolic univalent domains). This particular
case of subordination chains has been considered in the preceding chapters.
The existence theorem makes it natural to assume that at least the initial
domain {2 of the Hele-Shaw dynamics 2(¢) is bounded by a smooth analytic
curve. A closed Jordan curve is called a quasicircle (quasidisk) if it is an
image of the unit circle (disk) under a quasiconformal homeomorphism of
C. A piece-wise smooth Jordan curve bounds a quasidisk if and only if it
has no cusp. So all domains (2(¢), ¢t € [0,%p) in a Hele-Shaw evolution are
quasidisks until a cusp or a double point (Theorem 4.4.1) occurs on the
boundary 2(ty). This chapter is devoted to general subordination dynamics
that corresponds to the Lowner-Kufarev equation. We construct a parametric
method for conformal maps that admit quasiconformal extensions and, in
particular, such that the associated quasidisks are bounded by smooth Jordan
curves. Some applications to Hele-Shaw flows of viscous fluids are given.

As usual, U denotes the unit disk and S' = OU. By S we denote the
class of all holomorphic univalent functions in U normalized by f(¢) =
C+aC®>+...,¢ €U, and by X, the class of all univalent meromorphic func-

tions in U* normalized by f({) = ¢+ ¢o + %1 + ..., eU*, X, stands for all

functions from X with ¢y = 0. These classes have been one of the principal
objects of research in complex analysis for a long time. The most inquisitive
problem for the class S, posed by Bieberbach in 1916 [27], was finally solved
in 1984 by de Branges [31] who proved that |a,| < n for any f € S and
that equality is attained only for the Koebe function k(z) = z(1 — ze'?)~2,
0 € [0,27). (Ludwig Georg Elias Moses Bieberbach (1886-1982) was
converted to the views of the Nazis soon after Hitler came to power and en-
ergetically persecuted his Jewish colleagues. However, after the end of World
War II in 1945 Ostrowski invited him to lecture at Basel University in 1949. It
is interesting that de Branges became the first winner of the Ostrowski Prize
for solving the Bieberbach conjecture). The main tool of the proof turned
out to be the parametric representation of a function from S by the Lowner
homotopic deformation of the identity map given by the Lowner differential
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equation. This parametric method emerged almost 80 years ago in a sem-
inal paper by Lowner [175]. Lowner studied a one-parameter semigroup of
conformal one-slit maps of U. His main achievement was an infinitesimal de-
scription of the semi-flow of such maps by the Schwarz kernel that led him
to what is now called the Lowner equation. This crucial result was later on
generalized in several ways.

Attempts have been made to derive an equation that allowed to describe
a representation of the whole class S. Nowadays, it is rather difficult to fol-
low the correct historic line of the development of the parametric method
because in the middle of the 20-th century a number of works dedicated
to this general equation appeared independently. In particular, Kufarev [164]
studied a one-parameter family of domains {2(t), and regular functions f(z,t)
defined in {2(¢). He proved differentiability of f(z,t) with respect to t for z
in the Carathéodory kernel £2(tg) of (2(t), and derived a generalization of
the Lowner equation. Pommerenke [204] proposed to consider subordination
chains of domains that led him to a general equation. We mention here also
papers by Gutlyanskii [120] and Goryainov [100] in this direction. One can
learn more about this method in the monographs [8], [65], [206] (see also
the references therein). Let us draw reader’s attention to Goryainov’s ap-
proach [100]. He suggested to use a method of semigroups to derive several
other parametric representations of classes of analytic maps and to apply it to
study the dynamics of stochastic branching processes. This approach is based
on the study of one-parameter semi-flows on semigroups of conformal maps
and their infinitesimal descriptions by evolution equations (see also [238]).

In 1959 Shah Dao-Shing [236] suggested a parametric method for qua-
siconformal automorohisms of U. In another form this method appeared in
the paper by Gehring and Reich [92], and then, in [171]. Later, Cheng Qi He
[124] obtained an analogous equation for classes of quasiconformally extend-
able univalent functions (to be more precise, in terms of inverse functions).
Unlike the parametric method for conformal maps, its analogue for quasicon-
formal maps did not receive so much attention.

Several attempts have been launched to specialize the Lowner-Kufarev
equation to obtain conformal maps that admit quasiconformal extensions
(see [15], [16], [17], [121]).

The principal goal of this chapter is to study evolution equations for con-
formal maps with quasiconformal extensions. In particular, we are interested
in maps smoothly extendable onto the unit circle. Our approach is based on
the study of flows on the universal Teichmiiller space T" and on the manifold
Diff S'/Rot S' embedded into 7. Another question we are interested in is
what a Hele-Shaw evolution looks like in the universal Teichmiiller space.
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6.1 The Lowner-Kufarev equation

We consider a subordination chain of simply connected hyperbolic domains
2(t) in the Riemann sphere C, which is defined for 0 <t < to. This means
that £2(s) C £2(¢) when s < t. We suppose that all £2(¢) are unbounded with
oo € £2(t) for all t. By the Riemann Mapping Theorem we can construct a
subordination chain of mappings f((,t), ¢ € U*, where the function f(¢,t) =

a(t)¢ + ao(t) + 1Y)

for each fixed ¢t. Pommerenke [204], [206] first introduced such chains in order
to generalize Lowner’s equation. His result says that given a subordination
chain of domains §2(¢) with a differentiable decreasing real-valued coefficient
a(t) (et after suitable rescaling), there exists a regular analytic function

pi(t) | pa2(t)

+ ... is a meromorphic univalent map of U* onto ()

p(Cvt):p()(t)—"_T—’_ CQ +. CGU*a
such that Rep(¢,t) > 0 for ( € U* and
of(G.t) __0f(¢1)

for almost all t € [0,tg). The coefficient a(t) = «(0) exp(— fot po(T)dr) is the
conformal radius of (2(¢). A reciprocal statement is also true. This equation
is known nowadays as the Lowner-Kufarev equation due to the contributions
by Léwner [175] and Kufarev [164].

Geometrically, it readily corresponds to the normal motion of the bound-
ary 0£2(t). Indeed, supposing an analytic boundary 0£2(¢) the normal vector
in the outward direction is n = —¢f'(¢, )/ (¢, t)], || = 1, and defining

(¢, t) as (—f(¢,t))/(Cf'(¢,t)) the normal velocity v, is given by

— pe [FEDEFEH ) _ g, , _
Uy = R( FD) ) Re [p(¢, ) (¢, 1)1, ¢l =1,

and positive. Therefore, Rep(¢,t) > 0 that is stated in (6.1). Of course, the
general case of nonanalytic boundary requires finer argumentation.

We consider two main questions:

o What does p((,t) look like when 042(t) is a quasicircle?
e The same question in the case of a smooth 9£2(t).

Analogous problems can be posed for the flow of a viscous fluid in a plane
Hele-Shaw cell under injection at infinity. Suppose that at the initial time the
phase domain {2y occupied by the fluid is simply connected and bounded by
a smooth curve Iy. The model can be thought of as a receding air bubble in
a viscous flow and was discussed in Section 4.3.4. The evolution of the phase
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domains (2(¢) is described by an auxiliary conformal mapping f((,t) of U*
onto £2(t), £2(0) = 2, normalized by f((,t) = a(t)( + ao(t) + alT(t) + ...,
a(t) > 0. Rescaling Q = —1 this mapping satisfies the Polubarinova-Galin
equation

Re[f(C.0CCH| =1, ¢=e". (6.2)
The corresponding Lowner-Kufarev type equation is
27
A 1 1 0
flet) = ez | i e (63)
0

where ( € U*.

The equation (6.2) is equivalent to the kinematic condition on the free
boundary and, in particular, implies that the phase domains 2(¢) form a
subordination chain. Unlike the classical Lowner-Kufarev equation (6.1), the
equation (6.3) even is not quasilinear and the problem of the short-time
existence and uniqueness of the solution is much more difficult. The function
(¢, t) is not explicitly given as a function of ¢ and ¢. It is the integral operator
in the right-hand side of (6.3). It is known that 0{2(¢) remains to be a smooth
(even analytic) boundary up to the time ¢y when possible cusps develop or
when the domain (2(t) is no longer simply connected. This means that 2(t)
fails to be a quasidisk as t — t; . Quasidisks can be thought of as elements
of the universal Teichmiiller space, which we will use as a general parametric
space.

