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THE WULFF SHAPE AS THE ASYMPTOTIC LIMIT OF A
GROWING CRYSTALLINE INTERFACE*

STANLEY OSHER! AND BARRY MERRIMANT

Abstract. We present a proof of a conjecture made in the field of crystal growth. Namely, for
an initial state consisting of any number of growing crystals moving outwards with normal velocity
given to be «y(7), for @ the unit outwards normal, then the asymptotic growth shape is a Wulff
crystal, appropriately scaled in time. This shape minimizes the surface energy, which is the surface
integral of y(7), for a given volume. The proof works in any number of dimensions. Additionally, we
develop a new approach for obtaining the Wulff shape by minimizing the surface energy divided by
the enclosed volume to the é power in R%. We show that if we evolve a convex surface (not enclosing a
Waulff shape) under the motion described above, that the quantity to be minimized strictly decreases
to its minimum as time increases. We have thus discovered a link between this surface evolution
and this (generally nonconvex) energy minimization. A generalized Huyghen’s principle is obtained.
Finally, given the asymptotic shape we also obtain the associated (unique) convex 7(7). The key
technical tool is the level set method and the theory and characterization of viscosity solutions to
Hamilton-Jacobi equations.

1. Introduction. The study of an anisotropic crystal growing in a melt gives rise
to an equation relating the normal velocity of the motion to both the orientation of the
crystal and to its curvature. In this paper we present a very simple and straightforward
proof of a statement frequently made in the crystal literature — see e.g. Chernov [4],
p. 215. Namely, in the case when the outwards normal velocity is equal to v(7), for
~ the surface tension and 7 the unit outwards normal, then the asymptotic growth
shape is precisely the celebrated Wulff crystal, appropriately scaled in time. This
shape minimizes the surface energy for a given volume.

The proof, which works in any number of space dimensions, is constructive, giving
asymptotic in time estimates. Moreover, the initial state can consist of any number
of growing crystals, some of which may even contain holes. As time increases the
individuals will merge into a growing crystal whose asymptotic limit is a single Wulff
shape.

The associated energy function need not be convex. Thus singularities in the
shape, i.e. jumps in the normal direction, may develop not only in time but also in
the asymptotic limit. Facets and other jumps in normal direction can be characterized
precisely with the help of the theory of viscosity solutions [5,6].

Numerical results using the localized level set method [21] and the high order
essentially nonoscillatory approximations to Hamilton-Jacobi equations developed in
[14,15] validate our theoretical results. We shall discuss this in future work with D.
Peng.

In a parallel work, Osher, Merriman, Zhao and Peng, [13], have developed a
connection between the static shape of crystalline materials in the plane, and the
propagation of shock waves. They show that there is a precise sense in which any
two dimensional crystalline form can be described in terms of rarefaction waves and
contact discontinuities.
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We thus believe that there is an intimate and quantifiable link between the theory
of crystalline shapes and the world of time dependent hyperbolic partial differential
equations whose solutions develop jumps (or kinks) in finite time.

Additionally, in section III below, we develop a new approach to obtaining the
Wulff shape by minimizing the surface energy divided by the enclosed volume to the %
power in R?¢. We show that if we evolve a convex surface, (not enclosing a Wulff shape)
under the motion described above, that the quantity to be minimized strictly decreases
to its minimum as ¢ — co. Thus we have discovered a link between our Hamilton-
Jacobi level set evolution with this (generally nonconvex) energy minimization.

Our first asymptotic result seems to have been first conjectured by Gross in 1918,
(10]. Another important reference is Chernov [3]. There the author formally derives
the partial differential equation for a closed curve in R? moving normal to itself with
velocity v(8), 6 is the angle of the normal. He parameterizes the curve as (6, t) where
R is the vector in R2 connecting the origin to the point on the curve.

The differential equation for Ris:

OR

(1.1) 5

=v(0)7 + o' (§)A+

where 7 is the outwards unit normal. He assumes steady state growth, R(6,t) =
Ro(6)t. Then (1.1) becomes:

(1.2) Ro(6) = v(0)7i + v’ (f)iiL.

This is the formal Wulff construction when v(6) = v(6), the associated surface
tension, see e.g. [11] and the original celebrated paper of Wulff [21].

Chernov’s argument works only for a single curve and yields multivalued, swallow
tailed type shapes if the associated energy is not convex. Moreover, he assume the
existence of an asymptotic limit. The conjecture is valid in much more generality,
with full rigor, as we shall show below.

