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Abstract

In this article, we consider hypersurfaces moving with normal velocity depending on the time-
space coordinates and on the normal to the hypersurface. We naturally define a measure associated
to this hypersurface. This measure is defined on a suitable space/unit normal/curvature configura-
tion space. We show that, while the hypersurface stays smooth, then the measure is a solution to
a linear transport equation, that we call a transport formulation. In the particular case of curves
moving in the plane, we get a simple transport formulation. With this transport formulation in
hands, it is then easy to complete the models of dislocations densities that were proposed in the
60’s. As a consequence, we therefore propose a closed mean field model for the dynamics of dislo-
cations densities.
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1 Introduction

1.1 Motivation

We are interested in the motion of a smooth bounded connected and oriented hypersurface
I, ¢ RY with the first order geometric motion given by the normal velocity

(1.1) V =c(t,y,n(t,y))

where ¢t € [0,7) and y € RY denote respectively the time and space coordinates, and
n(t,y) € SV~ denotes the unit normal to I'; at the point y (for a given choice of orientation).
We denote by K(t,y) € Ré\’y;N the curvature of I'; at the point y. This curvature is a
symmetric N x N matrix, and will be defined precisely later. For a given T" > 0, we define

I= J {#4xy < [0.7)xR".

te[0,T)
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To avoid any problem of regularity in this article, we will assume that

FeC?® and ceC*([0,T) x RN x S¥1)
(1.2)
Vvt €10,T), Tyis C? bounded, oriented and connected .

It is well-known that we can not expect in general existence of smooth solutions I'; for all
time and that singularities may happen in finite time.

Our goal is to show that it is possible to provide a transport formulation of the motion of
such fronts. Our motivation comes from the modelling of dislocations dynamics, i.e. in the
dynamics of curves moving their slip planes in crystals. Physically, it is interesting to be
able to sum the evolution of several lines to deduce statistical and mean properties of this
dynamics. The challenge behind this question is the possibility to describe the dynamics of
densities of such curves. We refer to the work of Sedlacek, Kratochvil, Werner [27], which
was a source of inspiration of the present article.

In this paper, we show that our first goal is achieved, at least while the solution I'; stays
smooth. Indeed we prove (see Theorem 4.1) that the “density”

g(tv y,n, K) = 5Ft(y)60(n - n(tv y>>5O<K - K<t7y))

which is a measure for (¢,y,n, K) € [0,T) x RN x SN~ x RF~N satisfies the following
equation
gt +div (ag) + apg =0

which is a linear transport equation for some function ag and some suitable vector field a
(which is related to characteristics of Hamilton-Jacobi equations). The precise meaning and
the details of these expressions will be given later (see Subsection 1.3 and Theorem 4.1).
Let us mention that the vector field a has a quadratic growth at infinity, as a function of
the curvature K. This naturally creates some mathematical difficulties (that will not be
addressed in the present paper) to get long time existence of solutions. This is obviously
related to the fact that geometrically, the curvature of I'; can become infinite in finite time.

We were tempted to call the equation satisfied by g a “kinetic formulation”, but this
terminology has already been used to denote a powerful approach to nonlinear hyperbolic
equations (see Perthame [26] and the references therein). This approach to nonlinear hy-
perbolic equations allows to get existence and uniqueness results, even after the appearence
of singularities for the solution. On the contrary, our transport formulation in this paper
only deals with smooth evolutions (even if it would be interesting to extend it after the
appearence of singularities). Let us also cite a related famous example of transport equa-
tion associated to nonlinear evolution: this is the hamiltonian formulation of Navier-Stokes
equation by Oseledets [25].

After our work was achieved, we were aware of the developement of results by Hochrainer,
Zaiser [13] (see also Hochrainer [12] and Zaiser, Hochrainer [31]) that seem similar in the
special case of dimension N = 2 for velocities ¢(t,y) independent on the normal n, these
results beeing based on Lie-derivative of differential forms.

Our work focuses on transport formulations of hypersurfaces. In the Appendix, we only give
some indications for the way to get other transport formulations associated to the wavefront
of the evolution of submanifolds of codimension higher than 1, in particular for the case of



the transport of curves in RV.

In the particular case of curves moving in the plane, it is possible to use a simplified descrip-
tion. We can describe the normal n = (cos#,sinf) by its angle § € R/(277Z) and choose
a scalar curvature x € R. In this framework a transport formulation (see Theorem 2.1) is
proposed for the “density”

g<t7 Y, 07 K) = 5Ft (y)§0(0 - e(tv y)>60</€ - 5<t7 y)) :

Finally, let us mention that our analysis do not cover the case of velocities depending on the
curvature itself. This would be an interesting extension in connection with random process
(see for instance Buckdahn, Cardaliaguet, Quincampoix [3], Soner, Touzi [28, 29, 30]). We
plan to study this problem in a future work.

1.2 Organization of the paper

In Section 2, we present our main result in dimension N = 2, namely Theorem 2.1 for
the simplified description. We also propose as an application, a model for the dynamics of
dislocations densities (see Subsection 2.2). In Section 3, we give the proof of Theorem 2.1
and of Proposition 2.2.

For sake of completeness, we state in Section 4 our main result in any dimensions N > 2,
namely Theorem 4.1. The proof is basically similar to the one of Theorem 2.1, but technically
more involved. This is the reason why we chosed to present the result in general dimension
after the result in dimension N = 2. The proof of Theorem 4.1 is done in Section 5. In
the Appendix, for sake of completeness, we give in Subsection 6.1 the proof of Lemma 5.1,
in Subsection 6.2, we give some indications about a transport formulation of the motion of
curves in RY in the case of pure transport, and in Subsection 6.3, we propose an alternative
transport equation for the wavefront of curves moving in the plane which is well-posed for
long time existence of solutions.

1.3 Notation

For a smooth oriented hypersurface T'; in RY, we denote by n(t,y) € S¥~! the unit normal
to I’y at the point y € Ty, and by K(t,y) € R¥N*N its curvature, where RY*N is the set of

sym sym

symmetric N x N matrices. This matrix K (¢,y) is given by

N-1
K(t,y) = Z Kifi ® fi

=1

where the K; are the principal curvatures and the f; are the principal directions of curvature
of the surface I'; at the point y. Recall that the f;,;7 = 1,..., N — 1 generate the tangent
hyperplane to I'; at the point y. We use here the convention that for a sphere, if the normal
is pointing out of the ball, then the curvatures K; are negative.