We ask the following question: given an the initial smooth phase domain (2,
and the Hele-Shaw evolution 2(¢), what kind of evolution does it generate in
the universal Teichmiiller space?

|General case (Lowner-Kufarev) |—| Quasicircles |~—| Smooth curves Hele-Shaw dynamics

|Universal Teichmiiller space TI IKirillov’s manifold Diff $*/Rot S! |

Douady—Ear@

|Harmonic Beltrami differentials Fw

Infinitesimal structures

Fig. 6.1. General scheme of investigation

A general scheme of the proposed investigation is shown in Figure 6.1
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6.2 Quasiconformal maps and Teichmiiller spaces

The theory of quasiconformal mapping emerged at the beginning of the twen-
tieth century. At that time, quasiconformal maps arose by geometric reasons
based on the works of Grétzsch [104], [105] (who introduced so-called regular
quasiconformal maps) and the notion of extremal length suggested by Ahlfors
and Beurling, and also, as solutions of a special type of elliptic systems of
differential equations in the works by Lavrentiev (see e.g. [170]). Important
applications to various fields of mathematics, such as discrete group theory,
mathematical physics, complex differential geometry, have stimulated much
development of the theory of quasiconformal mappings that, nowadays, is an
important branch of Complex Analysis. Major contribution to this theory has
been made by Lavrentiev, Grotzsch, Ahlfors (who was one of the first Fields
laureates (1936)), Bers, Teichmiiller, Belinskii, Volkovyskii, in the past and
many contributors recently.

At the mid-20-th century it was established that the classical methods
of geometric function theory could be extended to complex hyperbolic man-
ifolds. The Teichmiiller spaces became the most important of them. In 1939
Teichmiiller [248] proposed and partially realized an adventurous program of
investigation in the moduli problem for Riemann surfaces (Paul Julius Os-
wald Teichmiiller, 1913-1943, a student of Bieberbach in Berlin was also
an active member of the Nazi party. He died in heavy fighting along the the
river Dnieper, USSR). His main theorem asserts the existence and uniqueness
of the extremal quasiconformal map between two compact Riemann surfaces
of the same genus modulo an equivalence relation.

Teichmiiller has brought together the moduli problem, extremal quasi-
conformal maps, and relevant quadratic differentials on Riemann surfaces.
This led him to the well known theory of the Teichmiiller spaces. Later on,
Teichmiiller’s ideas were thoroughly substantiated by Ahlfors, Bers [7] and
other specialists.

6.2.1 Quasiconformal maps

Let D be a domain in C (possibly equal to C) and w = f(z) be a homeo-
morphism of D onto a domain D’ C C. We define distributional derivatives

as

=i ) i1 )

T 9z Ox T oxr Oy
which are supposed to be locally square integrable on D, z = x +1iy. A home-
omorphism f is said to be quasiconformal in D if the complex valued function
pr(z) = fz/f. satisfies an inequality |us(2)] < k < 1 almost everywhere in
D. If ||pslloe = ess sup |pf(z)] < k < 1, then the homeomorphism f is said

€D

to be K-quasiconformal, K = (1 + k)/(1 — k). The function ps(z) is called
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its complex characteristic or dilatation. A quasiconformal map w = f(z) is a
homeomorphic generalized solution w of the Beltrami equation

ws = pgp(w, (6.4)

for a given dilatation p¢(2). This solution is unique up to a conformal home-
omorphism. Imposing some standard conformal normalization (for instance,
three boundary fixed points for a simply connected domain) implies the
uniqueness of the solution to (6.4). Detailed descriptions of properties of
quasiconformal maps can be easily found in [5], [21], [89], [91], [163].

To give a geometric definition of a quasiconformal map one can consider
the notion of the modulus of a family of curves as a basis of the notion
of quasiconformality. A sense preserving homeomorphism f of a domain D
onto a domain D’ is said to be a K-quasiconformal map if for any doubly
connected hyperbolic domain R C D the ratio M(f(R))/M(R) is bounded
and the following inequality is satisfied

M) < (pmy < kM(m), (6.5)

where M (R) is the modulus of the family of curves that separate the bound-
ary components of R. The inequality (6.5) we call the property of quasi-
inwvariance of the modulus. A quasiconformal map is conformal if and only if
K =1 (or k=0).

An important point to note here is the dependence of a quasiconformal
map on its dilatation. We let the dilatation p¢(2,t) depend on z € U and
on a real or complex parameter t; ps(z,-) is assumed to be a measurable
function with respect to z, ||pf|leo < 1. If py is n-differentiable with respect
to z and the n-th derivative is Holder continuous of order « € (0, 1), then a
quasiconformal solution f# € Uk to the equation (6.4) is (n+1)-differentiable
and the (n + 1)-th derivative satisfies the same Hoélder condition [21], n > 1.
Thus, one could expect that f# possesses a continuous derivative whenever
@ is continuous. However, this not true, as is shown by the example f(z) =
z(1 —log|z|), f(0) =0, z € U, where f is even not Lipschitz continuous at
z = 0. Belinskif [21] proved that a continuous u produces a Holder continuous
fforany 0 < a < 1.

The dependence on the parameter ¢ is much easier. If u(-,t) is a differen-
tiable or continuous function with respect to ¢ (for instance, holomorphic for
complex t), then the same is true for f*.

6.2.2 The universal Teichmiiller space

Let us consider the family F of all quasiconformal automorphisms of U. Ev-
ery such map f satisfies the Beltrami equation fr = ps(¢)f¢ in U in the
distributional sense, where i is a measurable essentially bounded function
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(L>*(U)) in U, |jug|l = ess supy |ps(¢)|eo < 1. Conversely, for each measur-
able Beltrami coefficient u essentially bounded as above, there exists a qua-
siconformal automorphism of U, that satisfies the Beltrami equation, which
is unique if provided with some conformal normalization, e.g., three point
normalization f(4+1) = %1, f(i) = ¢. Two normalized maps f; and fy are
said to be equivalent, fi ~ fa, if being extended onto the unit circle S', the
superposition f o fy ! restricted to S* is the identity map. The quotient set
F/ ~is called the universal Teichmiiller space T. It is a covering space for all
Teichmiiller spaces of analytically finite Riemann surfaces. By definition we
have two realizations of T: as a set of equivalence classes of quasiconformal
maps and, due to the relation between F/ ~ and the unit ball B C L*>(U),
as a set of equivalence classes of corresponding Beltrami coefficients.

The normalized maps from F form a group Fy with respect to superpo-
sition and the maps that act identically on S! form a normal subgroup Z.
Thus, T is the quotient of T' = Fy/Z.

If g€ F, f € Fo, then there exists a Mobius transformation h, such that
ho fog™! e Fy. Let us denote by [f] € T the equivalence class represented
by f € Fo. Then, one defines the universal modular group M, w € M,
w: T — T, by the formula w([f]) = [h o f o g]. Its subgroup My of right
translations on T is defined by wo([f]) = [f o g~ ], where f,g € Fo.

An important fact (see [173, Chapter III, Theorem 1.1]) is that there are
real analytic mappings in any equivalence class [f] € T.

Given a Beltrami coefficient p € B C L*(U) let us extend it by zero
into U*. We normalize the corresponding quasiconformal map f, which is
conformal in U*, by f(¢) = ¢ + a1/¢ + ... about infinity. Then, two Bel-
trami coefficients p and v are equivalent if and only if the corresponding
normalized mappings f# and f” map U* onto one and the same domain in
C. Thus, the universal Teichmiiller space can be thought of as the family
of all normalized conformal maps of U* admitting quasiconformal extension.
Moreover, any compact subset of T' consists of conformal maps f of U* that
admit quasiconformal extension to U with ||pf]|e < k < 1 for some k.

As we mentioned above, a normalized conformal map f € [f] € T defined
in U* can have a quasiconformal extension to U which is real analytic in
U, but on the unit circle f may behave quite irregularly. For example, the
resulting quasicircle f(S!) can have the Hausdorff dimension greater than 1.

Remark. Given a bounded K-quasicircle Iy K = (1 + k)/(1 — k), in the
plane let N(g,I") denote the minimal number of disks of radius ¢ > 0 that
are needed to cover I'. Let

B(K) = supp limsup, o logN (e, I') /log(1/e)

denote the supremum of the Minkowski dimension of curves I" where I ranges
over all bounded K-quasicircles. The Hausdorff dimension of I" is bounded
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from above by 3(K) (see [18]). In [18] it was also established several explicit
estimates for 3(K) , e.g., B(K) <2 — cK34%

Let us denote by X{° C Xy the class of those univalent conformal maps f
defined in U* which admit a quasiconformal extension to U, normalized by
f(¢)=C+ai1/C+....Let z,y € T and f,g € X{° be such that uy € z and
tg € y. Then, the Teichmiiller distance T(x,y) on T is defined as

L+ [lgos—1loo

1
T(z,y)= inf —log .
1= lligos—rlloo

pr€T, pg€y 2
For a given x € T we consider an extremal Beltrami coefficient p* such
that ||u*|lcc = infues [|V||oo- Let us remark that u* need not be unique. A
geodesic on T' can be described in terms of the extremal coefficient p* as a
continuous homomorphism z; : [0, 1] — T such that 7(0, z;) = t7(0,21). Due
to the above remark the geodesic need not be unique as well.
We consider the Banach space B(U) of all functions holomorphic in U
equipped with the norm

el Bw) = sup [p(Q)(1 = [¢[*)*.
ceu

For a function f in X' the Schwarzian derivative

7 7 2
$H(0) = o (fl(C)) 1 (fl(C))
¢\ f'(€) 2\ f"(¢)
is defined and Nehari’s [189] estimate ||Sy(1/¢)| gy < 6 holds. Given z € T,
p € x we construct the mapping f* € XJ° and have the homeomorphic
embedding T'— B(U) by the Schwarzian derivative.

