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Abstract

We introduce a geometric evolution equation of hyperbolic type, which governs the evolution of a hypersurface moving in the
direction of its mean curvature vector. The flow stems from a geometrically natural action containing kinetic and internal energy
terms. As the mean curvature of the hypersurtface is the main driving factor, we refer to this model as the hyperbolic mean curvature
flow (HMCEF). The case that the initial velocity field is normal to the hypersurface is of particular interest: this property is preserved
during the evolution and gives rise to a comparatively simpler evolution equation. We also consider the case where the manifold
can be viewed as a graph over a fixed manifold. Our main results are as follows. First, we derive several balance laws satisfied by
the hypersurface during the evolution. Second, we establish that the initial-value problem is locally well-posed in Sobolev spaces;
this is achieved by exhibiting a convexity property satisfied by the energy density which is naturally associated with the flow. Third,
we provide some criteria ensuring that the flow will blow-up in finite time. Fourth, in the case of graphs, we introduce a concept
of weak solutions suitably restricted by an entropy inequality, and we prove that a classical solution is unique in the larger class of
entropy solutions. In the special case of one-dimensional graphs, a global-in-time existence result is established.
© 2008 Elsevier Masson SAS. All rights reserved.

Résumé

Nous introduisons une équation d’évolution géométrique de type hyperbolique qui décrit I’évolution d’une hypersurface dans la
direction de son vecteur de courbure moyenne. Ce flot est défini par une fonctionnelle géométrique, somme d’un terme d’énergie
cinétique et d’un terme d’énergie interne. Dans la mesure ou la courbure moyenne est le facteur le plus important de ce flot, ce
modele est appelé flot hyperbolique par la courbure moyenne. Le cas particulier ou la vitesse initiale est normale a I’hypersurface
est particulierement intéressant : cette propriété est préservée par I’évolution en temps et conduit a une équation trés simple. Nous
considérons aussi le cas ou I’hypersurface peut étre vue comme un graphe au dessus d’une variété fixée. Nos résultat principaux
sont les suivants. Tout d’abord, nous obtenons plusieurs lois de conservation non-homogenes satisfaites au cours de 1’évolution.
Nous démontrons que le probléme de valeurs initiales est bien posé dans les espaces de Sobolev ; ce résultat est établi en mettant en
évidence une propriété de convexité de la fonctionnelle d’énergie associée au flot. Nous fournissons ensuite des criteres d’explosion
de la solution en temps fini. Enfin, dans le cas des graphes, nous introduisons une notion de solution faible entropique et nous
démontrons que toute solution classique est aussi 1’unique solution dans la classe des solutions entropiques. Dans le cas des
graphes a une dimension, nous démontrons un résultat d’existence global en temps.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Our aim in this paper is to introduce and study a geometric evolution equation of hyperbolic type which describes
the flow,

F:[0,T)x M —R'"Y T>0,

of an immersed n-dimensional hypersurface M in the Euclidean space. We derive this evolution equation from a
geometrically natural action functional based on the local energy density,

YA
“=a\lar ")

involving the kinetic energy of the hypersurface and the internal energy associated with its volume. The equation under
consideration models the nonlinear motion of an elastic membrane, driven by its surface tension only. Our model is
purely geometric and requires no constitutive equation on the membrane material (contrary to what is required in the
theory of nonlinear elastic bodies or shells). As the mean curvature of the hypersurface is the main driving factor, we
refer to this model as the hyperbolic mean curvature flow (HMCF); see Proposition 3.2 below. Stationary solutions of
this flow will be minimal hypersurfaces with vanishing kinetic energy.

The flow equation takes a simpler form in the case that the initial velocity is normal to the hypersurface, i.e. if its

tangential part vanishes:
<d F ) ! =0 (1.1)
dt )0 '

Namely, from the momentum conservation law satisfied by a general flow, we will deduce that tangential components
of the velocity vector vanish for all times if they vanish initially. Hence, under this assumption, the (normalized
version) of the proposed HMCF equation reads:

d*F dF\'
—— =¢Hv — Ve, — =0, (HMCF)
dt? dt )=

where the scalar H is the mean curvature of the hypersurface and the vector v denotes its unit normal (chosen to be
inward pointing when M is compact without boundary). In fact, the assumption (1.1) is geometrically motivated in the
sense that tangential variations do not alter the shape of the hypersurface and merely correspond to reparametrizations
by a suitably chosen family of (time-dependent) diffeomorphisms. Since, geometrically, only (HMCF') is of interest,
we will mainly study this flow, which we refer to as the normal mean curvature flow equation.

The main results established in the present paper are as follows. After introducing the proposed flow in Sections 2
and 3, we derive in Section 4 several conservation laws or balance laws satisfied by the hyperbolic mean curvature
flow. Then, in Section 5, we begin our investigation of the properties satisfied by general solutions to the hyperbolic
flow by restricting attention to the important case that the hypersurface is represented as an entire graph over R":
we prove the local well-posedness of the flow equation, and introduce a concept of weak solutions suitably restricted
by an entropy inequality; we also prove the uniqueness of a classical solution within the class of weak solutions,
and for one-dimensional graphs we establish the global-in-time existence of weak solutions with bounded variation.
The convexity of the measure e du with respect to certain well-chosen variables is an essential observation for these
results. Then, for the rest of the paper we turn to Eq. (HMCF') for normal flows and, in Section 6, we prove that the
equations under consideration can be recast in the form of a first-order nonlinear hyperbolic system, and we obtain
a local-in-time existence result for the evolution of general compact manifolds. Next, in Section 7, we provide some
criteria ensuring that the flow will blow-up in finite time, due to the formation of geometric singularities or shock
waves. For general material on flows by mean curvature we may refer to [1,3], and on nonlinear wave equations to
[2,5,6].
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2. Structure equations for general flows

Let F : M — R"t! be a smooth immersion of an orientable smooth manifold M of dimension # into R"*1, and
let v be the unit normal vector defined along the hypersurface and chosen to be inward pointing when the manifold is
compact without boundary. In local coordinates (x');=1.....,, we have:

.....

