Chapter 2

Minimal Surfaces

Since the last century, the name minimal surfaces has been applied to surfaces
of vanishing mean curvature, because the condition

H=0

will necessarily be satisfied by surfaces which minimize area within a given
boundary configuration. This was implicitly proved by Lagrange for nonpara-
metric surfaces in 1760, and then by Meusnier in 1776 who used the analytic
expression for the mean curvature and determined two minimal surfaces, the
catenoid and the helicoid. (The notion of mean curvature was introduced by
Young [1] and Laplace [1], but usually it is ascribed to Sophie Germain [1].)
In Section 2.1 we shall derive an expression for the first variation of area with
respect to general variations of a given surface. From this expression we ob-
tain the equation H = 0 as necessary condition for stationary surfaces of the
area functional, and we also demonstrate that solutions of the free boundary
problem meet their supporting surfaces at a right angle.

In Section 2.2, we particularly investigate nonparametric surfaces, and
we state the minimal surface equation in divergence and nondivergence form
which has to be satisfied by the height function. Finally we prove that, for a
nonparametric minimal surface X, the 1-form N AdX is closed. In Section 2.3
it is shown that a nonparametric minimal surface X(z,y) = (z,y, 2(z,y))
has a real analytic height function z(z,y) and, moreover, that X can be con-
formally mapped onto some planar domain. This conformal mapping can be
constructed explicitly if the domain of definition {2 of the surface X is convex.

Thereafter we prove in Section 2.4 the celebrated Bernstein theorem for
nonparametric minimal surfaces and also a quantitative local version of this
theorem which was discovered by E. Heinz. Then we show in Section 2.5 that
every regular surface X : {2 — R? satisfies the equation

AxX =2HN
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54 2 Minimal Surfaces

and, therefore, minimal surfaces are characterized by the equation
AxX =0.

If X is given by conformal parameters, this relation is equivalent to
AX =0.

This observation is used in Section 2.6 to enlarge the class of minimal sur-
faces. We can now admit surfaces with isolated singularities by defining min-
imal surfaces as harmonic mappings X : {2 — R3 that are given in conformal
parameters.

In Section 2.7 we derive a formula for the mean curvature of surfaces that
are defined by implicit equations. This relation is used in the last part of the
chapter to demonstrate that a minimal surface provides a minimum of area if
it can be embedded into a field of minimal surfaces. Finally, an expression for
the second variation of area is given, and we comment on the question when
a given minimal surface can be embedded into such a field.

2.1 First Variation of Area. Minimal Surfaces

Let X : 2 — R? be a regular surface of class C? with its spherical image
N : 2 — R? defined by

_ b
W

and denote by gog and byg (or €,F,G and L, M, N, respectively) the coeffi-
cients of its first and second fundamental forms. Moreover, H stands for the
mean curvature of X. We write w = (u,v), u! = u, u? = v, and X o = 52 X;
r ;5 denote the Christoffel symbols of the second kind for X introduced in
Section 1.3.

We now consider a variation of X, that is, a mapping

N XuANXyy, W=+EG—-F2=/g,

Z 2 x (—eg,60) — R, g5 >0,
of class C2, with the property that
Z(w,0) = X(w) for all w € £2.

This map will be interpreted as a family of surfaces Z(w,¢), w € {2, which
vary X, and in which X is embedded.
By Taylor expansion, we can write

(1) Z(w,e) = X(w) 4+ &Y (w) + 2 R(w, ¢)
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with a continuous remainder term e?R(w,¢e) of square order, i.e. R(w,g) =
O(1) as € — 0. The vector field

Y (w) = %Z(w,s) € CH(2,R?)
e=0

is called the first variation of the family of surfaces Z(-,€).
We can write

(2) Y (w) = 1 ()X () + A(w) N (w)
with functions 7%, 7%, X of class C1(£2). Then
Zo=Xa+ehXp+n"Xap+AaN+ANL]+°Ra.
By virtue of the Gauss equations
Xap = FJﬁXW + bagN
and the Weingarten equations
N = —0X, b = bang™,
we obtain that
(3) Zo=Xo+el€lX,+vaN+°R,
where we have set:

& =1+ Tsn” = bapg™ A,
Vo = bapn® + X .

(4)

Then, indicating the £2-terms by - -, we find

|Zu|> = E+2:(E1E+GF) + -+,
|Zo|? = G+ 2e(E3F +E2G) + -+,
(Zuy Z0) = F+elQGE+ (1 +E3)F+EG]+ -,

whence
22| Z0|? = (Zuy Z,)2 = W21+ 2¢(E} + €3) + -]

We, moreover, have
&1+ &5 =y +mp — Mbapg™ + T3n°.

Since 1 1
bapg™® =2H, TS = —g5=W
89 af Qgg’ﬁ W B
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(see formulas (42) of Section 1.2 and (12) of Section 1.3), we infer that
1
€+ 8 = ol W) + (PW),) — 28

On account of /1 +x =1+ z/2 + O(2?) for |x| < 1, we see that
(|Zu‘2|Zv|2 - <Zua ZU>2)1/2 =W+ 5[(771W)u + (772W)v - QHW)‘] e
Then we can conclude that the first variation

(5) dAQ(X,Y) = d%AQ(Z('ﬁ)) L

of the area functional Ap(X) on 2 at X in the direction of a vector field
Y =n*X, + AN is given by

(6) SAo(X,Y) = /Q (' W)y + (W), — 2HWA] du dv.

Performing an integration by parts, it follows that

(7) dAp(X,)Y) = EmW(nl dv —n? du)—Q/QAHWdudv.

This, in particular, implies that

(8) §AQ(X)Y) = —2 /X (Y, NYHW du dv

-2 /X<Y, N)H dA

for all Y € C(£2,R3). Since A = (Y, N) can be chosen as an arbitrary
function of class CS°(42), the fundamental theorem of the calculus of variations
yields:

Theorem 1. The first variation §Ao(X,Y) of Ag at X vanishes for all vector
fields Y € C2°(£2,R3) if and only if the mean curvature H of X is identically

ZETO0.

In other words, the (regular) stationary points of the area functional—and,
in particular, its (regular) minimizers—are exactly the surfaces of zero mean
curvature. For this reason, a regular (i.e. immersed) surface X : 2 — R® of
class C? is usually called a minimal surface if its mean curvature function H
satisfies

9) H=0.

We shall later broaden the class of minimal surfaces in order to allow also
surfaces with isolated singularities, but then we use conformal parameters u, v.
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Let us now formulate a more geometric expression for the first variation
of the area. Note that

MW = (Y, NYW = (Y, X, A X,) = [V, Xy, X,] (:= det(Y, Xy, X))
and, for Y = n' X, + %X, + AN, we obtain
[V, N,dX] = 7' [X., N, X, dv] + n?[X,, N, X, du] =W {n? du — n' dv}.

Hence, formula (7) implies that

(10)  —6An(X,Y) = /

[Y,N,dX]—i—Q/ HIY, X, X,] du dv.
on 2

Let w(s) be a representation of 2 in terms of the parameter of arc length
s of the boundary X|sn. Then ¢(s) := X (w(s)) is a representation of the
boundary of X. Moreover, let Y(s) := Y (w(s)), N(s) := N(w(s)). Then

[Y,N,dX]ow=(Y,MNAt)ds=(Y,s)ds

where s is the side normal of the boundary curve ¢ of the surface X. Hence
we get

(11) 5AQ(X,Y) = /

(Y,s) ds+2/ (Y,N)H dA.
0X

X

In particular,

(12) §Ao(X,AN) = —2/ AH dA
X
and
(13) 2H = —0Ap(X,N)/Ap(X) if H = const.

In other words, for surfaces of constant mean curvature H, the expression
—2H is just the relative change of the area of the surface with respect to
normal variations.