The universal Teichmiiller space T is an analytic infinite dimensional Ba-
nach manifold modelled on B(U). The Banach space B(U) is an infinite
dimensional vector space that can be thought of as the cotangent space to
T at the initial point (represented by p = 0). More rigorously, let the map
f* be a quasiconformal homeomorphism of the unit disk U. It has a Fréchet

derivative with respect to p in a direction v. Let us construct the variation
of f7 € X{° p = 7v, with respect to a small parameter 7:

) =¢+7V(C) +o(r), ¢eU*.

Taking the Schwarzian derivative in U* we get

Spre =7V"(C) 4+ o(1), €U,

locally uniformly in U*. Taking into account the normalization of the class
2I¢ we have (see, e.g., [173])
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The integral formula implies V""" (A(¢))A’(¢)? = V'"(¢) (subject to the rela-
tion for the Beltrami coefficient v(A(())A’(¢) = v(¢)A’(¢)) for any Mdbius
transform A. Now let us change variables ¢ — 1/¢ and reduce the first
variation to a holomorphic function in the unit disk by changing f™(¢) to
g7 (¢) = f(1/C). Setting A, (¢) = Sgrv () and A, (¢) = & V" (1/) we have
(see, e.g., [90, Section 6.5, Theorem 5]) that

o(7)
(1 =122
So the operator A, is the derivative of A, at the initial point of the universal

Teichmiiller space with respect to the norm of the Banach space B(U). The
reproducing property of the Bergman integral gives

// 1|;Ug| [ u e BW). (6.6)

The latter integral leads us to the so-called harmonic (Bers’) Beltrami differ-
ential

A,(¢) = T4,(¢) =

U(Q) = A5(0) = 5201~ ¢, el

Let us denote by A(U) the Banach space of analytic functions with the finite
L' norm in the unit disk. We have that A(U) < B(U) is a continuous
inclusion (see, e.g., [188, Section 1.4.2]). On L*=°(U) x A(U) one can define a

coupling
(1, 0) / / () doe.

Denote by N the space of locally trivial Beltrami coefficients, which is the
subspace of L°°(U) that annihilates the operator (-, ) for all ¢ € A(U).
Then, one can identify the tangent space to T at the initial point with the
space H := L>°(U)/N. It is natural to relate it to a subspace of L>*(U). The
superposition A, o A7, acts identically on A(U) due to (6.6). The space N is
also the kernel of the operator A,. Thus, the operator A* splits the following
exact sequence
0— N < L®(U) 2% AU) — 0.

Then, H = A*(A(U)) =2 L*°(U)/N. The coupling (u, ) defines A(U) as a
cotangent space. Let A2(U) denote the Banach space of analytic functions ¢
with the finite norm

lellasy = /w (1= 6o

Then A(U) — A%(U) and Petersson’s Hermitian product [265] is defined on
A%(U) as
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(o1, 02) = / / o1 (P01 — |¢[2)2dor.
U

The Kéhlerian Weil-Petersson metric {v1,v2} = (v1, 4,,) can be defined on
the tangent space to T and gives a Kéhlerian manifold structure to 7.

The universal Teichmiiller space is a smooth manifold on which a Lie
group Diff T of real sense preserving diffeomorphisms is defined. The tangent
bundle is defined on 7" and is represented by the harmonic differentials from
H translated to all points of T. We will consider tangent vectors from H at
the initial point of T' represented by the map f({) = ¢. The Weil-Petersson
metric defines a Lie algebra of vector fields on T' by the Poisson-Lie bracket
[v1,v2] = {va, 11} — {v1, 12}, where v1, 19 € H. One can define the Poisson-
Lie bracket at all other points of T' by left translations from Diff T'. To each
element [z] from Diff T an element x from T is associated as an image of the
initial point. Therefore, a curve in Diff T' generates a traced curve in T that
can be realized by a one-parameter family of quasiconfromal maps from Y{°.

For each tangent vector v € H there is a one-parameter semi-flow in
Diff T and a corresponding flow x” € T with the velocity vector v. To make
an explicit representation we use the variational formula for the subclass X{°
of Xy of functions with quasiconformal extension (see, e.g., [173]) to C. If
fre Xl veHand

v if U
urien) ={r @

o =¢- T [[ A oy
U

locally describes the semi-flow =7 on T

then the map

6.3 Diff S*/Rot S* embedded into T

In this section we study a diffeomorphic embedding of the homogeneous man-
ifold Diff S'/Rot S! into the universal Teichmiiller space 7.

6.3.1 Homogeneous manifold Diff S /Rot S*

We denote the Lie group of C'*° sense preserving diffeomorphisms of the unit
circle S* by Diff S*. Each element of Diff S is represented as z = €*?(?) with
a monotone increasing, C'* real-valued function ¢(#), such that ¢(6 + 27) =
#(0)+27. The Lie algebra for Diff S! is identified with the Lie algebra Vect S!
of smooth (C°) tangent vector fields to S* with the Poisson - Lie bracket
given by



6.3 Diff S'/Rot S' embedded into T 141

[P1, 2] = P165 — Pagh).
Fixing the trigonometric basis in Vect S the commutator relations take the
form

n_msin(n+m)9+n+m

[cos né, cos mb] = sin (n —m)#0,

m_nsin(n+m)0+n+m

[sin nf, sin ml] = sin (n — m)#é,

[sin nd, cos ml] = T s (n+m)o — ntm cos (n —m)f.

There is no general theory of infinite dimensional Lie groups, example of
which is under consideration. The interest to this particular case comes first
of all from the string theory where the Virasoro algebra appears as the cen-
tral extension of Vect S'. Entire necessary background for the construction of
the theory of unitary representations of Diff S! is found in the study of Kir-
illov’s homogeneous Kihlerian manifold M = Diff S!/Rot S*, where Rot S!
denotes the group of rotations of S'. The group Diff S acts as a group of
translations on the manifold M with Rot S! as a stabilizer. The Kéhlerian
geometry of M has been described by Kirillov and Yuriev in [157]. The man-
ifold M admits several representations, in particular, in the space of smooth
probability measures, symplectic realization in the space of quadratic differ-
entials. We will use its analytic representation that is based on the class X of
functions from Yy which being extended onto the closure U" of U* are sup-
posed to be smooth on S*. The class 2‘0 is dense in Xy in the local uniform
topology of U*.

Let S denote the class of all univalent holomorphic maps in the unit
disk g(¢) = co 4+ ¢1¢ + c2¢? + ... which are smooth on S!. Then, for each
f € Xy we have co € f(U*) and there is an adjoint map g € S such that
C\ f(U*) = g(U). The superposition g~' o f restricted to S' is in M (see
Figure 6.2). Reciprocally, for each element of M there exist such f and g. A

fO=C+2+.-.

P W

9 =co+al+...

Fig. 6.2. Representation of M

piece-wise smooth closed Jordan curve is a quasicircle if and only if it has
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no cusps. So any function f from X, has a quasiconformal extension to U.
By this realization the manifold M is naturally embedded into the universal
Teichmiiller space T. Moreover, the Kédhlerian structure on M corresponds
to the Kahlerian structure on 7" given by the Weil-Petersson metric.

The Goluzin-Schiffer variational formulae lift the actions from the Lie
algebra Vect S onto Xy. Let f € X and let d(e’?) be a C* real-valued
function in @ € (0,27] from Vect S' making an infinitesimal action as 6
0 + 7d(e'?). Let us consider a variation of f given by

_ -1 wf'(w)\? wd(w)dw
150 = 55 | ( 7w) ) Fw) - 10 (6.1)

S1

Kirillov and Yuriev [157], [158] have established that the variations d4f(¢)
are closed with respect to the commutator and the induced Lie algebra is
the same as Vect S*. Moreover, Kirillov’s result [159] states that there is the
exponential map Vect S — Diff S! such that the subgroup Rot S! coincides
with the stabilizer of the map f({) = ¢ from 0.