0 oF
F,:=V;F:=dF| —

axi )~ axi’
and
Fin---NFy,
TR A AR

The induced metric g = g;j dx' ® dx/ and the second fundamental form h = h;; dx' ® dx/ of the hypersurface are
gij = (Fi, Fj), hij = —(Fi, Vjv),

respectively. Here, V denotes the Levi-Civita connection associated with g. Throughout, we use Einstein’s summation
convention on repeated indices and, for simplicity, we keep the same notation (-,-) for both the standard inner product
on R"*! and the induced inner product on M. Latin indices are raised with the inverse (g'/) of the metric (g;;) so, for
instance,

h! = hiyg.
We denote by R;jx the components of the Riemann curvature tensor of the hypersurface in local coordinates.
We denote the induced volume form on M by du and the (scalar) mean curvature by H := g'/h;;. We will use also

the following convention: we identify the gradient V p of a function p on M with its image d F(Vp) = V' p F;.
The following basic properties of these tensor fields are easily checked from their definitions.

Lemma 2.1. The Gauss—Weingarten—Codazzi equations of the hypersurface M read:

ViFj =hijv, @.1)

Viv= —h{Fj, (2.2)
Vil =Vhix. 2.3)
Rijri = hirhji — hith ji. 2.4)

In the present paper, we are interested in a flow of hypersurfaces, that is, a smooth family of immersions,
F:[0,T) x M — R""!,

so that all of the tensor fields defined above also depend on the time variable . We can then define on M some
additional (time-dependent) functions o, « and 1-form fields S = S;dx', A = A;dx' by:

dF S, dFF
o =(—F,v), i =\(—F, F;}),
dr’ ! dr !

d? d?
a::<ﬁF,v>, Aj :=<WF’Fi>'
We refer to o and S as the normal and tangential velocity components, respectively, and to « and A as the normal and
tangential acceleration components, respectively. We have the decomposition:

iF:av—i—SiFi d—zF:av+AiF~.
dt ’ dr? '
To express the structure equations satisfied by a general flow, it is convenient to introduce the local energy density
of the hypersurface:
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1(|d | N 1(|d
e=—-|—F| +|VF|")==||-—-F
2\|dt 2\ |dt

where we have used |VF|? = g"/(V;F,V,;F) = g'/g;j = n. A simple computation based on Lemma 2.1 then yields
the following expressions for the components of the velocity and acceleration fields.

2
+ n> 2.5)

Lemma 2.2. Every flow F satisfies the following structure equations:

d j
V,’O’: EF,’,U —]’liSj, (26)
d
V,‘Sj=<EFi,Fj>+O'hij, 2.7)
d
azaa—i—(VG, S+ h(S,S), (2.8)
d
A=—S8—de, 2.9
o e (2.9)

where de =V je dx/ denotes the exterior differential of the function e, dual to the gradient Ve = V'e F;.
The following notion will be of special interest in this paper.

Definition 2.3. A flow F : [0, T) x M — R"*! is called a normal flow if and only if its tangential velocity vanishes
identically, that is, S(#) =0 for all t € [0, T').

Proposition 2.4.

1. A flow F is normal if and only if its tangential velocity and tangential acceleration satisfy:
S(0) =0 at the initial time,
A = —de atall times.

2. Given a general flow F :[0,T) x M — R"*1 there always exists a smooth family of time-dependent diffeomor-
phisms W; : M — M such that the modified flow given by,

F:00,7)x M >R, F(t,x):=F(t, %1 (x),
is a normal flow. In particular, the hypersurfaces,
My :=F@t,M), M :=F(@ M),

coincide for each t € [0, T).
Proof. The first claim follows immediately from Eq. (2.9). To derive the second claim we consider a general flow:
d
EF(I, x)=o(t,x)v(t,x)+ S, x).

Since S(¢, x) is tangential to M;, we can introduce the solution ¥; : M — M be the following ordinary differential
equation (ODE):

d
Vi) = —S(t, ¥ (x)).

Then, by setting S(t, x) =: S’ (¢, x) F; (¢, x) we see that the map,
F(t,x) = F(1, % (x)),

satisfies the evolution equation:
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d .
o (1, W) v(t, ¥ (x) + S(t, ¥ (x)) + Fi(r, lI/,(x))ElI/,l (x)

=o(r, % 0))v(r, ¥ (x))
=:0(t,x)v(t, x). O

df(t )
2 Fa.x
dt

The proposition above shows that a general flow F and its normalized version F can be identified geometrically.
Therefore, without genuine restriction, our analysis will often be focused on normal flows, which have the general
form:

d2

PF:av—Ve. (2.10)
It should be observed that, at this stage, the normal acceleration « has not been defined yet. Our results will show that
by prescribing this scalar field (in the forthcoming section) the evolution of the hypersurface is uniquely determined.

To conclude this section, in view of the computations done in Huisken [3] for the standard mean curvature flow, we
obtain the following first-order evolution equations for the induced metric, volume form, second fundamental form,
and mean curvature of the hypersurface.

Lemma 2.5. The evolution of the tensor fields g;;,du, v, hij, H associated with a general flow F :[0,T) x M —
R is determined by the equations:

d
2780 = —20hij +ViS; +V;S;, 2.11)
d .
Eduz(d'S—oH)du, (2.12)
d . .
Tv=—(Vo +h' S ) F;, (2.13)
d k k k k
Ehij =V;Vjo — Uhihkj +hl- V;Sk +thiSk +V h,‘jSk, 2.14)
d .
EH=A0+U|h|2+S’V,~H, (2.15)

where d'S = V'S; = V;S! denotes the divergence of a vector field, and |h|? := hijhij denotes the (squared) norm of
a 2-tensor field.

In particular, if the flow is normal we take S =0 and A = —de in Lemma 2.5 and obtain:
d
250 = —20hij, (2.16)
d d Hd (2.17)
_— = —0 . .
dr 2] w
d .
—v=-V'oF;, (2.18)
dt
d k
Ehij ZviVjU—O’hihkj, (2.19)
d 2
EH:AO’ +olh|”. (2.20)

3. The hyperbolic mean curvature flow

We are now in a position to introduce the evolution equation that we propose in this paper. The flow is going to
be defined from an Hamiltonian principle based on a geometrically natural action, consisting of a kinetic term and an
internal energy term, which is defined geometrically as the local volume density of the hypersurface.
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More precisely, let F: [0,T] x M — R"t! be a smooth family of immersions of an orientable manifold M of
dimension 7 into R"*!. Define the total kinetic energy at the time ¢ by

1{d

M

2
dpe

and, after integrating over the time interval [0, T'], consider the action,

T
1|d
JK(F):Z//E‘EF
0 M

Define the total internal energy of the hypersurface at the time ¢ by:

1 n
V()= | =|IVFPdu, == | d
@) /2| |“du; 2/ 178

M M

2
du, dt. (3.1

solely determined by the induced volume form, and consider the corresponding action:

T
Ty (F) = %//du, dt. 3.2)
oM

According to the Hamiltonian principle, we impose that the evolution of the hypersurface is stationary for the
action Jy — Jg, that is,

d
g(fv —JK)(F +5P)|5=0=0, (3.3)
forall ® € Cg°([0, T] x M, R™*1) (compactly supported maps that are differentiable of any order).