In dimension N = 2, we set

(1.3) n = (cosf,sinf), 7= (sinf,—cosb)

where (7,n) is a direct orthonormal basis. Depending on the context (but without ambiguity)
we will consider either general 7,n depending on the general variable § € R/(27Z) (and
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sometimes denoted by 7(6),n(f) to clearly specify the dependence on #), or depending on
the particular value 0(t,y) € R/(27Z) which is the angle associated to n(t,y) for y € I';. We
will also define the scalar curvature (t,y) by

K(t,y) =r(t,y)T® T .

We denote by 9y and 0, the derivatives respectively with respect to # and to k. With these
notation, we have in particular

OyT =mn, On=—7.

In any dimension N, considering a direct orthonormal basis (ey,...,ey), and for tensors
T = Ez‘l,...,iT:L...,N Z1,~~~,iT€i1 ®..Q Cirs S = Ejl,...,szl,...,N Sjl’"-vjsejl ®.® €jg, WE set the
simple contraction of tensors

TS = Z Z ( Z ,];17“.71'71717]6 Sk?,jz,---ds) €i1 ®"'®6’iT—1 ®6j2®"'6js

i1,eir_1=1,.., N j2,..js=1,..,N \k=L1,....N

and the double contraction of tensors

T:8= Z Z ( Z 7;17---7iT727l7k Sle,jgp_ij) € ®...0€;, ,Ke;,&...€;, .

U,eir—2=1,., N j3,....js=L,....,N \k,/l=1,..,N

RNXN

sym » we define

Assuming that the tensor 7 depends on K €

1 %)
OxT = Z 5(1 + 5pq) Z <8T,];1""’iT> epVe;Re Q... Q€ .
N prq

p,q=1,....N i1,.50r=1,..,

With this definition, we have for instance 7 : Ox K = 7 if T is symmetric on its two last
indices. Similarly, for a tensor 7 depending on y € RY, we define

0
w= ¥ % <8—T) e ® .. @i
11,07 =1,. yp

Similarly, if the tensor 7 (n) depends on n € S¥~=! (among other possible variables), we
consider 7 in a neighborhood of S¥~1 in RY and then define 7;, ;.. (7) = T;,.. i (7/]7]). We
set

0 ~
8nT(n) = Z Zl (8—% (7;17_”71'7“ (fl))) e €p & €, ®...Q €ip -

We have in particular n - 9, = 0 and d,n = [ — n ® n with the identity matrix
1= Z e; ® e;. We also define

i=1,...,N
2T =0,0,T), T =0,0.T), BT=0,0,T), T =0,(0,T)—n®T

where we can check that 9% 7 is symmetric in its two first indices. We also call 9,7 the
tensor whose components are time derivatives of the components of 7. We set

Di=0+cn-0,, D;,=—I—-n®n) -0,+K-0,
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Finally in dimension N = 2, we keep the same notation for defining
D, =71-0,+ Ky
and define
O = 0y(0y), B = 0,(00), By = 06(0y), Ty = 0o(D)

For a function f, we also set
af af
l - — — —
== () ()
2 Result in dimension N =2

2.1 Main result

In dimension N = 2, let us consider a closed connected and oriented curve I'; for t € [0,T)
for some fixed 7" > 0, with the normal pointing out the bounded set whose boundary is
the curve. At a point y of the curve, we recall that we can write the unit normal n(¢,y) =
(cosO(t,y),sinf(t,y)) with 0(t,y) € R/(27Z), and call k(t,y) € R the curvature (negative
for a circle).

We set

c(t,y,0) = c(t,y,n(0))

that up to an abuse of notation, we will continue to call it ¢(¢,y, 6).

Then for any function ¢ € C> ([0,7) x R? x (R/(27Z)) x R), we define the distribution
9:(t,y,0, k) by

(2.4) < Gr,p >=/0 dt /F o(t,y, 0(t,y), 5t y)) -

Given any distribution ¢ (with compact support in the variable k € R), we also define
formally the distribution §(¢,y,0) by

"g::/d/@DTg” with D, =7 -0, + K0y
R

where 7 is defined in (1.3), i.e. rigorously, for any v € C° ([0, T) x R?* x (R/(27Z)))
(2.5) < g >=<D.g,yp > with ¥(t,y,0,k) =(ty.0) .
Then we have the following result

Theorem 2.1 (Equivalence geometric motion/ linear transport, N = 2)
Under the regularity assumption (1.2), if (I't); solves equation (1.1) on the time interval
[0,T"), then the distribution g.(t,y,0, k) defined by (2.4) solves the following equation

(2.6) g+ div (ag) +aog =0 in D' ((0,T) x R? x (R/(27Z)) x R)



with

(2.7) div (ag) = 0y - (ayg) + Oy (asg) + Ok (a19) for  a=(ay, ap,a;)
and
(2.8) ap = K(c+ Oggc) + 7 - 0%c, ay, =cn—TOe, ag=T-0,c,

' ax = K (c+05gc) + K (n-0yc+27-0%¢) + 7@ T : O2C .

Moreover, if g (with compact support in the variable k € R) satisfies equation (2.6), then g
defined by (2.5), satisfies the following equation

(2.9) g+ div (dg) =0 in D' ((0,T) x R* x (R/(27Z)))
with
(2.10) div (a'g) = 0y - (ayg) + Op (agg) for  d' = (ay,ap) .

Finally, for g. defined by (2.4), g. defined in (2.5) satisfies g, = 0.

We note that a single planar curve is now represented as a measure on a space of di-
mension 4, and this measure satisfies the linear transport equation (2.6). Note also that
for a curve we necessarily have g, = 0, which can be interpreted as a kind of compatibility
condition. Moreover this compatibility condition is preserved by the equation on g, because
g satisfies equation (2.9).

Here, general distributions g can be interpreted as the density of curves in the generalized
space of space/angle/curvature coordinates. We do not know, if in some sense, any distribu-
tion g solving equation (2.6)) and satisfying ¢ = 0 , can be written as a linear combination
of measures g, for a possibly infinite number of evolutions I'.

We easily see by an integration in 6, that § = 0 implies (at least formally) that

(2.11) 0y - (/ 7(0)g(t,y,0, k) dodk ) =0
R/(27Z) xR

which can be interpreted as a conservation equation, namely the conservation of the Burgers
vector along the dislocatons lines, in the terminology of dislocations dynamics (see Lardner
[19]). From a physical point of view (see [2]), the Burgers vector of a dislocation line is an
invariant associated to the underlying lattice crystal. Mathematically this can be interpreted
as the fact that the dislocation line has to be a closed loop.