6.3.2 Douady-Earle extension

Let ¢: S' — S be a circle quasisymmetric homeomorphism, i.e., a homeo-
morphism that possesses a quasiconformal extension into U (for a precise def-
inition see, e.g., [173]). Then ¢ has infinitely many quasiconformal extensions
into U, one of the most remarkable of which is the Beurling-Ahlfors exten-
sion (Arne Karl-August Beurling (1905-1986), Lars Valerian Ahlfors
(1907-1996); this extension appeared in a 1956 paper [26] with the nonalpha-
betic listing of the authors as Ahlfors had insisted because of the contribution
made by Berling. Ahlfors “... felt mostly like a secretary; the main ideas of
the paper were due to Beurling” (see [20]). In 1986 Douady and Earle [60]
defined for any such ¢: S — S! a conformally natural extension h: U — U
from F. The map h is a homeomorphism which is real analytic in the inte-
rior. The idea was to introduce the concept of a conformal barycenter of a
measure on S! = 9U. Douady and Earle proved that w = h(¢) € F satisfies
the functional equation

_ L (e w1 =

Sl

An advantage of this extension is that if o, 7 €M&b(U), then the extension of
ogoporTis given by oo hor7, what is not true for the Beurling-Ahlfors exten-
sion. The three-point boundary normalization of Fy can be always attained,
and thus, the Douady-Earle extension is compatible with the definition of the
universal Teichmiiller space. Later, in 1988, another proof of Douady-Earle’s
result has appeared in [172] where the authors worked with the inverse func-
tion. The functional equation (6.8), in particular, implies that a C'>° mapping
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o representing an element from the manifold M has a real analytic extension
h € F which is C*° on St 3

Let f € Xy represent an element from ¢ € M. Let g € S be the adjoint
map, g~ ! of‘s1 = . If h is the Douady-Earle extension of ¢, then go h|51 =

f‘sl and g o h is a quasiconformal extension of f € %,. Given w € M we

construct the mapping f* that satisfies the normalization of the class Y and
whose Beltrami coefficient is

Fky — FeFy

= FF- _ FCF—a w = h(C), C € U7 (69)
ct'w w

15 (C)

with pf(¢) = 0 for ¢ € U*. The equivalence class [f#] is a point of the
universal Teichmiiller space T. So the Douady-Earle extension defines an
explicit embedding of M into T'.

6.3.3 Semi-flows on T and M

As it was mentioned in Section 6.2, the Weil-Petersson metric defines a Lie
algebra of vector fields on T by the Poisson bracket [vq,vs] = {vo,11} —
{v1,v2}, where 11,15 € H. One can define the Poisson bracket at all other
points of T' by left translations of the universal modular group.

We proceed restricting ourselves to M embedded into T'. The complex
form of Green’s formula implies that (6.7) for f(¢) = ¢ is equivalent to

54C = ;//W, (6.10)
U

where the distributional derivative dgd(w) is given in the unit disk U, d(w)
is a continuous extension of the C™ function d(e?) € Vect S! into U that
has L°(U) distributional derivatives in U, s > 2, and do,, is the area element
in U. Thus, one can extract the elements from H that are of the form v(¢) =
(0¢d(C), where O means 0/0¢.

We are going to deduce an exact form of v using the Douady-Earle ex-
tension. For this we start with the variation of the element

(p(eieﬂ_) _ €i0<1 —|—Tid(€i0)) —|—O(T)7 pE M, d € Vect 517

and 7 is small. The Beltrami coefficient of the extended quasiconformal map
h has its variation as pp(¢) = 7v(¢) + o(7), where

o (Tt T
& (Fer - F7FY)

—— — , eV, (6.11)
FIF; - FUF,

7=0, w=(

v(() =

where
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FT(¢,w) = i/ < () —w ) el 9 |dz| = 0. (6.12)

C2r 1—we(z,7)) |¢ - 2|
S1

Thus, v(¢) depends only on d(e?). We will give explicit formulae in the next

section. They can be obtained substituting ¢(e?®,0) = ¢, and taking into

account that o o
FOF, - FEFG| =0,

The Lie algebra Vect St is embedded into the Lie algebra of H by (6.11),

(6.12). Hence, a flow given on M corresponding to a vector d € Vect S* is

represented as a flow on the universal Teichmiiller space T corresponding to

the vector v € H given by (6.11).

6.4 Infinitesimal descriptions of semi-flows

First of all we give an explicit formula that connects the vectors d(e?) from
Vect S! with corresponding tangent vectors v(() € H to the universal Te-
ichmiiller space T" making use of the Douady-Earle extension. These vectors
give the infinitesimal description of semi-flows on M and T respectively.

Theorem 6.4.1. Let d(e??) € Vect S be the infintesimal description of a
flow ¢ in M. Then, the corresponding infinitesmial description v(() € H of
this flow embedded into T is given by the function

v(¢) = % 7(%)2 e*0d(e')dp. (6.13)

1—eiC
0

Proof. Let o(¢,7) = ei(0+7d(e™)) and h(¢,7) be the Douady-Earle extension
of ¢ into the unit disk U, ¢ € U by means of (6.12). If 7 = 0, then h(¢{,0) = (.
We calculate

OFT(Cw) = 5 7({0_6;;;()6@ f)> 6i0|(f_ — ) .
0
ron - [ (P )
0
(G = 5, / (=) e
0
o7 (Gu) = 5 / () = b
0
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Substituting 7 = 0 and w = ¢ we have

1
OcF™ (¢, w = —,
e T TP
IcF™ (¢, w) =0,
7=0,w=C(
OwF™ (¢, w) I
N N
O F™ (¢, w) =0.
T7=0,w=C

We will use the properties of the Douady-Earle extension. Let us fix a
point (y € U and choose two Mobius transformations o,§ of U such that
5(0) = ¢o and o (0) = h((p, 7). We set g = 01 o hod. Then, g(0,7) = 0,
g(0,7) =0 and

an(Oa 7_) = aCh(C(b T)

9z9(0,7) = 0zh(Co, 7)

So we see that

9ch(Go, ) 9¢9(0,7) §'(0)

9ch(Co,7)  9cg(0,7) §(0)
By the property of the Douady-Earle extension we have that the function
g(¢,7), ¢ € U is the extension of g(e*?, 7) by means of (6.12). If 7 = 0, then
9(¢,0) = ¢. Now we put 1 (e?, 7) = g(e?, 7) in (6.12) and calculate variations
inT

27
0 1 e —¢ ) 1—|¢]* 9y(e”,7)
—O0:F" (¢, w = — — : do
or ¢ « )T:O,wzgzo 27T0 ((I—Ce”)?’ I —e®>  or r=0,(=0
1 27
_ L e e
i P(e™,0)ds,
0
27
W0 | ~12.i0 2 i0
Vo] -k (e g et
or r=0w=c=0 2T J (1—Ce) ¢ — e or 7=0,¢=0

27
1 o
= —/Qe%(ew,mda.
2T
0

Then, we can obtain the explicit form of the variation of the Beltrami coef-
ficient by (6.11) as
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27
_3 i, ( ,i0
T e1(e'”,0)do. (6.14)

2 afg(ov T)
0t 0:49(0,7)

0

The Mobius transformation § does not depend on 7 whereas o does. Ex-
plicitly, we put

0_71 oho 5(C) _ h((S(C)/T) — h(((],’r)
1= h(8(0), 7)h(Co, )’

where §(¢) = (¢+¢o)(1+¢{o) " We denote e'® = §(e'’). Therefore, denoting
by

i0
; ; + G
o _ § 0 _ € - ot
e (6 ) 1 + Coe,“ga
we have
e o h(€,0)(1 = [Gol?) — h(Co, 0)(1 — oe™™) + h(Co, 0)e™ (e — o)
g(e”,0) = — .
(1 — Coe™)
Then,
_ 2 )
e?do = %elada,
(1 —e™(o)

and changing variables in (6.14), we obtain

2m
3 1- ‘C0|2 ’ 2ia 2o’
= %/ (m e d(e )da.
=0 0

0

3 afg(ov T)
0t 0:4(0,7)

Taking into account that §’(0) = 1 we come to the statement of the theorem.
O

Corollary 6.4.1. If ¢ = max |d(e")|, then
0€0,27]

1+ |¢[?
(O < 37— e

Proof. The formula given in the preceding theorem implies

2m
_ 2 . ) .
V(C) _ % / (11_ etig)fmd((s(ew))ewde-

Changing variables a — 6 we obtain

2m

3 i0 1 072 )

v(Q) =5 / 1e+ «:’9%( 1+_e‘ CICQ) ed(5(e'))do. (6.15)
0

Next, we obviously estimate |v| as in the statement of the corollary. O
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As we see, the given estimate is good enough when |{| is not close to 1.
Let us now give an asymptotic estimate for |v(¢)| in the case |¢| ~ 1.

Corollary 6.4.2. There exists a constant M independent of (such that

1-¢P
(S

In particular, |v(¢)| = O(1 — |¢]?) as [¢] ~ 1.

() <M

Proof. We integrate by parts the right-hand side in the formula (6.13) twice
and come to the following expression

V() = -

1-1¢P) i 1—[¢? [.0[e?d(e®)] d*e?d(e?)]
4r (2 /(1_61‘05)2 (l 90 + 902 >d0. (6.16)

The absolute value of the above integral is bounded because of the Poisson
kernel in it and due to the smoothness of the function d. O

6.5 Parametric representation of univalent maps with
quasiconformal extensions

6.5.1 Semigroups of conformal maps

The basic ideas that we use in this section come from Goryainov’s works
[100], [101] and the monograph by Shoikhet [238].