Moreover, we have

(14) 6AQ(X,Y):—/8X<H,3>ds if H =0,

and we obtain the following
Proposition. If X : 2 — R? is a minimal surface, then the equation
0AQ(X,Y)=0

holds for all Y € CY(£2,R?) which are orthogonal to the side normal of the
boundary 0X (that is, (Y,s) =0 on 0X).
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Furthermore, if we assume that
(15) —Aa(Z(1e)| =0

holds for all variations Z(-,€) of X whose boundary values lie on some sup-
porting manifold S C R of dimension two, then it follows that

(16) §Ao(X,Y) = 0 holds for all Y € C'(2,R?), the boundary

values of which at 052 are tangential to S.

From this equation, we firstly infer that X is a minimal surface, and sec-
ondly, by once again applying the fundamental theorem of the calculus of
variations, we obtain from equation (16) that the side normal of X meets S
everywhere at a right angle. This means that X intersects S perpendicularly.
Thus we have proved:

Theorem 2. Suppose that (15) holds for all variations Z(-,€) of X with
boundary on some supporting surface S. Then X is a minimal surface which
meets S orthogonally at its boundary 0X .

A minimal surface as in Theorem 2 will be called a stationary surface to
the supporting manifold S, or solution of the free boundary problem for S. The
study of such free boundary problems will be emphasized in Section 4.6 and
particularly in Vols. 2 and 3. In short, if we consider stationary surfaces in
boundary configurations which, in part, consist of fixed curves I' and, in ad-
dition, of free surfaces S (called support surfaces), then we deal with minimal
surfaces that meet S perpendicularly.

2.2 Nonparametric Minimal Surfaces

We shall now consider surfaces which are given in nonparametric form, that
is, as graph of a function z = z(x,y) on some domain {2 of R2. Such a surface
can be described by the special parameter representation

X(x,y) = (x,y,z(x,y)), (x,y) € 0.

(In this case, the parameters are usually denoted by = and y instead of u
and v.)

We shall assume that the function z(z, y) is at least of class C2. Introducing
the time-honored abbreviations

(1) D=2z, q=2y, T =2Zgg, 8= Zgy, t=2yy
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we compute that

E=1+p*, F=pg, G=1+¢,
W2=1+p*+¢* N=(n.0),

where
@) §=-p/V1+pP+¢ n=—q/V1+p’+¢
C=1/V1+P+ ¢
Moreover,
@ L=r/V1+p2+¢, M=s/\/1+p>+¢,

N=t/\1+p>+q2

whence finally

5) 0 (1+¢*)r —2pgs + (1 + p*)t
2(1+p? +¢%)%/2 ’
rt — 52

G+ 7+ @

(6) K =

Therefore, the equation H = 0 is equivalent to the nonlinear second order
differential equation

(7) (14 ¢*)r — 2pgs + (1 + p°)t = 0,

the so-called minimal surface equation. It is necessary and sufficient for a
surface z = z(x,y) to be a minimal surface.

For nonparametric surfaces X (z,y) = (z,y,2(z,y)) the area functional
Ap(X) takes the form

() AQ(X):/(Z\/1+p2+q2d$dy.

By Theorem 1 of Section 2.1, a nonparametric minimal surface X, defined by
the function z = z(w,y), satisfies JAo(X,Y) = 0 for all Y € C°(£2,R?). In
particular for Y = (0,0,¢), ¢ € C°(£2), we obtain that

p q B
[ (F56 4 4 ) oy =

and the fundamental lemma of the calculus of variations yields the Euler
equation

® Srier et SRR by
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for the functional
(10) A(z) = / V1+p?+q?dedy.
2

Equation (9) can equivalently by written as

(11) div Y2 —

V14 |Vz|?

This relation will be called the minimal surface equation in divergence form.
Actually equations (7) and (11) are equivalent. In fact, by means of a
straight-forward computation we infer from (5) that

div(W™'Vvz) = 2H

holds true for any nonparametric surface z = z(x,y). This equation also im-
plies that any nonparametric surface X (x,y) = (z,y, z(z,y)) described by the
function z(x,y) is a minimal surface if and only if the 1-form

v =—(p/W)dy + (¢/W) dx
s a closed differential form on (2, that is, if and only if
v = —dc

with some function c € C?(§2) provided that the domain §2 is simply connected.

There is actually a stronger version of this result which permits a remark-
able geometric interpretation. For this purpose, we introduce the differential
form

(12) NAdX = (o, 8,7)
with the components
(13) a=ndz—_(dy, pB=(dr—¢&dz, ~v=~E&dy—ndz.
Inserting
dz =pdz+qdy, {=-p/W, n=-g¢/W, (=1/W,

one obtains

1 2
1+ p? pq
14 — dz + 22 d
(14) B w4t 35 s
N 2

W W
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Let us introduce the differential expression
T :=(1+¢*)r —2pgs + (14 p?)t.

Then a straight forward computation shows

(5, (55), -~

2
(5),- ). sk
— 1
(%L - (Wp> = Wl

that is,
(15) da=2Hpdxdy, dB=2Hqdxdy, dy=—2Hdzxdy,
whence
(16) d(N ANdX) = —-2HWN dx dy
or equivalently
(16") d(N ANdX)=—-2HN dA,

where dA denotes the area element W dz dy.
Thus we have proved the following

Theorem 1. A nonparametric surface X (z,y) = (z,y, 2(x,y)), described by
a function z = z(x,y) of class C? on a simply connected domain 2 of R?, with
the Gauss map N = (§,n,¢) is a minimal surface if and only if the vector-
valued differential form N AN dX is a total differential, i.e. if and only if there
is a mapping X* € C?(§2,R3) such that

(17) —dX* =N AdX.
If we write
(18) X" =(a,b,c), NAdX =(a,3,7),

equation (17) is equivalent to
(19) —da=a, —-db=p, —dc=r.

This remarkable theorem will be used to prove that each C?-solution of
the minimal surface equation (7) or (11), respectively, is in fact real analytic,
and that it can be mapped conformally onto a planar domain provided that
its domain of definition {2 is convex. This will be shown in the next section.
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We finally note that nonparametric surfaces, besides being interesting in
their own right, serve as useful tools for deriving identities between differential
invariants of general surfaces. In fact, locally each regular C?-surface X (u,v)
can, after a suitable rotation of the Cartesian coordinate system in R? be
written in the nonparametric form stated before. In other words, by a suit-
able coordinate transformation w = ¢(x,y) we can pass from X(w) to a
strictly equivalent surface Z(x,y) = X (¢(x,y)) which is of type (z,y, z(z,y))
if we have chosen appropriate Cartesian coordinates in R2. It is evident that
for such a representation Z(x,y) many differential expressions have a fairly
simple form, and therefore it will be much easier than in the general case
to recognize identities. Switching back to the original representation X (u,v),
these identities are equally well established provided that the terms involved
are known to be invariant with respect to parameter changes.

2.3 Conformal Representation and Analyticity of
Nonparametric Minimal Surfaces

Let X(x,y) = (v,y,2(7,y)) be a nonparametric minimal surface of class C?
defined on an open convex set {2 of R?. We will show that z(z,y) is real ana-
lytic and that X (z,y) can be mapped conformally onto some planar domain.

By the Theorem 1 of Section 2.2, there exists a function a € C2({2) such
that

_ g 1+¢2
(1) da—WdaH— W

where p = z,,q = 2y, and W = /1 + p? + ¢2.
Then we consider the mapping ¢ : 2 — R? defined by ¢(z,y) = (z, a(z,y))
which can be expressed by (z,y) — (u,v) or by the pair of equations

dy,

(2) u=uz, v=alx,y).