Remark 3.1. Obviously, if the volume of the manifold is infinite, the functionals Jx (F) and Jy (F) above are only
formally defined. This difficulty can be easily overcome by restricting attention to any compact subset of M. However,
since the stationarity condition (3.3) implied by the Hamiltonian principle itself is formulated in terms of compactly
supported variations, this is unnecessary.

We now show:

Proposition 3.2 (Hyperbolic mean curvature flow equation). The stationary solutions of the action functional Jy — Jg
satisfy the equation of motion:

d2

WF = av+ AR,

o = (e — |S|2)H —od's, (HMCF)
AF .= (o H — dTS)Sk — Vke.

For instance, if the initial velocity is normal, i.e. if Sj;—¢ = 0, then it will follow from the conservation of momentum
that S); = 0 for all ¢, so that the HMCF equation reduces to the much simpler equation

d? d \'
—F =eHv — Ve, <—F) =0. (HMCF)
dr? dt )0

Comparing with the general flow Eq. (2.10) we see that the minimal action principle allows us to identify the normal
acceleration, as a linear function in the mean curvature H:

a=c¢eH.
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In consequence, for normal flows the evolution of the normal component of the velocity is proportional to the mean
curvature:

d (o)H
—0 =¢(0 .
dt

Later in this paper, we will prove that Eq. (HMCF') is hyperbolic. We will not treat here the general system (HMCF)
except in the next section where we will derive some (a priori) conservation laws for the general flow. The subsequent
sections are entirely devoted to the normal equation (HMCF'), since this (as already noted in the introduction) is
sufficient from the geometric point of view.

Observe also that Ve depends on second-order derivatives of F', namely on mixed derivatives in space and time.
In agreement with the standard mean curvature flow (which is parabolic), the acceleration « is defined in terms of
the curvature of the manifold M, and «, considered as an operator on M, is elliptic in nature. Therefore, this justifies
to refer to the proposed flow as the hyperbolic mean curvature flow. The following sections will show, both, some
similarities and some marked differences between the parabolic and hyperbolic versions of the mean curvature flow.

Proof. A simple computation yields,

T

d
T Iv(F 450 =3 //g (Fi, ®;)dyu, dt = —%//H (v, ®)dp, dt,

where, for the second identity, we have integrated by parts and used the contracted Gauss formula AF = Hv (a con-
sequence of (2.1)).
On the other hand, for Jx we obtain the first variation formula:

T
d d d n\ ;.
—Jg (F D)|s=0 = —F,—® — — gV (F;, ®;) | du;dt,
ds k (F +5®P)|s=0 //(<dt di >+<e 2>g (F; ])) Mt
oM

in which we now successively integrate by parts each term of the right-hand side. For the first term we find

T

[ [{ir o) ana Z%Qﬂ m)du,)d,_ofﬂ o)
J(flarofgan)

T
=//< —F+(oH - dTS)—F q§>du,dt
0 M

where we used (2.12). For the second term we obtain:

T

G ey R G o P

0

Combining the above identities together, we deduce that

d
E = IO + 5],z = / /(P, ) dpusdt.

with
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d? d
Pi=_5F - (aH—dTS)EF+Ve+(e—n)HU
2

d )

Since @ € C8° ([0, T1 x M,R"1) is arbitrary this completes the derivation of (HMCF). O

F+ <%(|S|2 —o%—n)H + od*s)u + (Vke — (0 H — d"$)S") F

4. Conservation laws and balance laws

In this section we derive various conservation laws satisfied by solutions of the hyperbolic mean curvature flow
(HMCF), and we show that, as far as the geometry of the hypersurface is concerned, one may work within the class
of normal flows (HMCF'). Consider a family of immersions F : [0, T) x M — R"*! satisfying the hyperbolic mean
curvature equation (HMCF). In the present section, all tensor fields under consideration are assumed to be sufficiently
smooth. We use the so-called abc method discussed by Shatah and Struwe in [5], and multiply (HMCF) by an expres-
sion of the general form,

d
a—F+b-VF +cF,
dt

by choosing the variable coefficients a, b, and ¢ so that higher-order terms in the corresponding evolution equations
admit a divergence form.

The following lemma shows that there exists a divergence-type form for (HMCF), which will be useful for the
derivation of conservation laws (modulo lower-order terms).

Lemma 4.1 (A general identity). Let Y = Y (t, ) be a time dependent vector field on R"*'. Every solution of (HMCF)
satisfies:

d (|d « i
—(<th Y>d,ut> = <V ((n—e)(Fk,Y))+(e—n)g/DY(F,-,Fj)

dt
+ DY dFdF+dFY d 4.1)
dr”di ar )R '
where Y; = %Y and DY is the spatial differential of Y, i.e.
oYy
s 27 B
DY =44y Y dy* @dy".

Proof. We multiply (HMCF) by Y and compute:

%«%F’ Y>d“t> = (((3 —|S?)H —od"S)(v,Y) + (0 H —d'$)S* — V¥e)(Fi., ¥)

+dFY(dTS H) + DY dFdF—i-dFY d
—F, —0o —F, — —F, .
dt dt”’ dt ar )t
Since %F =ov + S¥F, we obtain:

d

d d
- <<d F, Y>du,> ((e— IS — o) H(v,Y) — VFe(F, Y )+DY<th,d ) <d F, Y,>) dis
:((n—e)H(v,Y)—Vke(Fk, )+DY( dF>+< >)d,ut.

From VKF, = AF = Hv we get:
(n—e)H(,Y) — V¥e(F,Y) = V*((n — e)(Fy,Y)) — (n — )g" DY (F;, F)).