An interesting related paper is by Soner [17]. There he uses the level set method
of Osher and Sethian [14] as well as the theory of viscosity solutions, e.g. [5,6], both
of which we also use, to analyze the large time asymptotics of the motion of a set. In
Soner’s work the normal velocity is a linear combination of the form

(L.3) v = ()| + bOE, y(7)].

Here Ogrv(7) is the Euler-Lagrange derivative of the surface tension function. The
constant b is positive and the associated level set based evolution equation is of the
form (in d dimensions)

9 _ . Yipipi P
(14) 57_|W7(|V I) ”’Za %= 2 el t vl
=1 ®

Here ¢ is described below as a level set function associated with the interface, and
1

vi(R) = aim'y(nl,...,nd). Also we define |u| = (ZLI u;f’)z for u = (u1,...,uq).

Convexity of v is equivalent to the statement that the term multiplying b is a non-

2
decreasing function of the matrix {-357;%}. This means that the viscosity solution
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criterion is satisfied and this leads to well-posed initial value problems. Convexity
is thus essential in Soner’s work. In this context, convexity means that the function

|ul|y (ﬁ) is convex. Soner shows that if a < 0, any bounded curve has finite extinc-

tion time, and that if @ > 0 and the initial curve is large enough, it asymptotes to the
Wulff shape.

Our problem will involve considering (1.4) for general nonconvex v, with b = 0.
Nonconvexity means that discontinuities in the normal direction will develop.

In the next section we state and prove our main theorem. We do this by deriving
an exact formula for the crystalline motion of a Wulff shape. We prove that such a
shape moves in a self similar fashion. Then, for any initial shape bounding a region 2,
we place a Wulff shape inside 2 and another, concentric, Wulff shape outside Q. As ¢
increases, the two evolving self similar Wulff shapes trap the boundary of Q between
them. The desired result follows easily. We also provide extinction time estimates for
inwards motion.

In section III we develop a new approach for obtaining the minimizing Wulff
shape. Our procedure consists of starting with an arbitrary convex shape (in R%) and
evolving its boundary as above. We prove rigorously that the quantity to be minimized
in the Wulff problem decreases as time increases to its minimum, achieved as ¢ — oo,
which occurs at the Wulff shape, and the quantity strictly decreases to its minimum
in the event that the initial shape is not the minimizer. Thus we have discovered a
new approach linking Hamilton-Jacobi level set evolution with (generally nonconvex)
energy minimization. This technique appears to be applicable elsewhere.

A key step in the proof is the result that the location of the boundary of a
set moving by normal velocity equal to a convex (in the sense of energy) (1), at
a later time t, is obtained through a generalized Huyghen’s principle with the Wulff
minimizing shape generalizing the usual spherical shape.

Moreover, we show that for a given asymptotic shape as t — oo, there is a unique
convex (in the sense of energy) 7 such that this shape is the minimizer of the Wulff
variational problem, and we give a formula involving a Legendre transform to obtain
this 7.

2. Main results. We are considering the evolution of the boundaries of a family
of hypersurfaces in R™. Our initial region 2 C R™ is is the disjoint union of ;,
compact sets with piecewise smooth boundary I';. Each §; is the closure of a nontrivial
open set.. At each point at which the boundary is smooth, we move the hypersurface
normal to itself with positive velocity v(7), where 7 is the unit outwards normal and
v is uniformly continuous on the unit sphere.

Our procedure for analyzing this motion is based on the level set approach of
Osher and Sethian [14], used also to analyze geometric motion elsewhere, e.g. [2,7,17].
We consider a Lipschitz continuous function ¢o(z), o : R* — R chosen so that

wo(z) <0 zeQ—UL;
(2.1) wo(z) =0 ze U =T.
wo(z) >0 z £Q

An example is po(z) = d(z,T), where d is signed distance to the boundary,
negative in the interior of the region and positive outside its closure.
The level set approach [14] applied here is simply to identify the evolution of the
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boundary at later times through solving the Hamilton-Jacobi equation

(2.2a) pr=—7 <|§—a) [Vo|, ze R4 t>0
(2.2b) ©(z,0) = po(z)

where H(Vy) = |Vo|y (I%%I) is the Hamiltonian, and identifying the zero level set of

(z,t) as 'y, the image of the surface under this motion. This works formally because
the set of points z(t) satisfying ¢(z,t) = 0 also satisfy

(2.3) pt+z-Vo=0.
The normal component of velocity pointing in the outwards direction is

i,lg_g:v(ﬁ)ZW(lg_a)

and thus 2.3) indicates that the zero level set (in fact all level sets) of ¢ move according
to (2.2a).