More precisely, we have the following result

Proposition 2.2 (Transport equation for the vectorial density)
If g is a solution of (2.6) on the time interval (0,T"), then the vectorial distribution Tg

satisfies in (D' ((0,T) x R* x (R/(27Z)) x R))2
(2.12) 0= (79): — 0, (cg) + (Drg)ay + s ((Drc)rg — chng) + O (as7g) -

Equation (2.12) joint to assumption § = 0, shows in particular by an integration in 6 and &,
that we have (at least formally) the following evolution equation for the reduced vectorial
density

(2.13) % (/ 7(0)g(t,y,0, k) didr ) = 8; (/ c(t,y,0)g(t,y,0, k) didk )
R/(2nZ) xR R/(2nZ) xR
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which clearly preserves the divergence free property (2.11).

Let us mention the mathematical difficulty due to the fact that the vector field a has
a quadratic growth in the curvature s, which only allows to expect short time existence
of solutions to the transport equation in general. See the Appendix (Subsection 6.3) for a
different possible transport equation which overcomes this difficulty, and well-describes the
wavefront solution.

Remark 2.3 After this work was completed, T. Hochrainer indicated to me the following
important remark (see Hochrainer, Zaiser, Gumbsch [14]). For any distribution g satisfying
(2.6) with compatibility condition g = 0, we can define:

g(t,y,0) = [pdr g(t,y,0,K),

R(t,y,0) = [, dr kg(t,y,0,K) .
Then we get the compatibility condition
7 0yg + Ok =0
and the system (using an integration by parts)

9e + div (@'g) + (7 - 940)g + (¢ + Oge)R = 0
(2.14)
R+ div (dR) —(n-8yc+7- 0%k — (T@7:95,c)g =0

with o defined in (2.10). Here, a remarkable property of the linear system (2.14) is that the
coefficients are bounded, which ensures the existence of a solution (g,%) for all time.

2.2 Application to dislocations dynamics

As a matter of application, let us give a natural model for the dynamics of dislocations
densities, using our transport formulation.

To simplify the presentation, let us consider only one slip system in a tridimensional crystal
with orthonormal basis (eq, es, €3), and with dislocations curves moving in planes perpendic-
ular to e3, and with Burgers vector b € R? (with b - e3 = 0 for mobile dislocations without
climb). We assume that the density of such dislocations is represented by the quantity

g(t,z,0,Kk) with x = (21,79,73) €ER?, 0 €R/(27Z), kKER.

The strain e(t, ) € R23 solves on R? (see for instance Alvarez et al. [2])

div(A:e)=0
(2.15)
inc e = (curlyow (b ® ), with  B(t,2) = [gmz e Wdr Tg(t, 2,0, k)

where A = (Ajjii)ijki=123 is the fourth order tensor of elastic coefficients, and the operator
inc e is obtained, taking first the curl of the column vectors of the matrix e, and then the
curl of the row vectors of the new matrix. The curl,,,, is the curl of the row vectors of the



matrix, and the index ( )s,, means that we consider the symmetric part of the matrix.
The quantity b ® 3 is called the Nye tensor of dislocations densities. Here we set

(2.16) 7T = (sinf)e; — (cos@)ea, n = (cosf)e; + (sinf)e, .

The normal velocity of the dislocations is proportional to the resolved Peach-Koehler force up
to a drag coeffient. Even if is easy (using equation (2.6)) to write the model for an anisotropic
drag coefficient, for simplicity let us restrict ourself to the case where this coefficient is equal
to 1. Then the velocity is simply given by

(2.17) c(t,x) = (b®es) :e(t,x)

and for x = (y,x3) with y = (21, 25), for each z3 € R, ¢™3(t,y,0, k) := g(t,y, x3,0, k) solves
equation (2.6) with a normal velocity independent on 6 defined by ¢™(t,y,60) = c(t,y, x3),
ie.

(2.18)

0 = g;*+rc™ g™ +n-0,(c" g™ )+0,c™-0p(Tg"*) 40y (g“ (0“3/@2 +rn- 0 +TRT: agyc“))

Le.
(219) 0= g+ keg+n-0y(cg) + 0pc- Op(1g) + 0y (g (cK* + kn - e+ TR T : 02,0))

The complete system of equations satisfied by ¢ is then (2.15)-(2.16)-(2.17)-(2.19), with a
choice of the initial data satisfying the compatibility condition g = 0 with the notation (2.5),
ie.

/dFJ {1 0,9+ KOyg} =0 .
R

This system is a generalization of the model of Groma, Balogh [10, 11] that was restricted to
the motion of straight lines dislocations with curvature x = 0 and only two possible angles
0 = 0 or 7. See for instance El Hajj, Forcadel [8] for a mathematical analysis of the Groma,
Balogh model in a particular geometry. In equation (2.19), the term kcg can be interpreted
as a source term created by the curvatures of the dislocations. Our model is also a natural
generalization of the model of Sedlacek, Kratochvil, Werner [27] whose transport equation
was written for G(t,y, z3), namely

By = ayl (c|B]) -

This equation has to be compared to our equation (2.13) which containes more degrees of
freedom, or even to (2.12) or (2.19). We also underline that equation (2.19) is a natural
transport equation that was missing for instance in the theory of Kroner [17, 18] or that was
under investigation in the theories of Mura [23] or Kosevich [16].

In the case where there are several slip systems, the contribution of each slip system must
be summed on the right hand side of the equation giving the inc e, and each density solves
an evolution equation similar to (2.6) in its own slip plane direction with its corresponding
velocity. The complete system will be studied in a future work.

Let us remark that our model (2.15)-(2.16)-(2.17)-(2.19) only describes pure transport
of dislocations lines in a quite rough mean field model. For instance we do not treat self-
annihilation of dislocation lines, contrarily to the eikonal equation. We really describe only
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a kind of wavefront propagation (like in Osher et al. [24], see also the Appendix of the
present article). Moreover our mean field model is really a zero-order approximation. A
more realistic model would also contain some short distances corrections similar to the
homogeneization problem studied in Imbert, Monneau [15]. In a more realistic model, other
source or collisions terms should be added to describe Frank-Read sources, annihilations of
dislocations, cross-slip, etc. See for instance the proposition of El-Azab [7, 6].