Inserting this in the above expression for % ((% F,Y)du,) we arrive at (4.1). O
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From Lemma 4.1 we now derive various conservation laws or balance laws of interest. The first result below is a
consequence of the invariance of (HMCF) under isometries of R+,

Proposition 4.2 (Local continuity equation). Every solution of (HMCEF) satisfies

d(|d
- <<EF, y> du,) =V¥((n—e)(Fi, V) dp, 4.2)

where Y =Y* 3% is any time independent Killing vector field on R" 1.

Proof. Let Y =Y "‘% be a Killing vector field on Rt that is, Y generates an isometry on R"t! Since Y is a
Killing vector field, DY is skew-symmetric, so that the last three terms in (4.1) vanish and we get (4.2). O

Proposition 4.3 (Local momentum equation). Every solution of (HMCF) satisfies the balance law,

%«%F F> du) = vk((n —e)(F, Fr))du+ ((n+2)e—nn+1))du.

Proof. We apply Lemma 4.1 to the vector field Y (y,t) := y. Then DY (v, w) = (v, w) and ¥; = 0. Moreover
Y(F(x,t),t) = F(x,t), so that (4.1) becomes:

d(]d y d _d
E<<EF, F> du,> = (Vk((n —e){(F, F)) + (e —n)g" (F;, Fj) +<EF, EF>> di,
= (VE((n — e)(Fk, F)) + (e —m)n +2¢ —n) dpu,,

which establishes the desired identity. O
We next turn to the component S of the velocity vector.

Proposition 4.4 (Local tangential velocity equation). Every solution of (HMCEF) satisfies the conservation law:

d
T (SX)dp) =0, (4.3)

where X € I'(T M) is any time-independent vector field on M.

Proof. Given a time-independent vector field X = X' % defined on M, from (2.9) we obtain:

2

d d
T (SCO) =de(x) + <ﬁF, dF(X)> =(ocH —d"5)(5(X)),

where the second identity follows by multiplying (HMCF) by X! F; = d F(X). The desired conclusion is now clear in
view of (2.12). O

The momentum conservation law has the following important consequence.

Corollary 4.5 (Reduction to normal flows). Within the class of flows F : [0, T) x M — R"T! whose velocity vector is
initially normal to the hypersurface, i.e.

d
F(0,x) = Fo(x), 7; F 0. %) =f(x)v(0, %),
where Fy: M — R""! is a immersion and f : M — R a function, the following two properties hold:

(1) the flow F is a solution to (HMCF) if and only if it is a solution of the normal flow equation (HMCF').
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(2) any solution of (HMCF') satisfies S =0 for all t € [0, T); in other words, there exists a family of functions
0:[0,T) x M — R such that o (0, x) = f(x), and

%F(t,x) = o (t, x)v(t, X). (4.4)

Proof. For each compactly supported tangent vector field X € I(7T M), by defining the total tangential momentum
in the direction X as

1, X) = / SCO) dpar, 4.5)
M
it is clear that

Sl;=0 ifandonlyif p(,X)=0, Xelp(TM).
However, the identity (4.3) implies:
pt,X)=p0,X)=0, te€[0,T],
and
Slo=0 = S§|;,=0, tel[0,T].
Then, we obtain (HMCF') by inserting § = 0 into (HMCF). 0O

We continue our derivation of conservation laws satisfied by the hyperbolic mean curvature flow.

Proposition 4.6 (Local energy identity). Every solution of (HMCF) satisfies the conservation law:
d
E(edu) =d'((n—e)S)du. (4.6)
In particular, if the initial velocity is normal along the hypersurface, then e d . is conserved along the flow,
d
—(edpn) =0, 4.7
7 (edp) 4.7

and ed . can be seen as a fixed volume form on M.

Proof. We multiply (HMCF) by d F'/dt and obtain:

dt
=o((e—1IS*)H —0d'S) — V¥eSi + (o H —d"$)|S|
=oHe+ (n—2e)d'S — VFeS;
=(0H —d'S)e+d"((n—e)S).

Then, the desired identity again follows from (2.12). The second statement follows from the reduction principle in
Corollary 4.5. O

%e = <1F, (e —ISP*)H —od"S)v + ((c H —d"S)S* — Vke)Fk>

From the above proposition the following global result follows.

Corollary 4.7 (Global conservation laws). If F : [0, T) x M — R"*! be a solution of (HMCF') and M is a compact
manifold without boundary, then the total energy E (t) defined by,

1 dF
EM(I):/edMIZE/‘E
M M

Ey(@®)=En@©), tel[0,T).

2
n
dus + 5 /dﬂ«t,
M

is conserved:
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We also state here a compatibility between derivatives of F in time and in space which follows immediately from
the fact that the derivatives d/dt and V commute.

Proposition 4.8 (Compatibility relation between time and space derivatives). Every flow F : [0, T) x M — R"*!
satisfies the conservation law:
d

S F=Viov+ STF;)=0.

Remark 4.9. There are other globally conserved quantities, which are conserved for topological reasons and not
because of the special nature of our flow. We give two examples.

1. If Y is a divergence free vector field in R"+! and M is closed, then by Stokes theorem

/(v, Y)du, =0.
M
2. The quantity,

(F—=p.v)

TF = pret he
M

with p € Rr+! arbitrary (such that F(¢,x) # p for all (¢,x) € [0,T) x M) is the degree of the “winding map”
and hence an invariant.

5. Evolution of entire graphs
In the rest of this article we restrict our attention to the normal hyperbolic mean curvature flow (HMCF').
5.1. Local well-posedness result for the normal flow of graphs

It is convenient to begin our investigation with the case of graphs. That is, in this section we discuss the case, where
F:[0,T) x M — R*"*! satisfies (HMCF') and such that each M, := F (¢, M) is an entire graph over a flat subspace
Z1+ c R"*!, where Z*+ denotes the orthogonal complement of a unit vector Z € R"*1,

Without loss of generality, we assume that F' is given by,

F(t,x)= (x(t), u(t, x(t))),

for a time-dependent family of height functions u : [0,T) x M — R and a family of diffeomorphisms x(¢) =
(x1(@), ..., x"(1)) defined on the hyperplane:

M=zt={@" T e R X = 0]

In such a situation, a solution of (HMCF') is completely determined by the time-dependent function . From now on,
J“u

. . 2
we will use the notation u;; := 273 and u;; = 137

Theorem 5.1 (Local well-posedness for the normal flow of graphs).