The theory of such Hamilton-Jacobi equations is included in the theory of viscosity
solutions — see [6,7]. The solution generally develops kinks (jumps in the gradient)
in finite time, even for smooth initial data. The viscosity solution criterion tells one
(among other things) what these admissible jumps are — see e.g. [14]. A simple
example occurs when v = 1 in (2.4). If ¢ is initially signed distance to I', then the
zero level set of the viscosity solution at time ¢ > 0 is just the ¢ level set of signed
distance, e.g. [14]. It is not too hard to see that this generally develops kinks, e.g.
if T is a paraboloid. The entropy condition for this simple case [16] is just that we
pick out the distance function, kinks and all. This was rigorized in [14], appealing to
the analogous theory of shocks and the entropy condition occurring in conservation
laws. There it was also shown that the motion is the limit obtained by adding a small
multiple of the curvature of level set of ¢ to (2.4) and letting this perturbation with
this tangential dissipation go to zero. This is the type of motion we are generating.
It agrees with classical motion whenever the hypersurface is smooth.

We now obtain our key result concerning the motion of a Wulff crystal. Let
r =z} +ai+---+23 = |z| and v = £ be the radial and angle variables. The

T
minimizing Wulff shape can be written (up to dilation) as

(2.4) r=W()
where
(2.5) W(v) = inf (Z(.();) = 7+ (v)

18]1=1

where v-0 = Zf=1 v;0;, and v* is the Legendre transform of v [8,18,19,20]. Thus, the
convexification of v can be obtained through

(2.6) v (v) = max (v - 6)y*(6).

16]=1
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Frank’s construction [9] associated with this is as follows: One considers the polar
region
(2.7) r< R() = !
' - V(v)

and takes the outer convex envelope. This is the region

1
2.8) r< .
( 7 (v)
It is clear from (2.5) that the Wulff shape associated with v** is the same as that
for .

We now present the main theorem from which our asymptotic results follow.
THEOREM 1. Consider (2.2) with initial data

r

(2.9) #o@) = Ty
The unique viscosity solution is

r +
(2.10) o(z,t) = [W—(—y—)- - t]

where z+ = max(z, 0).

Proof. We use the second Hopf formula [1,12] which gives the viscosity solution
to (2.2) for convex po(z).

The formula is:

(2.11a) plart) = ma (3= v~ tly (L))
where
(2.11b) w5 (y) = sup {z-y—wo(y)}.

yeR®

In polar coordinates, for our g, we have

1
(2.12) pi(r,v) =sup R(r(v-0) — ——
’ >0 ( W(f)))

it mi 1 1
TR o \wew-6) T @)

1
=0ifr < ——.
e (v)
Thus
(2.13) p(r,v,t) = max Rlr(v-6) -ty(6)].
le|=1
We have, since ;yﬁ < 7*}(0)
(2.14) max R[r(v-60) —ty(8)] < o(r,v,t).

Ry(8)<1
10)=1
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The quantity on the left is maximized for each ¢, either at R =0 or R = ﬁ. Thus

v-6 +
. —_ = <
(2.15) max [r"y(e) t] < o(r,v,t)
v-6>0

or, from (2.5):

+

We also have, since —ty(0) < —ty**(6)

(2.17) e(r,v,t) < | max  Rr(v-6) —ty=(9))-
l6]=1

1

Again, the maximum on the right, for each 8, occurs either at R =0, or R = S OR

Thus

v- *
(2.18) o(r,v,t) < max [rr(y**(z)) - t] ,

and, from the fact that the Wulff shape associated with y**(6) is the same as that for
~(8), it follows that

(2.19) go(r,v,t)g[ ’ —t]+.

This completes the proof. O
We note that the viscosity solution to (2.2) with ¢o(z) = woy T 6 for any
constant c is just
+
r
p(r,v,t) = [W - t] +c.
Thus we proceed as follows. Place a Wulff shape completely within the interior of 2.

We may shift the origin so that there is a constant a > 0 so that the zero level curve
of

(2.20a) wi(r,v,0) = % —a

bounds a region which lies completely within 2. Next, we choose b > 0 so that the
zero level curve of
T

(2.20b) wo(r,v,0) = W) b

lies outside (2. Finally we construct a Lipschitz continuous function ¢q(r,v,0) which
is negative in the interior of (2, positive in the exterior of 2, vanishing on the boundary.

r r
-b< <———a.
o) b < pa(r,v,0) < a

(2.20¢) 7O
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Viscosity solutions to (2.2a) satisfy an ordering principle, so

(2.21) [-ﬁ—t}-'-—bggog(r,y,t)g [ﬁ—tr-—a.