We consider the semigroup G of conformal univalent maps from U* into
itself with composition as the semigroup operation. This makes G a topo-
logical semigroup with respect to the topology of local uniform conver-
gence on U*. We impose the natural normalization for such conformal maps:

b
®(¢) = B¢+ by + ?1 4+ ..., ¢ € U* B > 0. The unit of the semigroup is

the identity. Let us construct on G a one-parameter semi-flow @7, that is, a

continuous homomorphism from R* into G, with the parameter 7 > 0. For

any fixed 7 > 0 the element @7 is from G and is represented by a confor-
bi(7

mal map (¢, 7) = B(7)¢ + bo(7) + lé )

&(U*,7) C U*. The element &7 satisfies the following properties:

o P0 = id;

o O = B(B((,7), 5), for 7,5 > 0;

e &(¢,7) — ( locally uniformly in U* as 7 — 0.

+ ... from U* onto the domain

In particular, 5(0) = 1. This semi-flow is generated by a vector field v(() if for
each ¢ € U* the function w = &({,7), 7 > 0 is a solution of an autonomous
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differential equation dw/dr = v(w) with the initial condition w|,—g = (.
The semi-flow can be extended to a symmetric interval (—t,t) by putting
&~7 = ¢~ 1((, 7). Certainly, the latter function is defined on the set @(U*, 7).
Admitting this restriction for negative 7 we define a one-parameter family
o7 for T € (—t,1).

For a semi-flow &7 on G there is an infinitesimal generator at 7 = 0
constructed by the following procedure. Any element @7 is represented by
a conformal map &((,7) that satisfies the Schwarz Lemma for the maps
U* — U*, and hence,

¢

Re g < Lp

¢ .
ol st ceu

where the equality sign is attained only for #° = id ~ @(¢,0) = (. Therefore,
the following limit exists (see, e.g., [100], [101], [238])

o) o
_ . =
li 2 "\ _Re— 17=0 ~
A Ta e T e =0
and the representation
00, 7) | _
5 |y = oPC)

holds, where p({) = po+p1/C+... is an analytic function in U* with positive
real part, and
9B(7)

or

In [102] it was shown that @7 is even C'*° with respect to 7. The function {p({)
is an infinitesimal generator for ™ at 7 = 0, and the following variational
formula holds

P(C,7) = C+7Cp(Q) +o(r), B(T) =1+ 7po +0(7). (6.18)

The convergence is thought of as local uniform. We rewrite (6.18) as

P(¢,7) = (14 7po)¢ + 7¢(p(C) — po) + o(7) = B(7)C + 7 C(p(C) — po) + o(T).

(6.19)

Now let us proceed with the semigroup G% C G of quasiconformal au-

tomorphisms of C. A quasiconformal map & representing an element of G
satisfies the Beltrami equation in C

Pe = pa(Q)Pc,

with the distributional derivatives @z and @¢, where g (¢) is a measurable
function vanishing in U* and essentially bounded in U by

= Po- (6.17)

7=0

s || = ess sup e (Q)| < k <1,
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— b
satisfies the
B

for some k. If k is sufficiently small, then the function

variational formula (see, e.g., [173])
@(O —bo _ / / d”“’ + o(k), (6.20)

where do,, stands for the area element in the w-plane.

Now for each 7 small and 7 € G the mapping h((,7) = w

is from X{° and represents an equivalence class [h"] € T. Consider the one-
parameter curve 7 € T that corresponds to [h7] and a velocity vector v(¢) €
H (that is not trivial), such that

(G, m) = pa (G, 7) = Tv(C) + o(7).

We take into account that @(¢,0) = ¢ in U* and is extended up to the identity
map of C.
The formula (6.20) can be rewritten for ¢(¢, 7) as

2T ﬁ) O / / d"“f +o(r). (6.21)

Comparing with (6.19) we come to the conclusion about @:
daw
(¢, 1) =B(T)¢ +7p1 — +o(7). (6.22)

The relations (6.18, 6.19, 6.22) imply that

p(z) = / / RO dgw (6.23)

The constants pg, p1 and the function v must be such that Rep(z) > 0 for all
zeU*.
We summarize these observations in the following theorem.

Theorem 6.5.1. Let &7 be a semi-flow in GI°. Then it is generated by the
vector field v(¢) = (p({),

p(z) = po+ //C dgw

where v({) € H is a harmonic Beltrami differential and the holomorphic
function p(¢) has positive real part in U*.

This theorem implies that at any point 7 > 0 we have

% = &(C, )p(d(C, 7))
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6.5.2 Evolution families and differential equations

A subset 4% of G, 0 < s < t is called an evolution family in G if

o PUt = id;
o P =PtT o d™S for 0 < s <r <t
o &Y% — id locally uniformly in U* as t,s — 7.

In particular, if $7 is a one-parameter semi-flow, then $!~* is an evolu-
tion family. We consider a subordination chain of mappings f(¢,t), ¢ € U*,
t € [0,%0), where the function f((,t) = a(t)z+ao(t) +a1(t)/C+... is a mero-
morphic univalent map U* — C for each fixed t and f(U*,s) C f(U*,t) for
s < t. Let us assume that this subordination chain exists for ¢ in an interval
[0’ tO)-

Let us pass to the semigroup G%¢. So $%'* now has a quasiconformal exten-
sion to U and being restricted to U* is from G. Moreover, $"* — id locally
uniformly in C as t,s — 7.

For each t fixed in [0, %) the map f({,t) has a quasiconformal extension
into U (that can be assumed even real analytic). An important presupposition
is that f({,t) generates a nontrivial path in the universal Teichmiiller space T
This means that for any t1,t2 € [0,¢9), t1 # t2, the mapping f((,t2), ¢ € U™,
can not be obtained from f((,t1) by a Mobius transform, or taking into
account the normalization of f, by multiplying by a constant. We construct
the superposition f=(f(¢,s),t) for t € [0,tg), s < t. Putting s =t — 7 we
denote this mapping by &((, ¢, 7).

Now we suppose the following conditions for f(,t).

(i) The maps f(¢,t) form a subordination chain in U*, t € [0, ).

(ii) The map f(¢,t) is holomorphic in U*, f((,t) = a(t)(+ao(t) +a1(t)/¢+
..., where a(t) > 0 and differentiable with respect to ¢.

(iii) The map f(¢,t) is a quasiconformal homeomorphism of C.

(iv) The chain of maps f(¢,t) is not trivial.

(v) The Beltrami coefficient p7(¢,¢) of this map is differentiable with re-
spect to ¢ locally uniformly in U, vanishes in some neighbourhood of U*
(independently of t).

The function ¢({,t,7) is embedded into an evolution family in G. It is
differentiable with regard to 7 and ¢ in [0,t9), and ®((,¢,0) = (. Fix t and
let D, = &~ 1(U*,t,7)\ U*. Then, there exists v € H such that the Beltrami
coefficient p is of the form ug(¢,t,7) = 7v((,t)+0o(7) in U\ D,, ue((,t,7) =
pr(¢,t —7) in D,, and vanishes in U*. We make 7 sufficiently small such
that ue((,t,7) vanishes in D, too. Therefore, ( = lim,_,o ?({,t,7) locally
uniformly in C and (¢, ¢, 7) is embedded now into an evolution family in G7¢.
The identity map is embedded into a semi-flow ¢7 C G%¢ (which is smooth)
as the initial point with the same velocity vector

9(¢.t, )| _ .
T Tzofcp(Cat% CEU )
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that leads to equation (6.1) (the semi-flow @7 is tangent to the evolution
family at the origin). Actually, the differentiable trajectory f((,t) generates
a pencil of tangent smooth semi-flows with starting tangent vectors (p(,t)
(that may be only measurable with respect to t). The projection to the uni-
versal Teichmiiller space is shown in Figure 6.3.

Smooth semi-flow &7

Differentiable path in T’

Fig. 6.3. The pencil of tangent smooth semi-flows

The requirement of non-triviality makes it possible to use the variation
(6.21). Therefore, the conclusion is that the function f((,t) satisfies the equa-
tion (6.1) where the function p(¢,t) is given by

// wtdaw
C(w

and has positive real part. The existence of po(t),p1(t) comes from the exis-
tence of the subordination chain. We can assign the normalization to f((,t)
controlling the change of the conformal radius of the subordination chain by
e~t. In this case, changing variables we obtain pg = 1, p; = 0.