1. The hyperbolic mean curvature flow for graphs over a flat hypersurface Z* takes the form of the following
second-order hyperbolic equation:

—Ug + (e(o)gij +02(g" — Sij))u,'j + 228i~iuiu,j =0, (5.1
w

where

w ::\/1 + | Du|? =\/1 +8uuj, o =u/w,
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and
gij =8l — w_28ik8jluku1.
2. The HMCF equation for graphs can be recast in the form of a nonlinear hyperbolic system of n + 1 equations in

the unknowns o and b = Du = (u;)i=1,...n,

do d ( )biSij 0 3b,’ 0 ( ) 0 (5 2)
— — ——|e(o)— =0, — — —(ow) =0, .
ot ax/ w X

which, moreover, has a conservative form and is endowed with the mathematical entropy function:

1 ~
E(o,b) = 5(02 +n)y/1+8bb;.
Moreover, this function is strictly convex provided:
. 1
|Du|* =8bib; < 3

3. Furthermore, the graph equation (5.1) is locally well-posed in the following sense: given data (o, Du) prescribed
at the initial time t = 0 and belonging to the Sobolev space H®(R") (that is, whose all s-order derivatives are
squared integrable) for some s > 1 4+ n/2, there exists a classical solution,

u:[0,T) x R* > R in L®([0,T), H* ' (R™) N Lip([0, T), H* (R™)),

defined on a maximal time interval [0, T).

Proof. Step 1: Derivation of the (HMCF') graph equation. We will use that

iF = <ix, iu) = <ix, iu +u,~ixi) =ov. (5.3)
dt dr dt dt ot dt
On the other hand, since
Fi = i + Mii,
ox! ou

we obtain:

1 5/ 0 n 0
v=—|-6"u;—+—1,
w "oxJ ou

with w :=+/1+ |Du|?> = /1 4 §%u;u . Inserting this into (5.3) gives the two equations:

%xi = —%sifuj, (5.4)
ad d ;, o
Eu+uiax =E. (5.5)
Inserting (5.4) into (5.5) yields,
0
Eu =ow. (5.6)
Differentiating (5.6) gives:
d(9d Pu  %u d d d
E(EM)ZW—FMEX =w_o —l—aaw. (5.7)
Now, we can either compute directly or use Eq. (2.8), S =0, « = e¢H to see that
io =eH. (5.8)
dt

In turn, (5.7) becomes:
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3%u ot olw u \d
— =eHw+o—w ow; — —— |—x
12 at " 9xiar ) dt
Hutodws O(20 51
=eHw+o—w+ — — —ow; uj.
at  w\dxidr ' !
Since w; = %(Skluku” and %w = %(Wuj ai)j?)z’ we obtain:
821/{ o} i 821,{ 0'2 . .
R Z s L 2 gkiglj o
o72 _eHw+2w8 axiat“’ w28 8V upuiuj.
In addition, from (5.6) we have:
w14 |Dul®’ '
and from (5.3)
1 (|dF|* 1, 1 u?
=== =_ = (—Lr . 5.10
e 2( o —i—n) 2(6 +n) 2<1+|Du|2+n) (5.10)
Moreover, the second fundamental form is given by:
Uij
hii = (F;;,v) = —L,
ij ( ij ) w
and the induced metric and its inverse by
s uus i —sii _ L gsikgity
8ij = 0ij ij, g8’ = w2 kUi,
so that
.. .. 1 .. .
Hw=g"u;; = (511 — —28’k6]luku1>u,-j. (5.11)
w

This leads us to Eq. (5.1) for graphs over a flat subspace Z=.
Step 2: Hyperbolicity of the second-order equation. Eq. (5.1) is hyperbolic if and only if the following matrix:

d—l Tuy - Zutp
%,
(AP peo, =" y ,
: (AY)i j=1,..n
wlhn
with
AT = (e+0%)g —o%8, i, j=1,...,n,
satisfies
d :=det((A%)q g0, k) <0, 0<k<n.
Namely, fix any point p € Z, and choose an orthonormal basis e1, ..., e, spanning Z~ such that at p,

Du(p)=uje;, u; =0, 2<i<n.

In this basis the matrix A at p takes the (symmetric) form:

—1 %ul 0 0

o —e*'?ﬂ’;'z"z 0 0 0

APy pgm=| 0 e 0 0
oA=0,.0 0 0 0

. . .
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This gives in view of u% =|Dul|?,

dy=—1, d=—5<0, k>1.
w
Since p was arbitrary, this proves that Eq. (5.1) is indeed hyperbolic.

Step 3: First-order formulation. By introducing the first-order variables o = u;/w and b; := u;, and regarding w as a
function of b = (b;), we can rewrite (5.1) in the form:

do bi ;; o g (b) b;

— —0 8V — —e(0) - =0,

ot w(b) IxJ w(b) 0x/
ob; B ob
D)oL g M s Ok
at dax! w(b) oxt

This is a first order nonlinear system in o, b, which can be checked to take the desired conservative form (5.2).
Considering the function E = (o, b) introduced in the theorem, we also compute:

d’E d’E .
—=w, =w ob;,
90?2 90 by

I’E b by

1
-1 2
=w —(o 8 - ——,
0b;0by 2( n)( T )

which is a non-negative matrix, since for all scalar Y and vector X = (X 7Y (not both zero) the Hessian evaluated at
(Y, X) equals:

b  \> o2 . 1 ‘ X7b; X*b
w(¥+oLx7) = Z (b;x/) w02 +m)( XIxksy — 2228,
w? w3 2 w?

or equivalently

b] . 2 -3 1 2 ik i\ 2

w|Y+o 53X ) +wso (X7X*8jx) —2(bi X7)
w
n_ 1 ) . .
w2 XIXKS w20 4 ) (X X581) (Bibis™) — (X7 ).

This expression is positive if and only if we impose the restriction b; b jSif < 1/2. (Each term in the above decompo-
sition has a positive sign.)

Since Eq. (5.2) has the form of a system of conservation laws and admits a convex entropy, it can be put in a
symmetric hyperbolic form. Indeed, introducing the variables,

b.
a:=u; =ocw(b), Ci :=e(o)Wlb),
which is nothing but the gradient of E, we obtain:
do 0 iy ob; 0
— — ——(; §Y) =0, — — — =0. 5.12
TR TTARANE o g W >-12)

Then, by expressing (implicitly) o and b; as functions &, b; of the new unknowns a and c;, one can check that the
above system is symmetric, in the sense that

a&( ) aEi( )
—(a,c)=—:{a,c).
dact da

In turn, the system is locally well-posed in H® with s > 1 +n/2. O
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5.2. Weak solutions to the normal flow of graphs
To define weak solutions we rely on the conservative form exhibited in (5.2).