3 Proofs in dimension N = 2
We start with the following result

Lemma 3.1 Let ¢ € C! ((0,T) x R?) and (T';); be a smooth evolution with normal velocity
c(t,y). Then we have

d

(3.20) -

</ ¢> = / Dyp — ckip Jor Dy := 1y +cn - Oy1p
I I

where ¥, n, k and ¢ are evaluated at the current point (t,y).

Proof of Lemma 3.1
We fix the time ¢, and consider a parametrization v by the curvilinear abscissa s of the
connected curve T';, and set y(s) the point associated to s € R/(LZ), with L the length of

d
I'; and d—v = 7. Then we can parametrize the curve 'y, by 744 for h small (even if the
s

parametrization is not yet by curvilinear abscissa)

Yirn(s) = y(s) +r(h, s)n(s)
where n(s) is the normal to I'; at the point v(s). Moreover (0, s) = 0 and r,(0, s) = ¢(,7(s))

(where ry, stands for a—; and 7 stands for 8_7”) We compute
s

d
seeny = [ ) '@w{s)

Ciyn
_ / ds (t + hoy(s) + r(h, $)n) [(1 — r(hy ) 8)7 + 7a(hy 5) ] |
R/(LZ)

Therefore

% ( Cetn vl ')) |h=0 B /R/(LZ) ds {vv+ (0, 5)) n - Oy + 9 (=70, 5)r)}

= Yy +en - Oy — ek .

Tt

This ends the proof of the Lemma.



Lemma 3.2 For any ¢ € C* ((0,T) x R* x (R/(27Z)) x R), we have for g = g,

(3.21) < g, >=< g, —ckp + cn - Oy + (D) Opp + (DiR) Ogip >
for any C* extension 0 (resp. k), which restricted to I" is equal to 6 (resp. k).

Proof of Lemma 3.2

We have
<gt7¢> = _<97§0t>

We now compute using (3.20) with ¥(t,y) = ¢(t,y,0(t,y),k(t,y)), and the velocity

c(t,y,0(t,y))

d - N
7 (/ o(t,y,0(t,y), K(t, y))) = / @ + 0,0pp + FOp — chp
Ft Ft

o[ en (o0 + e + @00}

t

And then
T ~ ~
< gnp> = / dt/—cmgp—i—cn-@mp—k{6’,;—1—071-8y9}89<p+{/%t+cn-ay/%}8ncp
0 I

which gives the result.

Lemma 3.3 With the notation of Lemma 3.2, we have on I’

Dt9 = DTC

D = ax+ (0gc) (T OyF)
with a, is given in (2.8).

Proof of Lemma 3.3

We remark that the vector field D; is tangent to the hypersurface I'. This means that D,6
and D,k are intrinsec quantities only depending respectively on the values of # and x on
the hypersurface I'. For this reason, it is possible to compute these quantities, considering a
particular parametrization of the hypersurface I'.

We consider (ty,yo) € I'. Up to a translation and rotations of the coordinates, we can assume
that tg = 0 = yo and consider a local representation of I' as

z=u(t,x) for y=(x,z) with u,(0,0)=0

0
where u, denotes a_u and the normal at (0,0) is (0,1) in the (z,y) coordinates. We set
T

0*u 0% 3

Ugy = 922’ Ugp = EPET and Upg: = EIShTS In these coordinates, we have
U 1
0(t,x,u) = arctanu,, r(t,z,u) = ———— and n(t,z,u) = ——(—u,,1) € R%.
oy o) = o) = g e

10



We recall that locally in a neighborhood of (0, 0), the function u satisfies

(3.22) up = c(t, x,u,arctanu,) /1 + u2 .

For ¢ in a neighborhood of zero, let us define the curve v contained in I' by:

V(t) = (t,0,u(t,0))

for which we have
dy
dt
which is exactly the vector field D; evaluated at the origin, because we assume that u,
vanishes at the origin. Therefore
~ d

~ d
D0(0,0,0) = a(@ ov)(0) = 7 (arctan uy(t,0)),_o = ux(0,0) .

(0) = (1,0,u.(0,0)) = (1,0,¢(0,0,0))

Similarly

. d d Uz (1, 0) B
Dt’i(oa 070) — %(/{ © 7)(0) - % <(1 N u%(t,O))g) - - uac:ct(()?O) :

Derivating (3.22) with respect to x, we get

(3.23) Uzt = (1, uy) - Oyc /1 4+ u2 + Oye

V1+u2 —i_cw/l—ku?C

which implies that at the origin we have

D,6(0,0,0) = uy(0,0) = 7 - Oyc + k0gpc = Dc .
Derivating now (3.23) with respect to x, we get at the origin

Uzt (0,0) = (0,0s) - Oyc + (1,0) @ (1,0) = 07,c + 2(1,0) - 0gC Upy + Dy U, + D€ Ugaw + U,

= Kn-0)c+TRT: 8§yc + 2KT - 8590 + K203yC + CK? + OpC Ugas

0 Uz
ag +O0pc — | ———=
Or \ (1 +up)2
with a, given in (2.8). This shows that
D,#(0,0,0) = gyt (0,0) = ax + (Ggc) (7 - OyR) .

This ends the proof of the Lemma.

Lemma 3.4 With the notation of Lemma 3.2, we have

— / (Ogc) (1-0yR) Owp = | D;(p Opc) with D, =1T1-0,+ KOy
Iy

'y

where the quantities in the integrals are evaluated at (t,y), 0(t,y), k(t,y).
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Proof of Lemma 3.4

We consider a parametrization vy by the curvilinear abscissa s of the connected curve I'y,
d

and set y(s) the point associated to s € R/(LZ), with L the length of I'; and d_v =7

s
d
Then we have 7 -0,k = d—K(S) With an obvious abuse of notation, we denote by k(s),
s

0(s), respectively the curvature and the angle associated to s, i.e. k(s) = k(t,7(s)), 0(s) =
6(t,v(s)). For a general C* function G(y, 0, ), we have

d d
(324) . (G(’y(S), 0(S>7 H(S))) =37 ay + "180 + —Ha,{ G
ds ds
) . do - dr
where we have in particular used the fact that i (i.e. T kn). We deduce that
s s

d d
/ (Opc) il L = / ds (Opc) {—H L + KOgp + T - Oy — DTgp}
Ty ds R/(LZ) ds

d
= / ds (Ogc) & —/ ds (0pc) Dy
R/(LZ) ds R/(LZ)

- _/R/(LZ) * {(%(8‘96)) #+ (Ge) DT(’D}

_ /R 1y 5 LD 9+ (@ue) Do)

= - D (9086’6)

ry

where we have used (3.24) with G = ¢ at the second line, we have made an integration by
parts at the third line, and used (3.24) with G = Jypc at the fourth line. This ends the proof
of the Lemma.