This means that I'y, the zero level set of o (2, v,t), satisfies the following:
THEOREM 2. T lies in the region

(2.22) W) (1+3) < Z<Ww) (1 + %) :

This is our first main result.

Now we take the same family of hypersurfaces and move their boundaries inwards
with normal velocity «(7). This motion is not generally reversible, even for Wulff
shapes. However, it is for a Wulff shape corresponding to a convex ~.

This time we solve the Hamilton-Jacobi equation

Ve )
2.22 =y == ||V
(2.22) Pt 7<Wﬂ Vel
with initial data (2.9) as before. We now have, following the previous argument:

(2.23) p(r,v,t) = Rwﬁ:@{g R[r(v-6) +ty(0)).

Following the argument used in (2.15), (2.16), we have

T

(2.24) 7o

+t < p(r,v,t).

Our upper bound for ¢ follows from

r(w-9) , , 2®)

2.25 T,v,t) = max +
(2.25) elrv ) = pax | Sate) T @)
T
<
W +tk
where
v(6)
1 <k =max
- lo|=17**(6)

Note k = 1 iff y = **.
Thus, to estimate extinction time, we choose ;(r,v,0), @o(r,v,0) as above and
find

T T
. —_ —-b< < —— +tk —a.
(2.27) W(u)+t b_gOQ(T,I/,t)_W(V)+ Kk—a
This means that I'; lies in the region
b=t)+ > —— > (a —tr)*,

W)
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which means that the extinction time, t., satisfies

(2.28) b>t, >

S

REMARK 2.1. Our results, Theorem 2 and (2.28) are valid for arbitrary initial
regions having finite perimeter and nonempty interior, from the approximation results
in [8] and the fact that the theory of viscosity solutions for Hamilton-Jacobi equations
requires only bounded, uniformly continuous initial data.

Note added in proof. We have recently become aware of [22] by P. Soravia. In
section 3 of that paper the author gives a different proof of our Theorem 2. Addition-
ally, we recently noticed that the work of J. Gravner and D. Griffeath, [23], concerning
cellular automata contains a result which is related to our Theorem 2, although the
authors did not explicitly draw this conclusion.

3. A new approach to obtaining the minimizing Wulff shape. In this
section we discuss the link between the crystalline motion described above and a new
approach to minimizing the (generally nonconvex) energy associated with the Wulff
shape.

In R4 we obtain the Wulff shape, up to scaling, by minimizing the quantity:

A
(3.1) ET) = vici7a
where I' is the boundary of a convex set 2, V is its volume and A is the surface
integral of v(), i.e. the energy.

We shall show that moving I' normal to itself with velocity (), as described
in section II, strictly diminishes E(T'(¢)) unless I'(¢) is a Wulff shape, in which case
E(T'(¢t)) is constant in time. We obtain the proof below. Since this is true, then our
main result, Theorem 2, implies that the Wulff shape is the unique minimizer since
E(T(t)) - E(T'w) as t — oo. (It is well known that we need only consider convex T’
in our minimization procedure).

We compute, for such a motion, %E(F(t)). It is a simple observation that % =
A, so we have

02

(3.2) %E(F(t)) = ds

(V(T()

Thus we are trying to prove that, under this motion, (V(I'(t)))% is a strictly concave
function of ¢, unless I'(t) bounds a Wulff shape, in which case V(I'(t))? is affine in
time.
The second statement follows simply from Theorem 1. If the initial shape I'(0) is
determined by:
r=W()

then V(t) is:
r=W(w)(1+1),

SO

(3.3) V(@) ==(1+1t)d W (v)dv.

(0)

SN
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Thus (V(I'(t)))# = (1 + t)c, for ¢ constant.
We wish to show

o2V 1\ (av\® 1
. — < - = —_ = _ - 2
(3.4) Vv o < (1 d) <8t) <1 d) A
with strict inequality holding unless I'(t) is a Wulff shape.

We note that in the special case v = 1, when the Wulff shape is a sphere, (3.4)
reduces to showing

(3.5) (Volume enclosed in I'(t)) (Surface integral of mean curvature)

< (1 - %) (surface area I'(t))?2

with equality holding iff I'(¢) is a sphere. This is the well known isoperimetric inequal-
ity.

More generally we note that %?zzz is the surface integral of (7)) times the diver-
gence of [y()7i+ tangential gradient of (y(r))].