Definition 5.2. A Lipschitz continuous map u : [0, T) x R" — R is called a weak solution to the (HMCF’) equation
for graphs (5.1) if and only if for every test-function 6 : [0, T') x R” — R (that is, compactly supported C* functions)

T a2 00 g (w(Du)) " dxdr =0
n w u X =0,
axt 9xi

u

T s

ot

where w(Du)? = (1 + 8% % aBTMJ) It is called an entropy solution if, moreover, the following inequality holds

[ [

0,7)R"

+n>w(Du)9 dxdt <0

for every non-negative test-function 6.
We have the following uniqueness result, which relies on the fact that the energy is convex in the variables o, b.

Theorem 5.3 (Uniqueness of classical solutions within the class of entropy solutions). Given € > 0, there exists a
constant C¢ such that the following property holds. Let u be a Lipschitz continuous entropy solution and u' be a
solution of class C?, both being defined up to some time T > 0 and satisfying the uniform hyperbolicity condition:

1 — 1 —
Duf < —<.  DpuP < —=.
2 2

Then, provided the Lipschitz norm of u if less than C¢ and the C> norm of v’ is less than C¢ then for all times t € [0, T):

/( +|Du — Du/|2> (t, x)dx < Qeq;/(
R” R®

Proof. Under the assumptions made in the theorem, consider the expression:

u  ou'|?

at at

ou  au'l?

ot ot

+|Du — Du’|2)(0,x)dx.

0= 0(t, x)=E(o,b) — E(c’,b) — Do (o', b)) ((0,u) — (o', u"))

= (14 1Du) " s P 4+ n) 1+ 1Dul? = (1+ 1Du'1P) " |, |* 4+ n)/ 1+ | Du' 2,

and note that for some constant C! > 0,

%qm — )| +|Du— Du'1?) < 0 < C}(|us — u)|* + |1Du — Du']?).

€

On the other hand, a direct calculation using the fact that u is an entropy solution and u’ is a classical solution yields
the inequality:

%/Q(r,x)dxéCf/Q(t,x)dx,
Rn n

where the constant CG2 depends upon up to second-order derivatives of the solution u’. The conclusion follows from
Gronwall’s inequality and the fact that Q is comparable with [u; — u}|*> +|Du — Du'|*>. O
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5.3. Global existence of one-dimensional graphs

In view of Theorem 5.1, the hyperbolic mean curvature flow equation in the case n = 1 reads:

; _1 utz Uy n UxUgUxr u%utzuxx
= 2 2 2 212
2\ 1 +ux 1+ uz I +us (1+u2)

_ Uxx
2(1 —l—u%)2

(ut2 +1+u?— 2u)zcut2) + 2%.

Therefore, we find:

1+ u? +u? —2ulu? UxUs
2(1+M%)2 Uxx +2m Uxs-

This equation written on the real line with initial data,

u(x,0) =ug(x), u;(0,x)=u;(x), xekR,

(5.13)

Uy =

describes the vibrations of an infinitely long string, with initial position #( and initial velocity u.
Relying on the definition of weak solutions introduced earlier for general dimensions, we now prove:

Theorem 5.4 (Global existence of weak solutions). There exists a constant 5o > 0 such that given any initial data
ug, u1 : R — R such that

TV (uox) +TV(ui) <o,
the initial-value problem for Eq. (HMCF') in the second-order form (5.13) admits an entropy solution u = u(t, x)

such that the functions u; and uy have bounded variation in space, uniformly in time.

Proof. Since

-1 i 24,2
d 14u? o lduyt+u; e 0
et ueu; 1wl 4u?—2ulu? | T 2(1 +u2_)2 ="z <0,
14u? 2(1+u2)? X
this equation is always hyperbolic. We introduce the variables,
u
a:= —t, b:=uy.
w

These are both conservative quantities. For b this is trivial since
by =y = )y = (av'1+b?) . (5.14)

For a we may either see this directly from the conservation law (4.2) with ¥ = % or we may compute:

Upt UxUrUxt
ap = — —

w w3
1+u§ +u,2—2u)2(u% Uyl UxUsiUyt
- 2w3 o +2 w? T T3
l—l—ui +u,2—2u§u? ux(utz)x
- 2wS oy 2w3

_1+u§+ut2—2u)2cut2u +(uxut2> u2< Uy )
- XX — Uy )
2w3 2w3 2w3 ),

2 2
Uy Uyl Uy | UxU;
M=t ( 203 )x <2w t 2w )x

_(ux(1+u§+u,2)> _((1+a2)b>
B 2w3 . vitrr/,

thus
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This can be rewritten in the form:
ab 1+ a?
a, + by
V1402 2(1 + b2)3/2

ay =

and Eq. (5.14) is equivalent to

. 5 ab
by=+vV1+b ax+7«/l+—bsz.

Combining the last two equations gives the system:

a a
(b>t—A(a,b)<b>X=O, (5.15)

where
1 ab 14a?
Ala,b) = —— ( 201+ ) : (5.16)
VI+bp2\14b>  ab
Recall that a necessary and sufficient condition for a quantity n = n(a, b) to be a conserved quantity is for,
( Naa  Nab ) A,
Nab  Mbb
to be a symmetric matrix. For the nonlinear hyperbolic system under consideration this gives:
1+a?
b 1+ bM)npy = = bnap,
a 77ab+( + )nbb 2(1+b2)77aa +abnap
that is,
2(1 + b*)?
Naa = 1ra? Nbb- (5.17)
This is clearly a linear hyperbolic equation. From this we compute, for example, that ab = '“l'; L is a conserved quantity,

a fact which also follows directly from (4.2) with ¥ = %

As one easily computes, the two eigenvalues of A are given by:

At (5.18)

1 1 2
- 7(% ta )
N 2
while the eigenspaces are spanned by the vectors,
+ 1+a?
Ut = V2(1+52) ). (5.19)
1

Regarded as a function of a and b the gradient of A4 equals:

bt —a
Dhe= — 2/ (5.20)
2 ) ’ ’
VIFDP o — (L ab+ 152

hence

1 V1+a? a a b 1+a?
(DAt, pt) = + b+ + = F 5
VI+62\ V201 +b2) ) /# 14+62 " 145b 2
3a 3u;

T2+ 0232 T 2wt

Hence, the hyperbolic system under consideration is not genuinely nonlinear in the sense of Lax.
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However, we observe that the genuine nonlinearity is lost on a hypersurface (that is, {#; = 0}) which is itself
non-degenerate, in the sense that

<D(D)\i, U4, Mi) # 0 along the hypersurface u; = 0.