Since a, = W™+ (1 +¢?) > 0 and {2 is convex, the mapping ¢ is one-to-one,
and its Jacobian J, satisfies

g = 2w s,

Hence ¢ is a C?-diffeomorphism which maps {2 onto some domain 2* of R2.
Its inverse v : £2* — (2 of class C? is given by

3) r=u, y=f(uv)
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with some function f € C?(£2*). Since Di(u,v) = [Dyo(z,y)]~!, we then

obtain
fu fv Qg Gy ax/ay 1/ay '

On account of (1), we infer that

Pq W

4 = o=
) f 1+¢? f 1+¢?

where the arguments u, v and x, y in (4) are related to each other by (3). Next,
we transform the function z(z,y) to the new variables u,v and set

(5) g(u,v) := z(u, f(u,v))
and
(6) Z(u,v) = (u, f(u,v), 9(u,v)) = X(¢(u,v)).

Then the differentials dz, dy, dz = pdx 4+ qdy of the functions z = u, y =
f(u,v), z = g(u,v) turn out to be

dxr = du,
Pq W
7 dy = df = — d
(7) y = df R
P qW
dz = dg = d dv.
YT e u+1+q2 !

These equations yield the conformality relations

14 p% +¢?

8 Zu2:Z112:
0 2. = |2, =

) <Zu;Z1)> =0

for the surface Z = X o 1 which is strictly equivalent to the nonparametric
surface X (z,vy).
For the following, we use the two other equations of Section 2.2, (19):

7db:ﬁ7 7d6:’77

which state that

1+p? pq
db = — dr — = dy
W W
(9)
dc:—idac—&—ﬁdy
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We introduce a surface

(10) Z* (u,v) = (v, f*(u,v), 9" (u,v))
for (u,v) € 2%, the components of which are defined by

f*(u,v) = b(ua f(u,v)),
g*(u,v) := c(u, f(u,v)).

It follows from (4) and (9) that

(11)

W
df* = ——— du— Ly,
1+¢ 1+¢?
(12)
dg* = — W du+ —2_ v
1+¢? 1+¢?

Comparing (7) and (12), we see that Z and Z* satisfy the Cauchy—Riemann
equations

(13) Zy=25, Z,=-7,
on 2%, which are equivalent to

fu:f;a fv:_f:;>

(14) . .
gu = g’u’ g’U = _gu

Thus f + if" and g + ig* are holomorphic functions of the variable w =
u + v, and their real and imaginary parts f,g and f*, g*, respectively, are
harmonic and therefore real analytic functions on 2*. It follows from (3) that
¥ £2* — (2 is real analytic, and then the same holds for the inverse mapping
@ : 2 — 2*. On the other hand, we infer from (5) that

(15) 2(z,y) = gle(z,y)) = g(z,a(z,y)),

whence z(x,y) is seen to be real analytic on 2.
Let us collect the results that are so far proved.

Theorem 1. If z € C?(§2) is a solution of the minimal surface equation (7)
or (11) of Section 2.2 in the domain §2 of R?, then z is real analytic.

Remark. Although we have proved this result only for convex domains, the
general statement holds as well because we have only to show that z is real
analytic on every ball B,.(c) contained in {2, and this has been proved.

Theorem 2. Let X (x,y) = (z,y, 2(x,y)) be a nonparametric minimal surface
of class C? defined on some convex domain 2 of R%2. Then there exists a real
analytic diffeomorphism ¢ : 2 — 2% of £2 onto some simply connected domain
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2%, with a real analytic inverse ¥ : 2% — (2, such that Z(u,v) = X (¢(u,v))
satisfies the conformality conditions

|Zul* = |20, (Zu, Z0) = 0.
The diffeomorphism ¢ can be chosen as
u=uz, v=oa(z,y)
where a(z,y) is a real analytic function which satisfies

g Cl_1+f
WY w

with p = 2z, ¢ = 2y, W= /14 p? + ¢2. Its inverse ¢ is described by

r=u, y=f(u,v)

Qg

where [ is a solution of
v = a(u, f(u,v)).

Finally, there is a surface X* = (a,b,c) on §2 which satisfies
dX* = —-NANdX

where N denotes the spherical image of X, and the mapping & : 2* — C3
defined by

P(u+iv) = Z(u,v) +iZ" (u,v)
= X(u, (4, 0)) + X", £ (10,0))

is a holomorphic function of the complex variable w = u + iv.

As we have already noted in Section 1.4, every regular surface of class C1®
can be mapped conformally onto some plane domain, irrespective of its mean
curvature and its way of definition. But the previous reasoning shows that,
in the case of nonparametric minimal surfaces, it is not necessary to apply
Lichtenstein’s mapping theorem. For such surfaces X (z,y) = (z,y,2(x,y))
defined on a convex domain {2, the conformal mapping v : 2* — (2 can be
explicitly constructed from the function z(z,y). Moreover, if we introduce the
line integral

(z.y)
X*(z,y) ::7/ N ANdX
(%0,y0)
for some (zg,yo) € {2, we have the additional feature that & = (X +iX™) o)
is a holomorphic map 2* — C3.
Let us conclude this section with a geometric observation made by Rie-
mann and Beltrami. By the transformation (2) we have introduced conformal
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parameters w,v on a given nonparametric minimal surface X(z,y), in such
a way that the coordinate lines u = const are planar curves that can be
generated by intersecting the given surface by the family of parallel planes
T = const.

Conversely, if a reqular minimal surface X is intersected by a family of
parallel planes P none of which is tangent to the given surface, and if each
point of X is met by some P, then the intersection lines of these planes with
the minimal surface form a family of curves on the surface which locally belong
to a net of conformal parameters u,v on the surface.

In fact, picking any sufficiently small piece of X, we can introduce Carte-
sian coordinates of R? in such a way that the planes P are given as coordinate
planes x = const, and that this piece can be written as a nonparametric sur-
face (z,y, z(z,y)) over some domain {2 contained in the plane z = 0. Then
the assertion follows from the previous result.

2.4 Bernstein’s Theorem

In this section we want to prove Bernstein’s celebrated theorem that every
solution of the minimal surface equation defined on the whole plane must be
an affine linear function.

To this end we consider an arbitrary nonparametric minimal surface
X(zt,2?) = (z1, 22, z(xt, 2?)) defined on a convex domain (2 of R2. Its height
function z(z!,2z?) which is supposed to be of class C? on 2 will then auto-
matically be real analytic. The coefficients of the first fundamental form of X
are given by gag = 0ap + 2.0 - 2,5. Let W? = g = det(gap), and set

(1) Jap = Gap/W.

We have det(g,s) =1 and

(§°) = (Gag) ™' = (g” ig”).

—go1 g1

Since z(x!,2?) is a solution of the minimal surface equation, there exist real

analytic functions 7%(z!, 2?),a = 1,2, on §2 such that

(2) dr® = gaﬁdxﬁ, a=1,2.

(This follows from the equations (14) and (19) of Section 2.2, setting 71 = —b
and 72 = a.) We use these functions to define a real analytic mapping 1 :
2 — R? by setting 0 = ¥ (x) := 2 + 7(x) or, in components,
1 1 1,1 .2
o=z +71(x,z%),
3) 2

o? =2+ 72(3317:102).
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Since B = D7 = (7%) = (gap), the matrix B is symmetric and positive

definite and we infer that, for arbitrary z = (z!,2?) and y = (y',9?) € £2,

(z—y,7(x) —7(y)) = 0.
Then it follows that

(@) =P = |z =y +|7(@) = 7(W)* +2(z -y, 7(2) — 7(y))

> |z —yl?
or
(4) [(z) =¥ = o =yl
Therefore 1) maps (2 in a 1-1 way onto 2* := ¢ (£2). Moreover,
a «
(5) p = det<%) =2+ g11 + Goo

=24 W+1/W>2,

and thus ¢ : 2 — 2* is a diffeomorphism. Now we define a second mapping
h(a) = (h'(0), h*(0)) for o € 2* by

R (o) = 2t — 71 ()

h2(0) =22+ 72(30)

(6)

where o = ¢(x).