Summarizing the conclusions about the function p(¢,t) we come to the
following result.

p(¢,t) = po(t) +

Theorem 6.5.2. Let f((,t) be a subordination chain of maps in U* that
exists for t € [0,10) and satisfies the conditions (i—v). Then, there are a real
valued function po(t) > 0, a complex valued function pi(t), and a harmonic
Beltrami differential v({,t), such that Rep((,t) > 0 for ( € U*,

// el ceu

and f((,t) satisfies the differential equation

p(¢,t) = po(t) +
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9f(GY) 9f(G 1)
ot ¢

= _C p(<7t)7 C € U*7 (624)

mt e [O,to).

In the above theorem the function v(¢, t) belongs to the space of harmonic
differentials. We ask now about another but equivalent form of v as well as
whether one can extend the equation (6.24) onto the whole complex plane.

Writing w = f((,t — 1), (¢, t,7) = f~1(w,t) we calculate the dilatation
of the function (¢, t,7) in U. Note that @ it is differentiable by ¢, 7.

) o W — 28
_ —1 — — _ w =

,u@:%:fwlw§+fw w5:w5+uf_1w§:% we fg.

b fulwe+ folwe  wetppade wey o o fobe

Hf Py r

wag

We use that pip-10 f = —,uffg/ff. Finally, us, fc, fz are differentiable by ¢
almost everywhere in ¢ € [0, tg), locally uniformly in ¢ € U, and

d fc)
77— uf?
. Mo fg ot ( fg’

14 ,t = hm—:f——,
O(C ) =0 T fC 1_‘,U/f|2

where the limit exists a.e. with respect to ¢t € [0,¢¢) locally uniformly in
¢ € U, or in terms of the inverse function

1 6,uf4
(e O o .
vo(¢,t) = Foll— |2 f(¢1)

Sometimes, it is much better to operate just with dilatations, avoiding func-
tions, so we can rewrite the last expression as

Olog g

vo(2,t) = —pg(z,t) TL}I‘Q o f(z,1)

Remark. The function v(¢,t) in Theorem 6.5.2 may be replaced by the func-
tion v9((,t) that belongs to the same equivalence class in H.

Let us consider one-parameter families of maps in U* normalized by
—t., a1(t)
fGt)y=e7"C+

tion states that given a holomorphic function p(¢,t) = 1+ p1(¢)/¢ + ... in
¢ € U* with positive real part the solution of the equation (6.24) presents a
subordination chain (see, e.g., [206]). This enable us to give a condition for
vy that guarantees a normalized one-parameter non-trivial family of maps
f(¢,t) to be a subordination chain

4+ .... The inverse result to the Lowner-Kufarev equa-
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Theorem 6.5.3. Let f((,t) be a normalized one-parameter non-trivial fam-
ily of maps for ¢ € U* which satisfies the conditions (ii—v) _and 1s defined in
an interval [0,tg). Let each f(C,t) be a homeomorphism of C which is mero-

al(t)
¢

(6.24). Let the quasiconformal extension to U be given by a Beltrami coeffi-
cient py = p(¢,t) which is differentiable with respect to t almost everywhere
int€l0,ty). If

morphic in U*, is normalized by f((,t)

.., and satisfies

[vo]loe < —1———— ~ 0.706859. ..,

4 [, sK(s)ds

where vo((,t) is as above and K (-) is the complete elliptic integral, then
f(¢,t) is a normalized subordination chain.

Proof. Let || = p, w = re?. We calculate

// vo(w, t)do, < 10| 0o // doy, |V0||oo //
Cw=0) | = pr S Tw—a T = w/a
||y0||oo// rdr df
3|1 —rei? /2]
B ||y0||oo// rdr do
= P — e
0 0
1 27
_ ||y0||oo// rdr df
T 5 p2\/1+;—2—2%C089
1/p2n

~ Ivollso // sds df
T V1452 —2scos 0
0 0

IN

||V(]||oo// sds df
T V1+ 52 —2scos 0
00
A 1
= ”L”OO/SK(S)CZS < 1.
s

Then Rep(z,t) > 0 that implies the statement of the theorem. O
Remark. If ||vo(-,t)]|co < g, then

1+ ‘M(Cvt” < e2tq 1+ |M(C7O)|
L= (GOl = 1= (0
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This obviously follows from the inequality

Olug|  Olpg—| .
_— = —— < —1/.
ot = |fup—1]

Remark. Let us remark that the function v can be unilateraly discontinuous
on S' in U, therefore, it is not possible, in general, to use the Borel-Pompeiu
formula to reduce the integral in p to a contour integral.

The equation (6.24) is just the Lowner-Kufarev equation in partial deriva-
tives with a special function p(z,t) given in the above theorems.

Now we discuss the possibility of extending the equation (6.24) to all of
C. We differentiate the function @({, ¢, 7) with respect to 7 when ( € UUU*.
It follows that

(| fe
or =0 felP=1fel? [fel? =1 fel

This formula can be rewritten in the following form

F(G1) = =(feG(¢, ) + fG (G, 1)).

Taking into account the equation (6.24) in U* we have in the whole plane

ety = { UGG+ FG(C, 1), for ¢ e T,
feo={gen T for ¢ e U”. (6:29)

where p((,t) is a holomorphic in U* function with the positive real part by
Theorem 6.5.2.

The variational formula (6.22) and differentiation of the singular integral
imply that G¢((,t) = 19(¢,t), ¢ € U. Now let us clarify what is G. Let us
consider ¢ € U. The Pompeiu formula leads to

G(¢1) =BG, 1) //”Owtd"“x cev

where h((,t) is a holomorphic function with respect to ¢. The function G is
continuous in U and by the Cauchy theorem

WG 1) = 271m/i(w7?dw'

S1

f+ F=at).

To obtain the boundary values of the function G(w,t), |w| = 1, we will use
the second line in (6.25). Unfortunately, in general, it is not possible to use
the same function f in both lines of (6.25) to obtain boundary values of G.
Indeed, the mapping f(¢,t) is differentiable regarding to t a.e. in ¢t € [0,)
locally uniformly in ¢ € C, and continuous in ¢ € C for almost all ¢ € [0, o).
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Therefore, the function —(fcG((,t) + fzG 7(¢, 1)), ¢ € U is the extension of
—Cf'(¢,t)p(¢,t), ¢ € U*, whereas f¢, ¢ € U is not necessarily an extension
of f, (e U™

A simple example of this situation is as follows. Let us consider the func-
tion _
et c(—&—%), for ( € U,

f(<7t) = 1
et cC+—>,f0r(€U*,
C

where ¢ > 1. This mapping forms a subordination chain with the dilatation
p(¢) that vanishes in U* and is the constant 1/c? in U. This chain is trivial,
but it is not important for our particular goal here because we do not use at
this stage the crucial variation. Then,

¢, forCEU,

2(2
(——— 207 , for ¢ € U™,
and it splits into two parts that can not be glued on S*. The same is for the
derivatives f¢ in U and f" in U*.

If 1u(¢,t) satisfies the condition (v) in a neighbourhood of St in U, then
the derivatives f¢, fz, ¢ € U has a continuation onto S ! and

G(¢ 1) =

JeCI'p(Ct) = JeCf'p(C. )
|fel? = 1fel? ’

where  f'p(¢, t) is thought of as the angular limits that exist a.e. on S*. More-
over, in a neighbourhood of S! the derivative J¢ vanishes and the function
F((,t) can be written on St as FI(¢,t) = (p((,t). In turn,

et = e [ 2D,

27i w—(
Sl

F(¢,t) = ¢(est,

This information allows us formulate the following theorem.

Theorem 6.5.4. Let f({,t) be a subordination non-trivial chain of maps in
U* that exists for t € [0,t0) and satisfies the conditions (i-v).

(i) For € U* there exists a holomorphic function p({,t) given by Theorem
6.5.2 such that

F(68) = =¢f (¢ PG D).
(ii) For ( € U there exists a continuous in ¢ function F((,t) given by

e

S1
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f_l c’)pf_l
v =2 ot ot o
O(C7t) fgjl 1— |qu_1|2 f(gat)v

such that

F(Gt) = =feF(G 1) = feF (G 1)

6.5.3 The Lowner-Kufarev ordinary differential equation

Dually to the Lowner-Kufarev partial derivative equation there is the Lowner-
Kufarev ordinary differential equation. A function g € X is represented as a
limit

tlim e tw(¢,t), (6.26)
where the function w = g(¢, t) is a solution of the equation

dw

= —wp(w, t), (6.27)

almost everywhere in ¢ € [0,00), with the initial condition g(¢,0) = ¢. The
function p(¢,t) = 1+p1(t)/C+... is analytic in U*, measurable with respect
to t € [0,00), and its real part Re p((,t) is positive for almost all ¢ € [0, c0).
The equation (6.27) is known as the Lowner-Kufarev ordinary differential
equation. The solutions to (6.27) form a retracting subordination chain g(¢, t),
i.e., it satisfies the condition g(U*,t) C U*, g(U*,t) C g(U*,s) for t > s, and
9(¢,0) =¢.