Therefore, we are in a position to apply to the system of conservation laws:

((l—i-az)b)
a— | ——=| =0,
2V1+b2/
by — (av/1+0%) =0,

the global existence theorem in Iguchi and LeFloch [4], which provides the existence of a solution with bounded
variation when the initial data have small bounded variation. O

6. Local-in-time existence

We now turn to the discussion of the existence of solutions to the normal hyperbolic mean curvature flow (HMCF'),
where M; cannot necessarily be written as an entire graph over a flat subspace. We use standard notation and, in
particular, denote by H*(M) the Sobolev space of locally squared integrable (tensor-valued) maps defined on M
whose all s-order derivatives (in one local chart and in the distributional sense) are also locally squared integrable.

Theorem 6.1. Let M be a smooth, orientable compact manifold with dimension n, and F: M — R" be an im-
mersion of M in the Euclidean space. Given a (scalar) normal velocity field ¢ : M — R in the Sobolev space
HSTY (M) with s > 1 +n/2, there exists a unique flow F : [0, T) x M — R+ in the space L ([0, T), HST1(M)) N
Lip([0, T), H*(M)) which is defined on some maximal time interval and satisfies the normal hyperbolic mean curva-
ture flow equation (HMCF'), together with the initial conditions:

F(O)=F F 0y =500
0)=r, E()—ov( ).

We will provide two different arguments to handle Eq. (HMCF').

Let us cover the manifold with finitely many local charts, chosen in such a way that the manifold can be viewed
locally as a graph over its tangent plane at some point. In each local chart, we apply the local existence theorem for
graphs established in Theorem 5.1. Indeed, due to the property of finite speed of propagation satisfied by hyperbolic
equations, all of the arguments therein can be localized in space and apply in each coordinate patch. Then, by patching
together these local solutions and using the fact that only finitely many charts suffice to cover the manifold M, we
can find a sufficiently small T such that every local solution is defined within the time interval [0, T'), at least. This
completes the proof of the theorem.

The rest of this section is devoted to provide a second proof of Theorem 6.1 which is also of interest in its own
sake. We will now express (HMCF') as a single scalar equation in terms of a height function u with respect to a fixed
initial hypersurface. To this end let us discuss the case of flows F : [0, T) x M — R"*+! such that each M, := F(t, M)
is an entire graph over a fixed reference manifold X given by an immersion G : M — ¥ C R"*!. If each M, can be
written as a graph over X, there must exist a family of smooth height functions u : [0, 7) x M — R and a family
£:[0,T) x M — M of diffeomorphisms such that

F(t,x)=G(&@t, x)) +u(r,&(r,x))i (&, x)), 6.1)

where 7 is the inward unit normal along X¥. Let us denote the metric on M = X by o;; and the second fundamental
form by 7;; The induced connection on M with respect to o will be denoted by D.
The tangent vectors take the form,

Fi(t,x)=(Gj(£@t.x)) +u;(t, &1, x))i (£, x))
—u(t.6(t.0)) Tk (6. 1)) Gr (£, ))& (2, 0),
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where in this section a raised index will be raised with respect to the metric o, i.e. tl.k

to define the following tensor:

= o*l¢;;. Tt will be convenient

Nij :=o0ij —utj.
Then the tangent vectors can be written in the form:

Fy = (ujii + N'G))g/ . 6.2)

and for the second derivative F;; := we get

3°F
= xlox)
Fij = ((uxr + N tm)it + (DINY' = urt]")Gn)EFEL + (wadi + N G )
The induced metric tensor g;; = (F;, Fj) is
8ij = (kur + New NJ")E1E] (6.3)

In the following we will assume that u is sufficiently small, so that the symmetric tensor N;; is invertible and we

denote its inverse by N/ Let us define:
wi=+/14+ Nl.kﬁ”ukul.

The inward unit normal along M, is then determined by

1,. ~
v=—(i- N¥uGy), (6.4)
so that
1 -
hij = (Fij, v) = — (ks + N{" Tt + Nty (it = DiNiw) 665 (6.5)

We need expressions for 4 o F and F From (6.1) we obtain:
d gk d&F 1 dEr
al = de—+<”f+”’7 Ut G

where the subscript ¢ in u, denotes a partial derivative with respect to ¢, i.e. u; = ‘;—’; Rearranging terms gives:

d Ek ld%-k
—F = N, G 6.6
o (Mr—i-ukd ) + kG- (6.6)
This implies the relations:
d
a=<—F,v>=ﬂ, 6.7)
dt w
and
d _ dER\
Sl'=<EF, F,~>:(uju,+gjk7>§;/, (6.8)
where

8kt i=uxu; + N/ Ny
We differentiate (6.6) with respect to time and compute:
d2 dfk d2§-k %-k dfl
o 2F <un +2u,kd— + uy 72 )n (u[ +uk?) o —G

%-ldg_-k Zé;k %—kd%-l
DN——G N! G+ Nt
DN g Gt N Gt Niwa =57

Hence, we have
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—F=\u U —— n .
dr? o *ar T g Vi dt dt
2 k i k k
§ 1 d§' d§ dé dE
N D; N = —_ Gy,
+(kd2+ “ar ar T\ )i )
and consequently,
d2
Ol=<d—2F U>
1 dgk d%;k d&x dg
=— 2 —— Nz
w(“"+ Mk T g Ty
1 dZ%-k ld%-t dék d&-k %-i -
N! D; N, —_ Nty
w< kg YO <’+ " ) dt) m
Therefore, we have:
1 dfk é_—k dé_—l
2 Nz
*= w<””+ Uik TN
- défl Sk d%-k - dfl
I I
_DlNkNlmumEW‘i' M;—i—ukW TiNlmMm di , (610)
and moreover,
d2
dsk gt d%" AW,
yd*Er (dE° dEF dEF\ dE*
+N/l<Nk d +Dst dt W_ (ut"f‘uk dt ) )EJ
Reordering gives the final formula:
dék dZEk %- dék
A; —(ujun-i-2u]uzkd +8ik——>5 72 + (u Nkm—i-N,;D Nk) o dr
dgs\
! <u, +uk%> jt )s,.’. 6.11)

We summarize our results in the following proposition:

Proposition 6.2. If F : [0, T) x M — R"*! is an arbitrary flow, where each M; = F (t, M) is represented as a graph
over G : M — X as above, then (u, (§¥)i=1__») is a solution of the coupled system:

.....