From the chain rule and from

(6) e\ ! _ (1491 G !
ozb go1 1+ goo

:; 1+g22 —g12
24WH+I/W N\ —ga1 1+7gu

it follows that the derivative Dh(c) of h(o) is given by

oh 1 22 — g11 —2012 > 1
7 ) =g (o T T
@ (805> 24+W+1/W ( 2021 g22 —gn °¥
or
Oh® 1 922 — 911 —2912 1
8 )= :
(8) (803) (W+1)2 ( 2921 g22—gu) ° v

This shows that

9) H(o) := h'(0) + ih2(o)
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is a holomorphic function of ¢ = o' + 902 in £2* with the complex derivative

2 2 . - 2
q” —p” + 2ipq ip+q
10 H'(o) = =
(10) @)= e (1+W)
where in the expressions p = z1, ¢ = 22, and W = /1 + p? + ¢ on the
right-hand side one has to replace = by 1 ~!(c). We finally note that

(11) \H'(0)| = (f;;;) S < (11\7\/\7) <1

The image 2% = ¥(2) of the convex set {2 clearly is a simply connected
domain. If 2 is the whole plane R? = C, then one can infer from (4) that also
2* = C. Then, by Liouville’s theorem and by (11), the entire function H'(o)

must be constant. Thus, for p:=p/(1+ W), v:=q/(1 +W ), we infer that

PP =i =cy, 2uv=cy

for appropriate constants ¢; and ¢y, whence

p? v =/ct + 3.

This shows that the continuous functions p and v must be constant, and that
there exists a constant ¢ > 0 such that

p?+q" =c(l+ 1+ p? +¢?)°
which implies p? + ¢® = const, and therefore
p=a; and ¢=as

for some numbers a7 and as, that is

(12) 2(zh 2?) = ap + gt + aga®.

Thus a nonparametric minimal surface X (2!, 2?) which is defined on all of R?
has to be a plane. But this is the assertion of Bernstein’s theorem from 1916
which we will state as

Theorem 1. Every C2-solution of the minimal surface equation on R? has to
be an affine linear function.

In order to exploit the previous formulas more thoroughly, we introduce
the function

_ P . q
(13) F(U)'_1+W "T+W

of 0 = o! +i0?%. Here and in the sequel, 2 has to be replaced by 1 ~!(c) so
that, as in (10), (11), and (13), the right-hand sides are to be understood
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as functions of o. (We omit to write the composition by =1, because the
formulas would then become rather cumbersome. For instance formula (13)
should correctly have been written as

p—iq -1
F = .
(1 T w> °¥
We think that the reader will have no difficulties with our sloppy but more

suggestive notation.)
Comparing (10) with (13), we see that

(14) H' = (iF)%

Since H is holomorphic on 2%, we infer that also F' is a holomorphic function.
Furthermore,

p? + ¢> W2 -1 W-—1

1 H|=|F]? = = =
(5) | | | | (1+W)2 (1+W)2 W+1
whence oW
1+ |FP = —
=5
and
w \? 1
., _ 4+ 212
(16) A= <W+1> —4[1+|F|].

Let v, (o) be the coefficients of the first fundamental form of Z := Xo~1.
By the chain rule, we have
B 0z 0xP . Ox® 0z
i = 998 5 g~ 9 g

By (5) and (6”), we obtain

<6$ ) _ %(5041,_‘_@04#)

Oot

and therefore
Ypv = (Gus + 5#[3)(5BV + gﬁ’/)

(glw + 5/w + o + guy)'

Rl=Rl =

On account of (5), we arrive at

-2 -2 )
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and W ) W
p:2+W+1/W:%a EY =4,

whence

(17) Y = Ay

Hence Z = X o1~ ! is represented by conformal parameters. By virtue of
the theorema egregium (cf. Section 1.3, (32)), the Gauss curvature X (o) of
Z (o) is given by

1
=——Alog A
e 51 og

or, equivalently,
AAA — |V AP
1 == v
(18) X VB

To simplify the computations, we set « = Re F, 8 = Im F'. Then it follows
that

F=a+if, |F?=a"+/,
A=1{1+a*+ 5%},
Ayl = ﬁgz, A2 = —ﬁ017 Aa = 0, Aﬁ =0.

From these formulas, we derive

Ao+ Aoe = {1+ 0”4+ 2}?[(aaq + B051)° + (aqo2 + 55,2)7]
= {1+0® + °[0*(a2: + aZ2) + B*(051 + B2z)]

= 4A|FP?|F'|?
and

2

AA =2 (ag + BB ) + {1+ a® + B7}(|Val* + [V5]?)
v=1
= 2|FP|F'|* + 2{1 + |F|*}|F'|*.
Hence
VAP = 4A|F*|F'|?,

(19)

AA=2(1 +2|F|?)|F'|.
By inserting these relations in (18), we arrive at the important equation
(20) K= —|F'|?/A?

which, on account of (16), can also be written as
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1\
20’ K=—|FP(1+=) .
(20 PP (14 55)
Fix now some disk B,(zo) CC 2, and set og := ¥(xp). It follows from (4)
that B (o¢) CC £2*.

Next we set ¢ := F(0¢). By (11) or (15), we have |¢| < 1. Thus

R(o):

:1—60

defines a conformal mapping of the unit disk B = B;(0) onto itself which

satisfies 1
R(c)=0 and R'(c)= T2 >1

Secondly we consider the linear mapping
L(o) :==0¢+710
of B onto B, (0g) that fulfills
L(0)=0p and L'(0)=r.
Then the composition
M:=RoFolL,
which can also be described by

F(ogp+r10o)—c

Mlo) = T eF oy + 7o)’

is a holomorphic mapping of B into itself since |F| < 1, and M (0) = 0. On
account of Schwarz’s lemma it follows that |[M'(0)] < 1.
Since M'(0) = R/(¢)F’'(09)r and R'(c) > 1, we obtain

[F'(00)] < 1/r,
and we infer from (20’) that

116
=

ool < 2 (14 350y ) < w0+

(zo

The Gauss curvatures K and X of X and Z, respectively, are related to each
other by

K=Koyp L

Thus we have proved
16
(21) K (o) < 5,

and we can formulate the following assertion:
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Theorem 2. If a disk of center xq and radius v is contained in the domain of

definition of a nonparametric minimal surface X (z*,22?) = (z1, 22, (21, 2?)),

then its Gauss curvature in xg can be estimated by

(22 K (o) < 13-

This result, which is due to E. Heinz [1], can be considered as a quantitative
and local version of Bernstein’s theorem that follows from Theorem 2 if we
let r — oo.

2.5 Two Characterizations of Minimal Surfaces

We shall prove two results that more or less were already established in Sec-
tion 2.2. Yet the formulas to be developed here will shed light on the problem
from a different angle.

Theorem 1. If X : 2 — R3 is a regular surface of class C? with mean cur-
vature H and with the spherical map N : 2 — R3, then

(1) AxX =2HN,
where Ax denotes the Laplace—Beltrami operator on the surface X.

This implies the following characterization of minimal surfaces:
Corollary 1. A reqular C?-surface X is a minimal surface if and only if
(2) AxX =0
holds.

Suppose now that the parameters u,v of X(u,v) are conformal. Then
W =€ =G, and Section 1.5, (17) implies that

1

where A denotes the ordinary Laplace operator aa_; + aa_;. Moreover, we have
WN = X, AN X,
and therefore

Corollary 2. If X(u,v) is a reqular C?*-surface represented by conformal
parameters, then

(4) AX =2HX, A X,.
In particular, X is a minimal surface if and only if
(5) AX =0

holds.
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Proof of Theorem 1. It obviously suffices to establish (1) in a sufficiently small
neighborhood (2’ of every point of 2. Moreover, because of the invariant char-
acter of the expressions on both sides of (1), we only have to verify the asser-
tion for some surface that is strictly equivalent to X|p. Since every regular
C?-surface is locally equivalent (in a strict way) to some nonparametric sur-
face we have convinced ourselves that it suffices to prove (1) for an arbitrary
nonparametric surface

X(a',2%) = (@22, 2(2",0?), (a),2%) € 2.