Lemma 3.5 For a general g solution of (2.6), we have
(3.25) (Drg)t + 0y - (ayDrg) + Og(agDrg) + 0(D~(axg)) =0 .

Proof of Lemma 3.5
For two vector fields Vi, V5 and ¢ a given distribution, we recall the definition of brackets
V1, Val:

[Vi,V2]g = Vi(Vag) — Va(Vig) -

We first compute the following brackets of vector fields for general g:
[Dr, 0y - (ay)] g = (D-(9y - ay))g + (Dray) - 9yg + ay - [Dr, 0] g
(D, (ag-)] g = (D7(99ag))g + (Drag)0sg + ag [Dr, 0] g
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and

[D;,0,] =0
[DT, 39} = —n- 8y
[D’raam] = _69

Applying the vector field D, to the equation
—gt = aog + 9y - (ayg) + Gs(agg) + Ox(ang)

we get

—(D79); = Dr(aog) + 9y - (ayDrg) + 9p(agDrg) + 0s(D~(axg))

FDr.0, - (ay)) g + (D, Bo(ag)] g + Dy, O] (arg)

1.e.

_(D‘rg)t a (ay ) a@<a0D‘rg) a (DT(aHg))
= D:(aog) + [Dr, 0y - (ay)] g + [Dr, 0s(ag-)] g + [D7, 0] (arg)

= (Drag)g +apD-g
+(D-(9y - ay))g + (Dray) - Oyg
+(D-(0pa0))g + (Drag)Ogg — ag n - Oyg
—ae(aw)

= (Drap+ D, (0, - ay) + D, (0gag) — Opas)g
+(aoT + Dray, —ag n) - Oyg
+(aok + Drag — a,) Ogg
=0
because, on the other hand, we compute

D.ag = a, — agk
D.a, = ap n — agT
D ag + DT(8y . ay) -+ DT(agag) — Oga,, =0

where the last line is a consequence of the following computations

Oy - ay + Ogag = 2n - Oyc
D- (9y - ay + Gpag) = =2 (K7 - Oyc — kn - Dge — D3 - (7,1))
D.ay — Oya, = 7 - Oyag — Op(Drag) = 2 (/@T - Oyc — KN - 8590 - 8§yc (T, n)) )

This ends the proof of the Lemma.

Proof of Theorem 2.1
Putting together the results of Lemmata 3.2, 3.3 and 3.4, we get for g = ¢,

<G> = <g,—ckp+ten- 0y + (Drc) Opp + ay Oxp + (0pc) (T - OyR) Onp >
= < g,—ckp~++cn-0yp + (Drc) Ogp + ay Oxp — Opc Drp — 9D (0gc) >
= < g,—app + ay0yp + agOpp + a0, >

13



which leads to equation (2.6).
Integrating equation (3.25) with respect to &, leads to (2.9).
Finally, let us compute for g. defined in (2.4) and ¥(t,y,0, k) = ¥(t,y,0)

<gv> = <D.g,¢p>

= — <, DY >

_ I
_ —<gF,7'-8y@/J+/<a89¢+d—§,§¢>

= —/OTdt /FtT-(?y@E(t,y)
0

where at the third line, we have used the fact that ¢ is independent on k, and we have used
(3.24) with G = 9 at the fourth line. Finally we have set ¢(t,y) = ¥(t,y,0(t,y), x(t,y)).
This proves that g. = 0. This ends the proof of the Theorem.

Proof of Propositon 2.2
We start to multiply by 7 the equation (2.6) satisfied by g. We get

0= (79) +aorg + 9y, - (ay ® 7g) + 0 (agTg) — agng + 0 (ax7yg) .
We compute
agTg + 0y - (ay ® 7g) — agng + 9y (ckng)

= 0y (ay, ® 7g) — agng + ndy(ckg) + Kk(ggc)Tg + (7 - Dppc)Tg

= (n-9y)(crg) = (7-9,)((Fhe)7g) — (7 - 9yc)ng
+nckdpg + nk(9pc)g + {0p (k(Dsc)Tg) — K(Dpc)ng — K(Dpc)TDag} + (T - Dge)Tyg

= ncD;g —ner - 0yg — (7 - 0yc)ng + (n - 0y)(crg) — (7 - 9y)((Opc)Tg)
+0p (k(0pc)Tg) — (0oc)T Drg + (o) T(1.0,9) + (7 - Djpc)Tg

= 09 (k(0sc)Tg) + (Drg) (cn — 799c) — n(T - ) (cg) + 7(n - 9y)(cg)
= 0y (k(Opc)Tg) + (Drg) (cn — TOyc) — 8j(cg)
where we have used the explicit expression of ag in the second line, the explicit expressions

of a, and @y in the third line, and we have introduced the expression of D.g = 70,9 + kOgg
in the fourth line. Therefore we get

0 = (r9)e— 9, (cg) + (Drg)ay + 9y ((ag + £dpc)Tg — ckng) + Oy (axTg)

This ends the proof of the Proposition.
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4 Result in dimension N > 2

We now turn back to our main result in dimension N > 2. We use the notation of subsection
1.3. We consider a closed connected and oriented hypersurface I'; for t € [0,7") for some fixed
T > 0, with the normal pointing out the bounded set whose boundary is the hypersurface.
At a point y of I';, we recall that we call n(¢,y) the unit normal and K(t,y) € RQ%N the
curvature matrix (negative for a ball).