The connection between (6.24) and (6.27) can be thought of as follows.
Solving (6.24) by the method of characteristics and assuming s as the pa-
rameter along the characteristics we have

dt d¢ df
ds L ds p(G.1), ds 0,
with the initial conditions ¢(0) = 0, ¢(0) = ¢o, f(¢,0) = fo(C), where (p is in
U*. We see that the equation (6.27) is exactly the characteristic equation for
(6.24). Unfortunately, this approach requires the extension of fo(w=1((,t))
into U* because the solution of the function f(,t) is given as fo(w™1(¢, 1)),
where ¢ = w({p, s) is the solution of the initial value problem for the charac-
teristic equation.

Our goal is to deduce a form of the function p on the case of the subclass
X8°. Let a one-parameter family of maps w = g((,t), g € X§°, satisfy the
following conditions.

(i) The maps ¢(¢,t) form a retracting subordination chain g(U*,0) C U*.

(ii) The map ¢((,t) is meromorphic in U*, f({,t) = a(t){+ao(t) +a1(t)/C+
..., where a(t) > 0 and differentiable with respect to ¢.

(iii) The map g(¢,t) is a quasiconformal homeomorphism of C.

(iv) The chain of maps ¢((,t) is not trivial.
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(v) The Beltrami coefficient jt4(¢,t) of this map is differentiable with respect
to t locally uniformly in U.

Note that in this case we need not a strong assumption (v) in Section
6.5.2.
Set

H(C,t,7) = g(9(C, 1), 7) = B(r)w + bo(7) + bl’lE}T)

+...,
where w = g((,t). For each fixed t the mapping ¢((,t) generates a smooth
semi-flow H7 in G9¢ which is tangent to the path g({,¢+ 7) at 7 = 0. There-
fore, we use the velocity vector wp(w,t) (that may be only measurable re-
garding to t) with w = ¢g({,t) and obtain

OH((t,7)
or 7=0

= g(Ca t)p(g(Ca t)v t)

As before, the trajectory g((,t) generates a pencil of tangent smooth semi-
flows with the tangent vectors wp(w,t), w = g(z,t). Since g(U*,t) € U* for
any t > 0, we can consider the limit

We have that

H
OeLD)  JWED e 629)
where p(¢,t) = po(t) + p1(t)/¢ + ... is an analytic function in U* that has
positive real part for almost all fixed ¢. The equation defined by (6.28) is an
evolution equation for the path g((,t) and the initial condition is given by
9(¢,0) = ¢
We suppose that all g({,t) admit real analytic quasiconformal extensions
and the family is non-trivial in the above sense. The function g(w,7) =
(H(C,t,7) — bo(7))/B(T) can be extended to a function from X{ and it rep-
resents an equivalence class [¢g7] € T. There is a one-parameter path y™ € T
that corresponds to a tangent velocity vector v(w,t) such that

pg(w, 7) = Tv(w,t) +o(1), w=g(z1).

We calculate explicitly the velocity vector making use of the Beltrami coeffi-
cient for a superposition:

w,T 7t . 1 T) ,t
v(w, 1) = lim Mo 109Gt _ 1 B ~ Mt 9¢(CiP)

T—0 T =07 1 — figc (e, 96(Cit)

or
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Omg(c.t) g
v(w,t) = ¢—< og Yw,t), ¢eU. (6.29)
L= |pgety” g

It is natural to implement an intrinsic parametrization using the Teichmiiller
distance 77(0, [¢}]) = t, and assume the conformal radius to be §(t) = ¢!
that implies po = 1. The assumption of non-triviality allows us to use the
variational formula (6.22) to state the following theorem.

Theorem 6.5.5. Let g((,t) be a retracting subordination chain of maps de-
fined in t € [0,ty) and ¢ € U*. Each g({,t) is a homeomorphism of C which
is meromorphic in U*, g((,t) = e'¢ + b1/ + ..., with a e*-quasiconformal
extension to U given by a Beltrami coefficient u(¢,t) that is differentiable
regarding to t a.e. in [0,tg). The initial condition is g(¢,0) = . Then, there
is a function p(¢,t) such that that Rep((,t) > 0 for ¢ € U*, and

(wt—l——// utdau w € g(U*,t),

g(Uyt)

where v(u,t) is given by the formula (1.12), |[V||co < 1, and w = g((,t) is a
solution to the differential equation

dw

i wp(w,t), weg(U" 1), (6.30)

with the initial condition g(¢,0) = (.

Remark. Taking into account the superposition we have

Pe(6,) // R

where u € U, ( € U™.
Remark. The function wp(w, t) has a continuation into g(U,t) given by

dw
- — F(w.t
dt (w7 )7

where the function F'(w,t) is a solution to the equation

oF _ ggﬂg

1
5~ gl —lgF oY 0

In contrary to the Lowner-Kufarev equation in partial derivatives, the func-
tion F is the continuation of p in U through S'. The solution exists by the
Pompeiu integral and can be written as
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F(w,t) = h(w,t) - // 9ok B O
lgcl? — \ggl u—w

wt——// utdou

g(U,t)

where w € g(U, t), h(w,t) is a holomorphic functions with respect to w, that

can be written as ) (u, 1)
up(u,t
h(w,t) = — ——du.
(w,?) 2mi / u—w
9g(U.,t)

Reciprocally, given a function F(u,t), u € g(U,t), we can write the func-
tion p(w,t) as
F t)d
p(w,t) =1— —/ (u, Uu

g(Upt)

where w € g(U*,1).

6.5.4 Univalent functions smooth on the boundary

Let us consider the class X of functions f(¢) = al +ag+a1/C+..., ¢ € U,
such that being extended onto S' they are C* on S'. Repeating considera-
tions of the preceding subsection for the embedding of M into the Teichmiiller
space T we come to the following theorem.

Theorem 6.5.6. Let f((,t) be a non-trivial subordination chain of maps
that exists fort € [0,t9) and ¢ € U*. Each f((,t) is a homeomorphism U* —

C and belongs to X for every fived t. All these maps have quasiconformal
extensions to U and there are a real-valued function po(t) > 0, complex-valued
functions py(t), real-valued C* functions d(e® t) such that Rep((,t) > 0 for
C € U*7

p(¢,t) = po(t) +

27
t 1 20 4(ei9 +)dh
p1<>i_/e G

¢ 2 (e =¢)

0

and f((,t) satisfies the differential equation

of(G.t) _ _ Of(¢Y)

ot o ¢

p(¢,t), CeU™.

Theorems 6.5.2 and 6.5.6 are linked as follows. For a given subordination
chain of maps f((,t) € X, that exists for ¢t € [0,¢9) and { € U*, there is a C*
function d(e?,t) by Theorem 6.5.6 and we can construct the function v/((, )
by the Douady-Earle extension and the formula (6.11). Then, the function
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f(¢,t) satisfies the equation of Theorem 6.5.2 with p(¢,t) defined by such
v((,t).

Let us consider the ordinary Lowner-Kufarev equation for the functions
smooth on S*. If the retracting chain g(¢,t) is smooth on S!, then we use
again the embedding of M into T and reach a similar result.

Theorem 6.5.7. Let g((,t) be a retracting non-trivial subordination chain
of mormalized maps that exists for t € [0,tg) and { € U*. Fach g((,t) is

b(t)

meromorphic in U*, smooth on S*, and g(¢,t) = B(t)¢ + bo(t) + +...,

B(t) > 0. An additional assumption is that g : U* — U* for each fized
t. Then, there are a real-valued function po(t), a complex-valued function
p1(t), and a smooth real-valued function d(e®.t), such that Rep((,t) > 0 for
cevur,

B pi(t) 1 2g'(z,t) 2 d(z,t)dz .
6.0 =ty + PO - o [ (EDY AEIE (e,

S1

and w = g((,t) is a solution to the differential equation
dw
dt
with the initial condition g(¢,0) = (.

:wp(w7t)a w e g(U*vt)

Remark. If we work with normalized functions

by (t)

Q(C,t) = etcj_‘_ 1§

+...,
then po(t) =1, p1(t) = 0.

6.5.5 An application to Hele-Shaw flows

Theorem 6.5.6 is linked to the Hele-Shaw free boundary problem as follows.
Starting with a smooth boundary Iy the one-parameter family I'(t) consists
of smooth curves as long as the solutions exist. Let us consider the equation
(6.3). Under injection we have a subordination chain of domains (2(t). The
Schwarz kernel can be developed as
€ + ei@ QeiG 262i0
@ =1t T ey
(—e ¢ (C—e?)