Set as usual,
p=z1, ¢=z2, W=+v1+p*+g.

Then the Gauss equations
Xyag = F(ZﬁXW + ba,gN

of Section 1.3 take the form

0 1 0 —p/W
0 | =Iog|0|+T2 | 1| +bag | —a/W
Z.ap P q /W
whence
1 p 2 q
Faﬁ:bOzﬁW7 Faﬁ:baﬂWa

(6)

bas

Zap = Tagp + Tisa+ 35

and this implies
(7) Z.ap = bapW.

Since
2H = bapg™”
(see (42) of Section 1.2), it follows that

2H
W b,

20

feY 1

g2, = 9P 2 05 = 2HW.

On account of Section 1.5, (19), we have

Axf=g"[f.ap — I5fA]

for an arbitrary function f € C?(§2). Then, by virtue of (8),

2H
(9) AXf = gaﬁf,aﬁ - Wz,vf,’y-
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1 2

Specializing this formula to the functions f(z!,2?) = !, 22, and z(2!,2?)

respectively, we obtain

(10)  Axa' =2H (—%) , Axa?=2H (—%) . Axz=2H (%) :

and this is equivalent to
AxX =2HN.

This completes the proof of Theorem 1. O

The following result relates the Beltrami operators Ay and Ay of a mini-
mal surface X and its Gauss map N to each other.

Proposition. If N is the Gauss map of a minimal surface X, then
(11) Ax = |K|An.
Proof. Since Iy = IlIx and (Section 1.2, (26))
Klx —2HIIx +11Ix =0,
it follows from H = 0 that K < 0 and
(12) Iy = —KlIx = |K|Ix.

Hence, if X is represented conformally, then the same holds for N, and we
infer from (12) and from relation (17) of Section 1.5 that

1 1
Ax =— A, Ay=——=A
X =4 N KW

whence
Ax = |K|An.

Since both sides are invariant expressions with respect to parameter changes,
we conclude on account of Section 2.3, Theorem 2, the general validity of (11).
O

Now we turn to the second characterization of minimal surface which fol-
lows from

Theorem 2. Let X (u,v) be a reqular surface of class C? defined on some
domain 2 of R?, and let N : £2 — R3 be its Gauss map. Then

(13) Ny ANXy, — N, ANX, =2HWN
and

(14) (N AXy)o— (N AX,)y =2HWN.
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Proof. Set u' = u and u? = v. Then the Weingarten equations

No=-WX5=-9"b Xz

imply
NoAX) = —g"%by, X2 AX 1,
Nﬁl A X_VQ = 79’71b1’yX71 A\ X72
whence
NoAX1=NiAXa={g"biy+g"%b2,} X1 A Xo.
Since

9" %oy =2H, X, ANX,=WN,
the relation (13) is established, and (14) is a direct consequence of (13). O

Because of
NANdX =NANX,du+ NAX,dv

equation (14) is equivalent to

(15) d(N NdX) = —2HWN dudv = —2HN dA.

This implies

Corollary 3. A regular C?-surface X : 2 — R? is a minimal surface if and
only if the differential form N N dX is closed, that is,

(16) d(NANdX) =0.

If 2 is a simply connected domain, condition (16) is equivalent to the state-

ment that

(uv)
¥ (u,v) ::/ N ANdX
(

U0,v0)
1 a path-independent line integral.

Remark. Since formula (16) is invariant with respect to parameter changes
and has only to be proved locally, it follows as well from Section 2.2, (17).

2.6 Parametric Surfaces in Conformal Parameters.
Conformal Representation of Minimal Surfaces. General
Definition of Minimal Surfaces

Now we will provide another proof of the result stated in Corollary 2 of Sec-
tion 2.5 which is particularly simple because it uses only a minimum of dif-
ferential geometric formulas.
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Theorem 1. Let X (u,v) be a regular surface of class C*(£2,R3) given by
conformal parameters u and v, that is,

(1) IXu)? = | X and (Xy,X,)=0.

Then necessary and sufficient for a real-valued function H(u,v) to represent
the mean curvature of the surface X is that Rellich’s equation

(2) AX = 2HX, A X,

holds in (2.
In particular, X : 2 — R? is a minimal surface if and only if

(3) AX =0.
Proof. The equation (1) can be written as

A=EE=G=W, F=0 in .
According to Section 1.3, (31), the mean curvature is simply

1

H =
241

(L+N).

Recalling that £ = (X, N), N = (X,,, N), we obtain

(4) (AX,N) = (Xyu + X, N) = 2AH.

On the other hand, differentiating (1) with respect to u and v yields

<Xu7qu> = <X1)7Xvu>a <quaXv> + <Xu7Xuv> = Oa
<Xv7va> = <Xu7Xu'u>a <Xv'uaXu> + <Xv7Xuv> =0

and therefore
(5) (AX,X,)=0 and (AX, X,)=0.

In other words, AX is proportional to N.
Since |N| =1, it follows from (4) that

AX = 2AHN,

and, by virtue of AN = WN = X, A X,,, we arrive at (2), and the theorem is
proved. O

The previous theorem provides another approach to the general formula

(6) AxX =2HN
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proved in Theorem 1 of Section 2.5. One only has to show that an arbitrary
regular surface X of class C? is locally strictly equivalent to a surface repre-
sented by conformal parameters. Then (6) follows from (2) by an invariance
reasoning.

The possibility to introduce conformal parameters on an arbitrary regular
C?-surface is expressed in Lichtenstein’s theorem, stated in Section 1.4. For
minimal surfaces (H = 0) we have—independently of the general Lichtenstein
theorem—given two different proofs that it is possible to introduce conformal
parameters in the small (cf. Sections 2.3 and 2.4). Thus the equation

(7) AxX =0,

which characterizes minimal surfaces, is independently verified.

In order to transform a regular minimal surface globally to conformal pa-
rameters, one can combine Theorem 2 of Section 2.3 with the uniformization
theorem proved by Koebe and Poincaré. We cannot give the proof of this cel-
ebrated theorem. Instead, in Section 4.11 we shall present a variational proof
of Lichtenstein’s theorem which is based on the solution of a Plateau-type
problem. Here we merely state the global version of Theorem 2 in Section 2.3:

Theorem 2. Every regular surface X : £2 — R? of class C?, whether minimal
or not, is strictly equivalent to a surface represented by conformal parameters.

Still it should be noted that the following discussion will not rest on un-
fortified ground since existence proofs for minimal surfaces that will be given
later yield the existence of minimal surfaces represented by conformal param-
eters.

While the equations (6) and (7) only make sense for regular surfaces, the
equations (2) and (3) can also be formulated for surfaces with W = 0. This
enables us to give a definition of minimal surfaces that includes surfaces with
isolated singularities, called branch points, that will be studied in the next
chapter.

Definition 1. A nonconstant surface X : 2 — R? of class C? is said to be a
minimal surface if it satisfies the conformality relations

(1) [Xul* = X, (Xu, Xo) =0
as well as the equation

(3) AX =0

on (2.

If equation (3) is replaced by (2), we speak of a surface with the mean
curvature function H (u,v).

By (1) and (3) we can also define minimal surfaces X : 2 — R"™ in R”,
n > 2, and most of the results in these notes will be true independently of the
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dimension n. For convenience we shall ordinarily restrict ourselves to the case
n = 3, and we shall only occasionally touch minimal surfaces X : {2 — M in
an n-dimensional Riemannian manifold M. If, in local coordinates z',..., 2"
on M, the line element ds? of M has the form

(8) ds® = gir(z) dz’ dz®

(summation with respect to Latin indices 4, k, ... from 1 to n), then a surface
X € C?(2,M) is said to be a minimal surface in M, if its local components
ol (u,v), ..., 2" (u,v) satisfy

9) gie(X)xlal = g (X)abay,  gn(X)zhal =0
and
(10) Az + T (X)) (ahal + 2hal) =0

where I} are the Christoffel symbols of second kind with respect to ds®.