We define for (t,y,n, K) € [0,T) x RY x S¥=1 x R¥NXN "the measure g, (t,y,n, K) by

sym )

(4.26) <G >= / dat / oty (), K (1, y)

for any test function ¢ € C° ([O,T) x RN x V=1 x ]RQLEN ) Given any distribution g¢
(with compact support in the variable K € Ri\;an ), we also define formally the distribu-
tion g(t7 Y, TL) by

”g::/ dK {D;g+n(l:K)g} “ with D,=—(I-n®n)-9,+K -9,
RNXN

i.e. rigorously, for any ¢ € C2° ([0, T) x RY x SV-1)
(4.27) < g, >=<D;g+n(l:K)g,¢p> with ¢(t,y,n, K)=v(t,y,n) .
Then we have

Theorem 4.1 (Equivalence geometric motion/ linear transport, N > 2)
Under the regularity assumption (1.2), if (I'y); solves equation (1.1) on the time interval
[0,T), then the distribution g, (t,y,n, K) defined by (4.26) solves the following equation

(4.28) g+ div (ag) +aog =0 in D' ((0,T) x RY x S"~1 x R *N)

with

(4.29) div (ag) = 0y - (ayg) + Oy - (ang) + Ok : (akg) for  a=(ay, an, ar)
and

(4.30)

ap=c(I:K)+K:0,,c—1:0,,c, ay=cn+0.,c, a,=—(I—-n®n)-0,c,

ag = KP4+ K-9c- K+(I-n®n)-0;,c- (I —n®n)
+(n-0y) K—K-0c-(I-n®n)—I—-n®n)-0;,c- K
+K - 0)c@n+n®K -0y .

Moreover we have for a .= K -n g

(4.31) @+ div (a@a)+Ag-a=0 in (D ((0,T) x RY x SN~ x RIN))Y

with

(4.32) —Ay=cK+ K -Opc— (I —n®@n)-05,c+n®dyc+(2(n-dyc)—ag) I .
Finally, for g. defined by (4.26) we have K -n g. = 0 and ¢, defined in (4.27) satisfies
g =0.
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Let now make a few comments on this Theorem.

The invariant manifold.

We first remark that in the expression (4.30) of ax, the two last terms are new, in comparison
to (2.8). Moreover these terms are the only terms not perpendicular to n. Their existence
is due to our choice of writting the equations on RY x SV-1 x RQLEN , in order to preserve
K -n =0 on the support of g for all time, if it is true at the initial time (see the justification
of equation (4.31)). This really means that we are interested in measures with support on
the natural manifold

M={(y,n,K) eRY x S ' x RI*N K .n=0}

sym

whose the dimension is the same as RY x SV~ x joyvrg Dx(N-1)

the fact (easy to check) that for any t € [0,7"), the vector field

. This is obviously related to

a'(X)=a(t,X) with X = (y,n, K)

is tangent to the manifold M. This means that it should be possible to represent (but prob-
ably less simple to write) the transport equation as some transport equation on the manifold
M, similar to equation (4.28). This also means that, while we keep our description on the
space RV x SN—1 x Ré\;an , there are several equivalent transport formulations, because for

what we have in mind, in (4.30), K can be replaced by K - (I —n®n), or (I —n®n) - K,
oreven (I —n®n)-K-(I —n®n).

Explicit solution based on the characteristics
It is known (see for instance Lions [22] or Leveque [21]) that that the solution g of (4.28) is
given (at least formally with the measure g(0,-) at the initial time) for X = (y,n, K) by

g(t,Y) = g(0, X(0;¢,Y))e” Jybo(sitY) ds  gith bo(s;t,Y) = (ap +div a)(s, X(s;t,Y))

and p
X ELY) =a(s X(sitY)), X(Lt,Y) =Y.
s
In particular, defining for ¢ > 0
) (y,n(t,y), K(t,y)) € RN x SV=1 x REXN,
Ft =
for y € T'y with normal n(¢,y) and curvature K (¢,y)

we have )
supp g.(t,-) =T} .

Therefore, if Y € T, then X(¢;0,Y) € Ty, which shows (at least formally) that the solu-
tions X (¢;0,Y) are the characteristics of the evolution. In particular, we get, as a result,
the value of the evolution of the curvature, which has to be put in relation with curvature
estimates in Cannarsa, Frankowska [5], Cannarsa, Cardaliaguet [4] or Alvarez, Cardaliaguet,
Monneau [1]. Moreover, at least the first two components (cn + 0,¢, —(I —n ® n) - 9y¢) of
this vector field are similar to the characteristics of classical Hamilton-Jacobi equations with
Hamiltonian ¢(¢,y,n), see Evans [9]).
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The mathematical difficulty for long time existence.

The principal mathematical difficulty to solve equation (4.28), is the quadratic growth of the
vector field a as a function of the curvature K. This means that, even for initial data with
compact support, the support of the solution can go to infinity in K in finite time (which
corresponds to the apparition of geometric singularities of the fronts, revealed by infinite
curvature). On the contrary, in the particular case where the hypersurface is transported by
a vector field V (¢, y), which means that the normal velocity is given by ¢(t,y,n) = n-V(t,y),
then we can check that the vector field a is at most linear in the curvature K, and a, = V' is
exactly the original vector field. This is natural, because its is well-known that linear trans-
port equations do not create singularities in finite time. See also the Appendix (Subsection
6.3 and Remark 6.5) for indications to overcome these difficulties using a different transport
formulation.

We do not know if there are conservative quantities (other than K - ng, like maybe §)
that can be derived from this transport formulation of moving fronts. We do not know
neither what is the best regularity that we can assume on g, in order to satisfy the natural
constraints like the conserved quantities.

5 Proofs in dimension N > 2

We start with the following result which, for sake of completeness, is proved in the Appendix
(Section 6).

Lemma 5.1 Let ¢ € C} ((0,T) x RY) and (I';); be a smooth evolution with normal velocity
c(t,y). Then we have

(5.33) % </F w> = A Dpp—c(l:K)p  for D=1 +cn-00

where ¥, n, K and c are evaluated at the current point (t,y), and I : K denotes the trace of
the matriz K.

Then, we have the following result

Lemma 5.2 For any ¢ € C° ((0,T) x RN x SN=1 x RN*N) "we have for g = g,

sym
(5.34) < g >=<g,—c(I: K)p+cn-0yp+ (Dit) - Opp + (D K) : O >
for any C" extension i (resp. K ), which restricted to T is equal to n (resp. K ).

Proof of Lemma 5.2
The proof is similar to the proof of Lemma 3.2, with (3.20) replaced by (5.33). This ends
the proof of the Lemma.

Lemma 5.3 We consider a local parametrization of the hypersurface I' as

z=u(t,x) for y=(x,2)eUCR " 'xR
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0 d%u
where U 1s an open set. Then we have with u, = au e RV and upy = — € RW—1)x(N-1)

ox ox? sym
1
n(t,z, 1) = ———=(—uy, 1) e RYV"IX R and K(t,z,u) = F(ugy, uy) € RYXN
where for any M € Rgﬁg”xw‘”, p € RN we set
p-M-p
1 (1+p?)
F(M,p) = —— M. M.
L+ | 4 P o @ (—=p, 1)+ (-p, 1) ® —L 9
1+p27 ) ) 1+p27
with

(I(M))ij—{ My if ije{ln—1}

0 if 1=n or j=n.