Ur

L (6.12)
w
S,-=(u,u,+g,kd )E’ (6.13)
t
! dg* dghdgt o, dEdgt dErN i, 9"
o= w(utt+2utkd +Nk ’IW__D"NkNlm " dt dt + +uk7 riNlmumz - O
dgk d2§k dés d&k
Aj= (u Upr + 20 jug—— dt N dr? +( thSI—i_N/lD Nk) dt dt

k
— Njit, (ul—i-uk%)dé >$’ (6.15)
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Note, that up to this point we have not chosen a particular flow. For (HMCF'), we have S; =0, = eH, A = —Vje.
From (6.13) we obtain:

ds*

—- = —&™ujuy, (6.16)

where g/ k denotes the inverse of g k- Inserting this into (6.14) we get:

1 .
eH = —(uy — 28 ujusun + L), (6.17)
w

where L is a term of first-order in u. This, by the compactness of X, clearly is a uniformly hyperbolic equation,
provided u is sufficiently small in C 1(2). So we can provide a short-time solution for (HMCF'), if we assume

up=o =0, i.e. if ¥ = My. After having solved (6.17) we can solve (6.16) for dd—étk If u is sufficiently small in cl(x),

then dditk will be small as well so that by choosing &—o = Idy we obtain a family of diffeomorphisms £(¢) solving
(6.15). This completes the proof of Theorem 6.1.

7. Finite-time blow-up results
7.1. An example of finite-time blow-up

The hyperbolic mean curvature flow may blow-up in finite time in a way that is completely analogous to the
standard mean curvature flow. We provide here a typical example.

Let Fy : S" — R"*! be around sphere of radius ro. If F: [0, T) x S" — R+ s a solution of (HMCF’) with initial
data F(0,x) = Fp(x), and j—tF(O, x) = opv(x) with a constant op € R, then M; := F(¢t, S") is a concentric sphere

with radius r(¢). In this case, the hyperbolic mean curvature flow reduces to the ordinary differential equation (ODE):
n n?
. ) .
rr+§(r) t5 =0, r(0) =ro, 7(0) = —oo.

This second-order equation can be reduced to the following first-order ODE:

C[Joaredy—nitey <.
r =
— o) (@) —n. if o >0,
r(0) =rp.

(7.1)

The solution depends upon the dimension #. In the case n = 1, we obtain the cycloid:
c c —t — ropog — carctanogy, ifop <0,
r./——14carctan,/ - — 1= 00 0. 1 o0
r r t + roogp + c arctan oy, if o9 >0,
where ¢ = ro(1 + o).

On the other hand, in the case n = 2, we obtain the explicit solution:

r(t) =/ — 2rooot — 212.

If o9 < 0, the sphere begins to expand until it starts to shrink and eventually collapses to a point in a finite time 7,

given by:
ro 2
T = E(—Go—i—,/oo +2).

In the above situation, one can avoid the formation of singularities by rescaling the metric according to its volume.
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7.2. Blow-up estimates based on the mean and total mean curvature

In some situations it is possible to derive blow-up results from the behavior of the mean or total mean curvature of
the system. To this end let us define the function,

. 2 ¢ o
y(o):= ﬁ arc an<ﬁ>,

which satisfies

,_2 1 1
= — 5 = —,
n%.,.l e
and
d ,d o
— = —0 = .
dty th

Given U C M we define:
fu) = / (o +ye)duw,  Ey:= f edpu,.
U U

Note that % (edus) = 0 implies, that Ey does not depend on ¢.

Proposition 7.1. For any open set U C M and any 0 < t1 < tp < T one has:

19}

1 2
//Hdmdt =—|fu(t) — fu(t)| < —=Eu, (7.2)
n ny/n
nu
and
n
[ [ #edmar| =| o - o+ [oan, - [ odu
nu U U
2(r +1)
< ——Eyp. 7.3
T Fv (7.3)
In particular, if T = oo, then for any € > 0 and any choice of open set U C M there exists a sequence ty — 00 such
that
‘/Hd/«lvtk <€, kGN,
U
and
‘/Hedmk <€, keN.
U

d

Proof. Since ;0 =¢H and j—t dus = —o H du; we compute

d
EfU(t) = [(eH + He+yoeH — (0 + ye)aH) du; :n/Hdu,.
% U
The function Z + y is a monotone increasing function in o', and

T 0 14
——<—+y<—.
e

vn Vn
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fu) = /(% + )/)eduz,

U

Therefore the function,

satisfies
bid

7 Fu < Julo) < Z By (7.4)

Jn

Then we obtain:

d
EfU(t) =n/ Hdp,
U

which implies (7.2). From the observation,

O</(Uiﬁ)2du,=/(az+ni2ﬁo)du,=2EU12ﬁ/adut,
U U

U
’/Udl/vt

U

we conclude that

< Eu 7.5)
< (.

Moreover, we have:

Sl

/odu,:f(e—a2)Hdu,:—/eHth—i—n/Hdut,
U U U U

d
E(fu(l)—/Usz) =/eHdm.
U

U

and thus

This and (7.4), (7.5) imply (7.3). O

We can improve Proposition 7.1, as follows.

Proposition 7.2. For any x € M and any 0 < t; < tp < T one has:
2
=y -y < ==

5]
/H(x,t)dt
n ﬁ

In particular, if T = oo, then for any € > 0 and any x € M there exists a sequence ty — oo such that

|H(x,tk)| <e€, keN.

Proof. This follows directly by integrating

a’
and from

T
Iyl < (7.6)

ﬁ.

Proposition 7.3. Consider the flow associated with a closed curve C C R? with non-vanishing rotation number x (C).
Then T < oo.
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Proof. The rotation number of a curve is given by:

1
X(C)=2—/Hdu-
T

C

This is a topological invariant, hence in particular % x (Cy) =0 for all smooth deformations C; of C. It follows that

/Hd,u,
C

is a (non-zero) constant. Hence, by Proposition 7.1 we must have T <oo. O
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