Although there will be no systematic treatment of (9) and (10) in our notes,
these equations will turn up when we replace Cartesian coordinates by general
curvilinear coordinates in R® which will be essential for the investigation of
the boundary behavior of minimal surfaces.

2.7 A Formula for the Mean Curvature

Let us consider a family {F.}.cs of regular C2-surfaces §. which are embed-
ded in R?, implying that none of these surfaces has selfcuttings or selftangen-
cies. We also assume that the family depends in a C2-way on the parameter c.

A set 8 of R? is said to be simply covered by the surfaces of the family {F.}
if each point x = (z!, 22, 23) of § is contained in exactly one of the surfaces.

Consider now a domain G in R? whose closure G is simply covered by a
family of C2-surfaces §. in the sense that there is a function S € C?(G) with
VS(z) # 0 for all z € G, such that the leaves F. of the foliation {F.} can be
described as its level surfaces

(1) Fe={reG:S(x)=c}l
Then
(2) Q(x) := |VS(z)| =" - VS(x)

defines a field Q € C*(G,R?) of unit vectors that is orthogonal to all surfaces
Fe; it is called the normal field of the foliation {F.}.

Theorem 1. If G is a domain in R3, and if S is a function of class C*(G)
such that VS(x) # 0 on G, then the mean curvature H(x) of the level surface
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Se={reG:S@=c)
passing through x € G is given by the equation
(3) divQ(z) = —2H (z)
where Q(z) = |V S(z)|~1-VS(x) denotes the normal field of the foliation {J.}.

Proof. Pick some point xg € G, some r > 0 with B,.(z¢) CC G, and let xg
be contained in §,. For § := B,.(w9) N F, we then choose a regular C%-
parametrization X (w),w € 2 such that its surface normal N(w) = Nx(w)
satisfies

N(w) = Q(X(w)) forallw e 2.

We can also achieve that g = X (wp) for some wq € (2.
For some sufficiently small 5 > 0 we define the normal variation

Z(w,e) = X(w) +eN(w), €€ [—eo,¢0],

of the surface § represented by X (w). Let &, be the surface with the param-
eter representation Z(-, ), and denote by €. the collar

{X(w) + AN (w) : w € 82,0 < XA < ¢}

The two caps § and &, together with the collar €. bound a domain U, in
R3? over which we will integrate div (). Performing an integration by parts, we
obtain

/ divQdX = / (Q,N.)dA

Ug aUa

where N, denotes the exterior normal of OU,. Note that
N.=—N=-Q on§.

By virtue of Taylor’s theorem, we infer that

whence

/ (Q.N.)dA = O(?).

€

If we apply formula (13) of Section 2.5, we obtain for Z(w,e) = X (w)+eN(w)
the relations

ZuNZy = Xy AN Xy +e{Xu ANy + Ny A X} +€2{Ny, AN}
= WN — e2HWN + 2N, A N,

and, by N = Q o X, it follows that
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/ (Q,N.)dA = / (Q(X +eN), Zy A Zy) dudv
€ .Q
= / (Q(X +eN),WN — e2HWN + 2N, A N,,) du dv
2
= /dAfs/ 2H dA
8 $
+ / (Q(X +eN) — Q(X),WN — e2HWN) du dv + O(£?).
(9

The relations |Q(x)] =1 and N = Q o X imply that
(QX(w) +eN(w)) = Q(X (w)), N(w)) = O(e?).

Thus we obtain from the previous computation that

/66<Q,N€)dA:/SdA—e/gZHdA—i—O(EQ).

Since

/ dindX:/ (Q,N5>dA—/dA+/ (Q,N.) dA,
U. & 3 .
it follows that )

3

As ¢ — 40, we arrive at the equation

/dindA:—Q/HdA.
5 5

Here § stands for §., N B,(zo). Dividing both sides by fg dA, and letting r
tend to zero, we arrive at

div Q dX = —/ 2H dA+ O(c).
5

€

div Q(l’o) = —ZH(CL'())

Since xo was chosen as an arbitrary point of G, and since both sides of this
equation are continuous functions on GG, we finally obtain

divQ(z) = —2H ()
for all z € G which proves that theorem. O

Remark 1. With D; = % and Q = (Q1,Q2,Q3) we can write

SIi _ Ssza
NER } VS Sok

 SuSa
TS,

divQ = D;Q; :Di{ -5
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If we introduce the Hessian
hS(€7 77) = Smlxkglgk
and the Laplacian
AS = S,ipi = (D? + D3 + D3)S

we can write

. 1 1
Thus (3) can be written as
1 1
4 H=—1 =5 —AS .
@ 379] { s (75 79 - 45}

This and related formulas for curvature quantities can also be derived
by the technique of covariant differentiation applied to manifolds which are
implicitly defined. This has in detail been carried out by P. Dombrowski [1].

Remark 2. Consider the nonparametric surface which is given as graph of a
function ¥(x,y), (z,y) € 2 C R%. We can embed z = 9(z,y) into the family
of surfaces

z=1(@,y) +c
which simply cover G := 2 x R. They are the level surfaces
S(x,y,2) =c¢
of the function S(x,y, z) := z — ¥(x,y), for which we obtain
1
Qx,y,2) = ———=" (Vu, =1y, 1)

\/ 1+ 92+ 2
whence

'l;[}:n wy

divQe=—{ ——e Y Ty
Ji+vi+es J1Huz

Thus in this particular case equation (3) takes the form

Y o
VIFIVOP

which is equivalent to formula (5) of Section 2.2. If H = 0, we obtain the
minimal surface equation in divergence form (see Section 2.2, (11)):

(6) div—Y g

V14|V

(5)
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From the theorem proved above we obtain the following

Corollary 1. If G is simply covered by a foliation of minimal surfaces Fe
which are the level surfaces of a function S € C*(G) with VS(z) # 0 on G,
then the normal field Q = |VS|~1- VS of this foliation is divergence-free, that
18, the equation

(7) divQ =0

holds on G.

2.8 Absolute and Relative Minima of Area

We begin with a result of the Weierstrass field theory for minimal surfaces
which, in a somewhat different form, was developed by H.A. Schwarz.

Lemma 1. Suppose that G is a domain in R® and that Q € CY(G,R?) is a
vector field on R? with the properties that

(1) Q(z)|=1 and divQ(z)=0 1nG.

Moreover, let § be a reqular C'-surface embedded in G whose surface normal
Nz coincides on § with the vector field Q. Then, for every reqular C-surface
G that is contained in G and has the same boundary as §, we have

(2) /S dA < /6 dA.

Proof. Let us first assume that the surfaces § and & bound a domain U whose
exterior surface normal on § points in the opposite direction of Q|z = Nj.
Then we infer from Gauss’s theorem that

(3) [ av@ix = [ Q.Na)aa

oU

ZA@W@M—AQ%MA

Because of (1), the left hand side is vanishing, and therefore

Nz)YdA = Ng)dA.
@) J@nwaa= | @)
On account of

(@, Nz) =1

and of
(Q,Ns) < |Q||Ns| =1,
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we obtain

(5) /g dA < /6 dA.

If & is a general surface as stated in the theorem, the same result holds.
This can be proved in essentially the same way by applying the calculus of
differential forms and the general Stokes theorem for 1-forms (see, for instance,
F. Warner [1]). O

Remark. It is easy to see that the equality sign in (5) holds if and only if F
and 6 are strictly equivalent.

Lemma 2. Let the assumptions of Lemma 1 be satisfied, with the following
alteration: The boundaries 0§ and 06 of § and & are not necessarily the
same but lie on a surface T which is tangent to the vector field Q (that is,
Q(z) is a tangent vector to T at every point x € T), and are supposed to be
homologous to each other:

OF ~06 onT.
Then the inequality (5) is still satisfied.