Therefore, in Theorem 6.5.6 we can put

27T 27
1 1 1 e
w0 =g | et m0=7 |
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and )
d(e?t) = —————.
0= T
Apart from the trivial elliptic case there are no self-similar solutions, and
therefore the Hele-Shaw dynamics f({,t) generates a non-trivial path in 7.
Thus, given a Hele-Shaw evolution I'(t) = f(S',t) we observe a differentiable
non-trivial path on T, such that at any time ¢ the tangent vector v is a
harmonic Beltrami differential given by

2T

e U S0
v(¢,t) = ?/ (1— e“’f)‘* |f/(eia7t)‘2 do
0

The corresponding co-tangent vector is

2

6 e—2i0d9
o(¢,t) = ;/ (1 —e=00)4] f/(ei?, 1)2
0

6.6 Fractal growth

Benoit Mandelbrot (b. 1924, Warsaw) in 1977, 1983 brought to the world’s
attention that many natural objects simply do not have a preconceived form
determined by a characteristic scale. Many of the structures in space and
processes reveal new features when magnified beyond their usual scale in a
wide variety of natural and industrial processes, such as crystal growth, va-
por deposition, chemical dissolution, corrosion, erosion, fluid flow in porous
media and biological growth a surface or an interface, biological processes. A
fractal (“fractal” from Latin “fractus”) is a rough or fragmented geometric
shape that can be subdivided in parts, each of which is (at least approxi-
mately) a reduced-size copy of the whole. Fractals are generally self-similar,
independent of scale, and have (by Mandelbrot’s own definition) the Haus-
dorff dimension strictly greater than the topological dimension. There are
many mathematical structures that are fractals, e.g., the Sierpinski triangle,
the Koch snowflake, the Peano curve, the Mandelbrot set, and the Lorenz
attractor. One of the ways to model a fractal is the process of fractal growth
that can be either stochastic or deterministic. A nice overview of fractal
growth phenomena is found in [261].

Many models of fractal growth patterns combine complex geometry
with randomness. A typical and important model for pattern formation is
Diffusion-Limited Aggregation (DLA) (see a survey in [125]). Considering col-
loidal particles undergoing Brownian motion in some fluid and letting them
adhere irreversibly on contact with another one bring us to the basics of DLA.
Fix a seed particle at the origin and start another one form infinity letting it
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perform a random walk. Ultimately, that second particle will either escape to
infinity or contact the seed, to which it will stick irreversibly. Next another
particle starts at infinity to walk randomly until it either sticks to the two-
particle cluster or escapes to infinity. This process is repeated to an extent
limited only by modeler’s patience. The clusters generated by this process
are highly branched and fractal (see Figure 6.4).

Fig. 6.4. DLA clusters

The DLA model was introduced in 1981 by Witten and Sander [263],
[264]. It has been shown to have relation to dielectric breakdown [191], two-
phase fluid flow in porous media [41], electro-chemical deposition [96], medical
sciences [233], etc. A new conformal mapping language to study DLA has
been proposed by Hastings and Levitov [126], [127]. They showed that two-
dimensional DLA can be grown by iterating stochastic conformal maps. Later
this method was thoroughly handled in [54].

For a continuous random walk in 2-D the diffusion equation provides the
law for the probability u(z,t) that the walk reaches a point z at the time ¢,

E = 77AU7
where 7 is the diffusion coefficient. When the cluster growth rate per surface
site is negligible compared to the diffusive relaxation time, the time depen-
dence of the relaxation may be neglected (see, e.g., [264]). With a steady flux
from infinity and the slow growth of the cluster the left-hand side deriva-
tive can be neglected and we have just the Laplacian equation for u. If K(t)
is the closed aggregate at the time ¢ and (2(¢) is the connected part of the
complement of K (t) containing infinity, then the probability of the appear-
ance of the random walker in C\ 2(¢) is zero. Thus, the boundary condition
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u(z,t)|F(t) =0, I'(t) = 092(t) is set. The only source of time dependence
of u is the motion of I'(t). The problem resembles the classical Hele-Shaw
problem, but the complex structure of I'(¢) does not allow us to define the
normal velocity in a good way although it is possible to do this in the discrete
models.

Now let us construct a Riemann conformal map f : U* — C which is

meromorphic in U*, f((,t) = a(t)( + ao(t) + alét)

+ ..., a(t) > 0, and

maps U* onto §2(t). The boundary I'(t) need not even be a quasidisk, as
considered earlier. While we are not able to construct a differential equation
analogous to the Polubarinova-Galin one on the unit circle, the retracting
Lowner subordination chain still exists, and the function f((,t) satisfies the
equation ]
f(g t) = Cf/(C7 t)pf(ga t)) ceur, (631)
where pr((,t) = po(t)+p1(t)/(+. .. is a Carathéodory function: Rep(z,t) > 0
for all ¢ € U* and for almost all ¢ € [0,00). A difference from the Hele-Shaw
problem is that the DLA problem is well-posed on each level of discreteness
by construction. An analogue of DLA model was treated by means of Lowner
chains by Carleson and Makarov in [37]. In this section we follow their ideas
as well as those from [134].
Of course, the fractal growth phenomena can be seen without randomness.
A simplest example of such growth is the Koch snowflake (Helge von Koch,
1870-1924) (see Figure 6.5). DLA-like fractal growth without randomness can
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/ / Y X A L 4] AT
Y 5 )] s
A .-'( i3
/ ) { ) { i
/s / Y 7 i
# £ N T
; Wooof Vi W T v
s w ra Xl

Fig. 6.5. Koch’s snowflake

be found, e.g., in[55].

A new development, called Schramm-Lowner Evolution (previously called
“Stochastic Léwner Evolution” by O. Schramm [235]) provides another prob-
abilistic view on the Léwner chains and a new interpretation of the traditional
conformal field theory approach. The basic idea is to replace the control func-
tion p in the classical Lowner equation by a function with driving parameter
a one-dimensional Brownian motion (see [221], [235]).

Returning to the fractal growth we want to study a rather wide class of
models with complex growing structure. We note that «(t) = cap K(t) =
cap I'(t). Let M(0,27) be the class of positive measures v on [0, 27]. The
control function pf(¢,t) in (6.31) can be represented by the Riesz-Herglotz
formula
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27
60
pi(ct) = [ Gz,
0

and po(t) = |||, where v:(0) € M(0,27) for almost all ¢ > 0 and absolutely
continuous in ¢ > 0. Consequently, &(t) = a(t)]|7¢||. There is a one-to-one cor-
respondence between one-parameter (t) families of measures v; and Lowner
chains £2(t) (in our case of growing domains C\ £2(¢) we have only surjective
correspondence).

Ezample 1. Suppose we have an initial domain (2(0). If the derivative of
the measure ~; with respect to the Lebesgue measure is the Dirac measure
dy(0) = dp,(0)d0, then

and 2(t) is obtained by cutting £2(0) along a geodesic arc. The preimage of
the endpoint of this slit is exactly . In particular, if £2(0) is a complement
of a disk, then £2(¢) is £2(0) minus a radial slit.

Ezample 2. Let £2(0) be a domain bounded by an analytic curve I'(t). If the
derivative of the measure ~; with respect to the Lebesgue measure is

de 27| f' (e, t)|2”

C ZG+C
’ 277 |f( 619 t)|? et — 6,

and letting ¢ tend to the unit circle we obtain Re[f Cf’] = 1, which corre-
sponds to the classical Hele-Shaw case, for which the solution exists locally
in time.

then

In the classical Hele-Shaw process the boundary develops by fluid particles
moving in the normal direction. In the discrete DLA models either lattice or
with circular patterns the attaching are developed in the normal direction
too. However, in the continuous limit it is usually impossible to speak of any
normal direction because of the irregularity of I'(t).

In [37, Section 2.3] this difficulty was circumvented by evaluating the
derivative of f occurring in ~; in the above Lowner model slightly outside
the boundary of the unit disk.

Let 2(0) be any simply connected domain, oo € £2(0), 0 € 2(0). The
derivative of the measure ~; with respect to the Lebesgue measure is

dy(6) 1

a0 2xlf' (1 +e)e, )2
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with sufficiently small positive €. In this case the derivative is well defined.

It is worth to mention that the estimate

OcapI'(t) . 1

would be equivalent to the Brennan conjecture (see [207, Chapter 8]) which
is still unproved. However, Theorem 2.1 [37] states that if

_ 60
R() = max [£(1+2)e”, 1),

then

Jim sup R+ 40 = R(Y)

<
At—0 At

C
6 b

for some absolute constant C'. Carleson and Makarov [37] were, with the above
model, able to establish an estimate for the growth of the cluster or aggregate
given as a lower bound for the time needed to multiply the capacity of the
aggregate by a suitable constant. This is an analogue of the upper bound for
the size of the cluster in two-dimensional stochastic DLA given by [151].
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U unit disk
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Rot S*t
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conformal radius of D with respect to a
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capacity of a condenser C'

hyperbolic capacity of a continuum C

reduced modulus of a triangle D with

respect to its vertex a
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family of all quasiconformal automorphisms of U
family of all quasiconformal automorphisms of U
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essentially bounded functions in U
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Schwarzian derivative
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norm in the unit disk

Banach space of analytic functions ¢
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