Proof of Lemma 5.3

The only thing to prove is the expression of the curvature.

In the case where n = (0,1) € RV"!'xR, i.e. u, = 0, it is clear that we have F/(M,0) = Z(M).
In the general case where n # (0, 1), i.e. u, # 0, we need to make a rotation of the coordi-
nates in the plane generated by n and (0, 1), such that in the new coordinates the surface I'
is represented by Z = v(t, X) with vx = 0. Then a full computation (based on the inverse
function theorem) is possible.

We now make the details of the computation.
We drop the time coordinate which does not play any role in the present computation. Up
to a translation we can assume that we work close to the origin where u,(0) # 0. We choose
an orthonormal basis (ey, ..., eny_1) such that

Uy

(0)

T ]

We set

\C(
v
‘\
\
\ ’,,' El
\\ ’,”"
»e
1

Figure 1: New coordinates by rotation

We will consider the unit vector E; such that orthonormal basis (E,n(0)) of the plane
is obtained by a rotation of the basis (e1,ey) (see Fig. 1), and define the new coordinates
X1, Xy such that

X1E1 + XNTL(O) = x1e] + TNEeN and X = (Xl,X/,XN>
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1.e.

Xi=x1 cosa+xy sina, Xy =—x1 sina+ Ty coSq

for
1

a = angle (ey,n(0)) € (0,7/2), ie. cosa=——, sina=

NERT

ou
with u; = I We see that
x1

rn = u(ry,7") = Xy = v(X, X')

for some new function v which satisfies

Uy

1+ u?

v(z; cosa+u(xy,2') sina,z') = —x; sina+ u(xq,2') cosa .

We compute by derivation

v1(cos v + uy sin) = —sin a + uy cos

vu;sina +v; = u;cosa, 1 =2,...,.N—1.

In particular we have vx(0) = 0. Derivating once again, we get at the origin

’U o U1t
1= - -3

(1+u%)%

U4 .

vy =—>, 1=2,...N—1

SR

vij:ﬁ, ,7=2,..N—1.
\ (1—i_u1)2

Then (with £y = cosa ey +sina ey, E] = cosaFEy)

K(l + U%)é = U11E1 ® E1 + ZizQ,...,N—l V14 (El ® €; —|— €; ® El) + Z

i,j=2,..

N—1Yij€i ® €

= DijetoN-1 i€ @€+ 3 v (B —e1) ®ei + 6 ® (E) —e1))

+un (B —e1) ® (B} —e1) .
Using the fact that

El—e = (—uier +en))

1
14 u?
we see that we exactly get

K = F(ug,,uier)

which ends the proof of the Lemma.

Lemma 5.4 With the notation of Lemma 5.2, we have on I'
Din = —(I—-n®n)-0yc+ K-0,c=:D.c

DK = ag — 0,c- (9yf(
with ax giwen in (4.30), and on T
(5.35) (I—-n®n)-0yn=—-K.



Proof of Lemma 5.4

We procceed exactly as in the proof of Lemma 3.3.

We consider (ty,yo) € I'. Up to a translation and rotations of the coordinates, we can assume
that tg = 0 = yy and consider a local representation of I' as

z=u(t,x) for y=(x,z) with u,(0,0)=0

0
where u, denotes 9% and the normal at (0,0) is (0,1) in the (z,y) coordinates. We set

ox
0%u 0%u Pu

= —— Uy = ——, and Upyr = ———.
92’ " T pror MU Yt T Gerar
ture K are given by Lemma 5.3.

We recall that locally in a neighborhood of (0, 0), the function u satisfies

(5.36) up = c(t,x,u,n) \/1+u2.

For t in a neighborhood of zero, let us define the curve v contained in I' by:

~(t) = (¢,0,u(t,0)) .

U In these coordinates, the angle n and the curva-

Then
DA(0,0,0) = % (307)(0) = % (n(t,0,u(t,0))),
d 1
- = (m(—ux(t,o), 1)> = = (—uw(0,0),0) .
Similarly
_ d - d
D;K(0,0,0) = E(Koy)(O) == (F(uz0(t,0), (2, 0)) g

= Fiy (-, 12(0,0))ttne (0, 0) + Fp (1t (0, 0), (0, 0)) (0, 0)

where all the quantities are evaluated at the origin (0,0).
Derivating (3.22) with respect to x, we get

(5.37) Uyt = (€ 4+ g0y ¢ + Opc - ny) /1 +u2 + cum—'uz
V14
where
L (cunl)® L (u0)
Ng = ———————=3 Uy, Ugg * Uy (" Ugy,
(1+u2)2 V14+u2

which implies that at the origin we have
D;n(0,0,0) = (—u4(0,0),0) = =(I —n®n) - dyc+ K - Opc = D;c

and
(I-—n®n) - Jn=—-K.
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Derivating now (5.37) with respect to =, we get at the origin (with contraction in n in
expressions like n, - 92, c or n, - 9% c-n,)

Ut (0,0) = 02,4 02,0 Ny + Uy Oy € + Ny - 02,0+ My - 02,0 Ny + OnC+ Ny + Clhy * Uy

and then at the origin
I(uzat) = A+TL(OnC Na)

with
A= (I-n®n)-{92c—02c K+Kn-0y)—K-2c+K-2c-K+cK-K}-(I-n®n).

Hence

D,K(0,0,0)=B+C

with
B=A4+K -D,c@n+n®K -D.c+K* 0,c@n+n®K?*-0,c=ag

where ax given in (4.30). and
C=T(0pc Npe) —K* Opc@n—nx K?-0,c.
On the one hand, let us compute at the origin
g = = {(0,1) ® iy - thgg + (thzas, 0)}
and then at the origin (because 0,c is orthogonal to n)
OnC* Mgy = —Ugpy * OnC .
On the other hand, let us compute at the origin

and then
OnC+ (F(Ugzrtz)), = T(Uggg - Onc) + K20pc@n+n@ K? - 0,¢
= Z(=0nC Nyy) + K20,c@n+n® K% 0,c
= —-C.