Proof. Let us choose a surface € C T such that 0¢€ = 96 \ 9F. Applying
Gauss’s theorem, we obtain

/UdindX:/6<Q,N6>dA—A(Q,N3>dA+A<Q,N¢>dA.

Since

/¢<Q,N¢> dA =0

we arrive once again at (4), from where the proof proceeds as before. O

By combining Lemma 1 or Lemma 2 with the corollary stated in Sec-
tion 2.7, we obtain the following

Theorem 1. A C%-family of reqular, embedded C?-surfaces F. which cover a
domain G simply is a family of minimal surfaces if and only if its normal field
is divergence-free. Such a foliation by minimal surfaces is area minimizing in
the following sense:

(i) Let § be a piece of some of the minimal leaves F., with § CC G. Then
we have

(6) ém<Am

for each regqular C'-surface & contained in G with 0& = 0F.
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(ii) Let T be a surface in G which, in all of its points, is tangent to the
normal field of the minimal foliation, and suppose that T' cuts out of each leaf
Se some piece §: whose boundary 0F}: lies on T'. Then we have:

(7) /gdA/g dA

e
for all admissible parameter values c¢1 and co, and secondly,

(8) / dAg/GdA

for all regular C'-surfaces & contained in G whose boundaries O are homo-
logous to 0F. on T.

*
€1

The identity (7) is the minimal surface version of A. Kneser’s transversality
theorem.

The integral f:?(Q, N)dA appearing in the previous reasoning, is the so-
called Hilbert’s independent integral associated with the area functional fg dA.
If we express § by its representation X (u,v), (u,v) € £2, Hilbert’s independent
integral takes the form

(9) /Q<Q(X), Xu A X,) dudo.

The aforestated results can be summarized as follows:

A reqular embedded minimal surface § yields a relative minimum of area
among all surfaces having the same boundary as §, if it can be embedded in a
foliation (or field) of minimal surfaces in the sense described before. In fact,
$ is an absolute minimum of area among all surfaces with the same boundary
which lie in the domain covered by the field.

Not every minimal surface will have minimal area among all surfaces hav-
ing the same boundary. It is, in fact, not difficult to find examples of non-
minimizing surfaces of vanishing mean curvature. Yet the result just proved
shows that a minimal surface yields a relative minimum of area if it can be
embedded into a field of minimal surfaces. Thus we ask the question:

When can a minimal surface be embedded in a field of minimal surfaces?

An answer to this question was given by H.A. Schwarz. He proved that
each interior piece of a given reqular embedded minimal surface X can be
embedded in a field of minimal surfaces if the first eigenvalue of the second
variation of the area functional at X is positive.

Presently we will not prove this result, but refer to Chapter 5 of this volume
and also to Volume 1 of Schwarz’s collected papers [2] as well as to Chapter I,
Section 6, pp. 86-110 of Nitsche’s lectures [28] where several examples and
further applications are discussed.
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However, we shall at least derive an expression for the second variation of
area 62A(X,Y) of a regular C?-surface X : 2 — R3 with respect to normal
variations Y = @N.

Here 2 is assumed to be a bounded domain in R?, and ¢ is supposed to
be of class C*(£2). Let

(10) Z:=X+¢€Y, Y =pN.

Then
Z,a = X,a + 590N,a + 5@,aN7

whence
Cap = (Zar Z,p) = (X0, X ) + 206(X 0, N,g) + ¢°e*(N .o N g) + ¢ 0,56
and therefore

(11) Cocﬁ = 9GapB — 5290()045 + 52{¢20a6 + @,a‘ﬂ,ﬁ}-
Then
det(Cap) = C11¢22 — C12C21
= gll — £209*bap + €2 {9* 0 a5 + ¥*9* cap + 40°b/g}] + O(?),

where g = det(gog) and b = det(bap).
From
KI—-2HII+1III =0

we infer the analogous relation for the corresponding bilinear forms whence

(12) Kg,5 —2Hbog + cap =0
or

(13) Cap = 2Hbopg — Kg,p-
Because of

9*%bap =2H, ¢*gap=2, b=Kyg
we infer that
(14)  det(Cap) = gl — edoH + *{|Vxp|* + ©*(4H* 4+ 2K)}] + O(%).

Moreover,

2
\/1—}-30:1—1—%—%—1—--- for 2] < 1,

and therefore

2
\/m_1+g€+(§a_>€2+0(53)

2 2 8
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for |e| < 1. Thus we see that
det(Cap) = Vo[l —e2pH +*{5Vx ol + K¢ + 2H¢* — 2H*}]
+0(e%)
or
(15) det(Cag) = Vo[l — e20H +*{3|Vx o + K¢*}] + O(”)}.

From this expansion, we derive for the second variation

2
(16) P Ag(X,Y) = %A(X +eY)

e=0

of X in the normal direction Y = @ N the formula
a7) FAa(X.Y) = [ (Vxol +2K47) dA
Q

which can be considered as a quadratic form on the Sobolev space Ha(2).
We restrict

(18) J(p) =0 An(X, pN)

to the Sobolev space Hi (£2) of functions ¢ € H}(£2) with (generalized) bound-
ary values zero on 0f2.
Consider the isoperimetric problem
(19) J() — min for p €Hy (2) with | ©*dA=1.
0
Its solution satisfies
—Axp+2Kp = n §2,

(20) xX$ Y= pe

p=0 on 02

where 1 is the smallest real number, for which a nontrivial solution ¢ of these
two equations exists; in other words, = J(p) is the smallest eigenvalue of
the operator —Ax + 2K on §2 with respect to zero boundary values.

In the sequel we shall often write 62A(X, ¢) instead of §2A(X, oN).

2.9 Scholia

1 References to the Literature on Nonparametric Minimal Surfaces

The modern theory of the nonparametric minimal surface equation and of
related equations begins with the celebrated papers of S. Bernstein [1-4] and
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with the work of Korn [1,2] and Miintz [1]. The central problem of interest
concerning nonparametric minimal surfaces was at that time the solution of
Plateau’s problem. A new attack on this problem was started by Miintz [2]
in 1925 which, however, proved to be faulty (see Radé [11], and also Miintz
[3]). The final solution of Plateau’s problem in the context of nonparametric
minimal surfaces in two dimensions was achieved by Haar in his pioneering
paper [3]. Important supplements were given by Radé; see Haar [5], Radd
[2,8,15]. In his survey [21], Radé gave a lucid presentation of the development
until 1933.

After 1945, many new and surprising results on two-dimensional non-
parametric minimal surfaces were found. In particular we mention the work of
Bers, Finn, Heinz, E. Hopf, Jorgens and J.C.C. Nitsche. A beautiful and very
complete presentation of the whole theory of two-dimensional nonparametric
minimal surfaces can be found in Nitsche’s treatise [28]; for an updated ver-
sion see [37]. Certain aspects of the theory based on the work of Sauvigny are
presented in Chapters 5 and 7 of this volume.

Even more astounding is the development of the theory of n-dimensional
nonparametric minimal surfaces which is to a large extent described in the
monographs of Gilbarg and Trudinger [1], Giusti [4], and Massari and Mi-
randa [1]. Finn’s treatise [11] leads the reader into the fascinating field of free
boundary problems connected with the phenomenon of capillarity.

The theory of nonparametric minimal surfaces of codimension m > 1 was
initiated by Osserman [11]. Here many new problems arise as was shown by
Lawson and Osserman [1]. Osserman proved:

Let M be an n-dimensional submanifold in R" TP which is the graph of a func-
tion f € C*(2,RP), 2 CR". Let yap(x) := dap + fia(x) f15(x) e the metric
tensor of M, = det(vap) and (Y*?) = (Yag)~t. Then M is a minimal sub-
manifold of R" TP if and only if

(1) \%Dﬂ{ﬁv“ﬁDaﬂ} —0, 1<i<p,

that is, if and only if the coordinate functions f* of the mapping f are har-
monic with respect to the metric of M. Equivalently we can write

(2) Ay f=0.