Following the notation of (1.4), with ¢ the Dirac delta function, @i = lg—&, and
H the Heaviside function, we must show the following inequality involving volume
integrals:

(3.6) / (1- H(g)) / 50|Vl (7) [V - [Day (7)) — (7 - D)7t + 7]

<=5 ([rormenm)

In words, we must show:

(Volume enclosed by I'(t)) (Surface integral
over ['(t) of v(7@) times Ogrv(7))
< (1-3) (Energy of I'(¢))?

We know that the convexification of v satisfies y**(i7) < (7). Moreover, for a

fixed convex I'(t)
ve*(7) < (7)

means that dg, y(7) < 0.

Thus

V()08 (1) < y**0m, v** (7).

So we have the following interesting result:

LEMMA 3.1. Inequality (3.6) is valid if it is valid for vy replaced by y**, the con-
vezified surface tension.

Thus we need only show that (V(I'(t))7 is a strictly concave function of ¢ for
convex non Wulff shapes evolving under a convex velocity ().

For the evolving shape we solve (2.2) with initial data

(3.7) o(z) = po(rv) = W

The boundary, I'(0), is the 1 level set of yo(z)
(3.8) r=¢(v).
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According to the first Hopf formula for convex Hamiltonians [1,12], the solution is

(3.9) o(z,t) = wrr;ir}l%d {po(x — tw) + tH*(w)}

where H*(w) is the Legendre transform of our Hamiltonian H (w) = wry (IZ_I)

(310) H*(’w) = sup {fy cw - t’wﬁ/ (ﬂ) }
we R4 |1U|
=0ifr <W()
=0 ifr>W(v)
Thus
(3.11) o(z,t) = min oz — tw)

with r<w(o)
This means that I'(¢) bounds the convex region Q(t) defined by
(3.12) Q@) =Q0) e tw

where tW is the Wulff shape r < tW(v).
The sum @ in (3.12) means that

zeQt) & z=x+y, te, yetW
We wish to show that the quantity (V(Q(t)))# is concave in t, i.e.
(3.13) (V(Q(8t1 +t(1 = 0)t2)) 7 > O(V(Q(11)) 7 + (1= O)(V ((t2))) %

for0<8 <1, t1,ta > 0.
Now using (3.12), we claim

(3.14) QO + (1 - 0)tz) = Q(0) ® (61 + (1 — O)t2) W
= 0(Q(0) @ 6L W) @ (1 — 8)(Q0) ® t2W).

We need only show that points of the form z + 6t1Z + (1 — 8)t23 for z,5 € W(v) and
z € (0), are exactly of the form:

0(z +t1Z) + (1 - 0)(y + t29)

for z,y in (0). This follows precisely because 22(0) is convex.
Thus, we have shown:

Q(0t1 + (1 — 9)t2) = GQ(tl) S (1 — Q)Q(tg)

and (3.13) follows from the Brunn-Minkowski inequality.
Thus, we have our second main result:
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THEOREM 3.1. Given an arbitrary initial conver shape Q(0) bounded by T'(0)
which is piecewise smooth. Let the boundary move outward normal to itself with ve-
locity v(n) in the Hamilton-Jacobi level set sense of section 2. Then

Br(H) = )
V(@)
decreases to that of the minimizing Wulff shape and is strictly decreasing unless the
initial shape is a Wulff shape.
COROLLARY 3.1. The Wulff shape is the minimizer of E(L') for any continuous
v(7) and the minimum can be taken over bounded measurable sets with finite perimeter.
The proof of this involves realizing that (1) we need only consider convex sets
in our minimization procedure and (2) the assumption of piecewise smooth bound-
ary, which was needed only in the step where we replace v by its convexification, is
adequate, by the approximation results for BV characteristic functions mentioned in

(8].

COROLLARY 3.2. The motion of the boundary of a general set with a finite
perimeter and nonempty interior for convex v(7) is given by (3.12).

Thus the Wulff shape acts as an elemental basis for moving the boundary of a
set, and conversely given a convex shape

r<W)

we may find a convex 7y
7(v) = max (v -6)W(6)

16]1=1

which is the normal velocity corresponding to the motion generated by (3.12).

COROLLARY 3.3. Given that the asymptotic motion of an arbitrary family of
hypersurfaces in the sense of Corollary 3.2, satisfies Theorem 2, then the resulting
shape r = W (v) is the minimizer of E(T') in (3.1), where the unique convez surface
tension function (i) is defined by:

7(v) = max W(6).

18]=1
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