The equations (1) imply that

(3) Da{yAy*’} =0, 1<p<n.
Therefore the equations (1) are equivalent to the system

(4) Y DaDpfi =0, 1<i<p.
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Morrey [4] proved that any weak solution f € C1(£2,RP), 2 C R™, of (4) is
real analytic. On the other hand, Lawson and Osserman [1] found for n = 4,
p = 3 an example of a Lipschitz continuous weak solution of (1) which is not of
class C'. Furthermore, if {2 is the unit ball in R*, they discovered a quadratic
polynomial ¢ : 02 — R? which cannot be extended to a mapping

feC(2,R)NC?*N,R3)

solving (1) in £2. Harvey and Lawson [4] later proved that the singular solution
of (1) found by Lawson and Osserman is, in fact, area-minimizing with respect
to its boundary values.

Moreover, Lawson and Osserman [1] pointed out that, differently from
the case of codimension p = 1, the solutions of (1) are no longer uniquely
determined by their boundary values. Even if n = 2 and {2 is the unit disk,
there is a real analytic map ¢ : 92 — R? to which there correspond three
distinct solutions u of (1) in £2 satisfying u|spn = .

2 Bernstein’s Theorem

Bernstein’s theorem is one of the most fascinating results in the theory of
nonlinear elliptic differential equations. First published in 1916, it has at-
tracted time and again the attention of analysis since the German translation
of Bernstein’s paper [4] appeared in 1927. Much later, a gap was discovered
in Bernstein’s original proof which succeedingly was closed by E.J. Mickle [1]
and E. Hopf [3].

A discussion of various ramifications and generalizations of Bernstein’s
theorem can be found in Osserman [5], Nitsche [28], Giusti [4], Gilbarg and
Trudinger [1], Hildebrandt [14,17]. The results presented in Sections 2.2-2.5
are essentially taken from the work of Radd, Nitsche and Heinz.

We mention that for nonparametric n-dimensional minimal surfaces of
codimension one Bernstein’s theorem holds true if n < 7, whereas Bombieri, de
Giorgi, and Giusti [1] derived from the Simons cone C' = {z € R® : z = (y, 2),
y,z € R* and |y|?> = |2]?} an example which shows that Bernstein’s theorem
becomes false if n > 8. A slight error in their reasoning was pointed out by
Luckhaus who also saw how it can be removed (cf. Dierkes [5]).

Another major achievement was the paper of Schoen, Simon, and Yau [1]
who proved a generalization of Heinz's estimate (22) stated in Theorem 2
of Section 2.4 to all dimensions n < 5, thereby obtaining another proof for
Bernstein’s theorem in dimensions n < 5. Improvements of this work were
made by Simon [1,4]. We present some of these results in Vol. 3, Chapter 3.

A Bernstein theorem in arbitrary dimension and codimension was proved

by Hildebrandt, Jost, and Widman [1]:

If f : R™ — RP is an entire solution of the minimal surface system (1) (i.e.,
a solution on all of R™) such that \/v(x) < By on R™ where [y is a number
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satisfying Bo < cos™™(m/2v/2m) and m := min{n,p} > 2, then f is linear,
and therefore its graph represents an affine n-plane in R™TP.

In this theorem v(x) denotes the function det(y,g(x)) where y,5(x) =
0ap + fia(x)fis(x). Note that a better result holds true if m = 1. A re-
lated result was proved by Fischer-Colbrie [1]. In Vol. 3 we present a fairly
comprehensive presentation of Bernstein-type theorems.

3 Stable Minimal Surfaces

It is a rather difficult problem to decide whether a given specific minimal
surface spanned by a closed curve I' is actually area minimizing, that is,
whether it is an absolute or at least relative minimizer of the area functional
among all surfaces of the same topological type bounded by I'. Suppose that
the minimal surface X : 2 — R3 is defined on a bounded domain {2 of R2.
Then it is easy to see that the condition

(5) 62An(X,9) >0 forall p € C(2,R?)

is necessary for any relative minimizer X within I". Let A;({2) be the smallest
eigenvalue of the second-variation operator —Ax + 2K on {2 with respect to
zero boundary values. Then, by a classical result of the calculus of variations,
X is a relative minimizer of area with respect to the C'-topology if X is a
regular minimal surface of class C2(£2,R?) satisfying

(6) A1(£2) > 0.

A minimal surface X : 2 — R3? defined on a parameter domain 2 C R?
with a piecewise smooth boundary is said to be strictly stable if it is of class
C?(£2,R3), regular (i.e. free of branch points) on {2 and satisfies A (£2) > 0.
If A\1(£2) > 0, the surface X is called stable.

In certain situations one can show that a stable minimal surface can be
embedded in a field, that is, it can be viewed as a leaf of a suitable foliation
in R? whose leaves are all minimal surfaces. Then we obtain that such a
stable surface actually is a relative minimizer of area with respect to the
C°-topology. Such a field construction plays an essential role in the proof of
Nitsche’s uniqueness theorem (see Section 4.9, and, for details, Sections 5.6
and 5.7).

Barbosa and do Carmo [1] proved that any immersed minimal surface
X : 2 — R3 is strictly stable if the image N (£2) of §2 under the Gauss map
N : 2 — S? corresponding to X has area less than 27. Later these authors
showed in [4] that the assumption [ K dA < %71' implies strict stability of any
immersed minimal surface X : {2 — R", for an arbitrary n > 3, if {2 is simply
connected.

Stable minimal surfaces are an important subclass in the set of all minimal
surfaces. Roughly speaking, we can view strictly stable minimal surfaces as
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those surfaces of mean curvature zero that can experimentally be realized by
soap films. In some respect they behave like nonparametric minimal surfaces.
For instance, R. Schoen [2] proved an analogue of Heinz’s estimate (22) stated
in Section 2.4 for stable surfaces which, in turn, implies Bernstein’s theorem
for such surfaces. Moreover, Schoen’s estimate also yields an earlier result of
do Carmo and Peng [1] and of Fischer-Colbrie and R. Schoen [1], namely that
a complete stable minimal surface in R3 has to be a plane.

For a fairly detailed discussion of the second variation of area and of stable
minimal surfaces we refer to Chapter 5 as well as to Nitsche [28], pp. 86109,
and for an updated version to Nitsche [37], pp. 90-116. There the reader will
also find a survey of the fundamental contributions of H.A. Schwarz to this
problem which are mainly contained in his Festschrift for the 70th birthday
of Weierstrass (cf. Schwarz [2], vol. 1, pp. 223-269).

4 Foliations by Minimal Surfaces

In Section 2.8 as well as in Subsection 3 of these Scholia we saw that any leaf of
a foliation by minimal surfaces is area minimizing. This is the basic content of
Weierstrass’s approach to the calculus of variations. Its main ingredients are
the Weierstrass field construction (that is, the embedding of a given minimal
surface into a field consisting of a foliation with minimal leaves) and Hilbert’s
independent integral. The method presented in Section 2.8 furnishes a sim-
plification of the original form of the independent integral stated by Schwarz.
This simplified version is based on the calculus of differential forms and pro-
vides a flexible and important tool in differential geometry which is very easy
to handle. For applications and further results we refer to the basic work of
Harvey and Lawson [3,4] and of Lawlor and Morgan [1].

Other contributions on foliations by minimal submanifolds of a given
Riemannian manifold are due to Haefliger [1], Rummler [1], and Sullivan [1].

In the Sections 5.6 and 5.7 we discuss field constructions for immersed
minimal surfaces that are not embedded. They are the geometric basis for
Tomi’s finiteness theorem and Nitsche’s uniqueness theorem.
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