This shows that . B
D,K(0,0,0) = ax — Opc- 0, K .

This ends the proof of the Lemma.

Lemma 5.5 Let ¢ € CYRY), V € (C*(RN))N. Then we have

- V-U=nen -0y = [ & {-nen 0} V+ | & 0V)({T:K).

Ft 1—‘lt
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Proof of Lemma 5.5
We introduce for € > 0

Q.={zeRY, 3Fyel, z=y+raty) forsome re(—ce)} .

For € > 0 small enough, and = € ()., there exists a unique y = y(x) such that y € T'; and
x =1y +rn(t,y). Then we can then extend the field n on Q. by

n(z) = n(t, y(z))

Then we have

/FtV~([—n®n) —hm—/V @) - 0,0

e—0 2¢

and

—/ Veli=ion)-op = [ v AU=a9m)-0)-V = [ vV{@,-0)n+ @0, 0.

€

Hence

_/r V.-I—-n®n) 0= A Y {I—-n®n)-0y}-V—[ v V-{(0, -n)n+(n-0,) n} .

Iy

For our choice of the extension 7, we have (72-9,) 7 = 0 and in the coordinates (72, '), we see
from (5.35) that 0, -7 = —I : K, which implies the result. This ends the proof of the Lemma.

Lemma 5.6 With the notation of Lemma 5.2, we have
/ &Lc-@yf(:a;(gp:/ D, (¢ Ohc) with D;=—I—-n®n)-0,+K-0,
Ft Ft

where the quantities in the integrals are evaluated at (t,y), n(t,y), K(t,y).

Proof of Lemma 5.6 ) 3
For a general smooth function G, we define G(t,y) := G(t,y,n(t,y), K(t,y)), and we have
on I’

(5.38) (I—n@n)-ﬁyé(t,y):{(I—n@n)-8y—K-8n+(I—n®n)-8yf(:8K}G

where we have in particular used (5.35). We deduce that

Onc - 0,K : Oxp = anc-{(I—n@n)-ﬁyf(:8K90—K-@n<,0+(]—n®n)-(7y<,0+DT<p}
Ft Ft

= Opc- (I —n®n)-0,0p+ [ Owc-Dry
Ft Ft

— /F {—gp ((I—n@n)-@)-éﬁc%—ﬁnc-DTSO}

= {¢ D; - Opc+ Opc- Dy}
Iy

= /F t D- - (¢0nc)
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where we have used (5.38) with G' = ¢ in the second line, Lemma 5.5 at the third line, and
(5.38) with G = 0,,¢ in the fourth line. This ends the proof of the Lemma.

Lemma 5.7 For a general g solution of (4.28), we have for a := K -n g
(5.39) ar+ 0y (ay,®@a)+ 0, (a,®a)+ 0k : (ag ®a)+Ay-a=0
with Ao given in (4.32).

Proof of Lemma 5.7
We compute

—(K-ng), = —K-ng
= K-n {aog+ 0y, - (ayg) + O0n - (ang) + Ok : (axg)}

= aK - ng+0, (ay,®K -ng)+0, (a,®K -ng)+0k:(ax @ K-n g)
—(ang - 0,)(K - n) — (axg : Ok )(K -n)

ie. a:= K -n g satisfies
ar+apa + 0y - (ay @ @) + 0y, - (4, @ @) + Ok : (ax ® )
= (ang - 0n)(K -n) + (axg : Ox)(K - n)
=K-a,9+ax-ng
=—(Ap—apl) -«
with
—(Ag—apl) = ¢cK+K -0 c—(I-n®n)-0;c+n®@dyc+2(n-0yc)l
This ends the proof of the Lemma.

Proof of Theorem 4.1
The proof is completely similar to the one of Theorem 2.1.
Putting together the results of Lemmata 5.2, 5.4 and 5.6, we get for g = g,.

<G> = <g,—c([:K)go+cn-0yg0+DTc-8n<p+aK:OKgo—anc-@yf(:aKgp>
= <g,—c(I:K)p+cn-0yp+ Drc-0pp+ag:0xp—0nc-Drp— @D, - 0Opc >

= < g,—app + a0y + a,0pp + agOxp >

which leads to equation (4.28).
Equation (5.39) is exactly (4.31).
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Finally, let us compute still for g. defined in (4.26) and (¢, y,n, K) = 9 (t,y,n)
<gn¥> = <D;g+n(l: K)g@ >
= <g,n(l:K)Y)— D>

= <gnI: KW+ -n®n) 03— K-0,0+ (I —n®n)-0,K : gy >

— /OTdt/F{n(I:K)@Z(t,y)Jr(I—n@n)-Gyzﬁ(t,y)}
0

where in the third line, we have used the fact that v is indenpendent on the curvature K, we
have used in the fourth line equation (5.38) with G' = ¢ and ¥ (t, y) = ¥(t, y, n(t,y), K(t,y)).
For the last line, we have used Lemma 5.5 with V' =¢;, ¢ = 1, ..., N, succesively. This proves
that g. = 0.

This ends the proof of the Theorem.

Remark 5.8 We remark that if K-ng =0, then (I —n®n)-K-0,9 = K-0,9+ (I : K) ng.
This last relation explains why the contribution of the term in n(I : K) to the definition of
gy does not vanish in general, even if g. = 0.

6 Appendix

6.1 Proof of Lemma 5.1

Proof of Lemma 5.1

We consider a point (tg,30) € ', and a local parametrization v : B,, — RY of 'y, in a
neighborhood of o, with B,, = B,,(0) C RN=! and ry > 0. Then, in a neighborhood Uto 0
we can parametrize Iy, for h small, by v'%*" defined by

V(@) = () + r(h,2)n(w)

where n(x) is the normal n to v at the point v(z).
We will prove that formula (5.33) holds, assuming moreover that

(6.40) supp ¥ C Uy, -

Finally, using a partition of unity, we recover the full formula (5.33) as in the Lemma.
We now prove (5.33) assuming (6.40).

0
We have r(0,z) = 0 and 7,(0, z) = ¢(t,y(z)) (where rj, stands for a—;, r; stands for —, and
9 (2

r;, stands for ). We compute the jacobian

Jp = lap| with < ap,- >= det (%ﬁh, ...,75\‘}f?, )
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where we denote

a to+h

on
6.41 torh _ S0 g,
(6.41) Y oz, 7”””39@

dvy
8272'

and similarly v, = fort=1,..., N — 1.

w(to + h, ) = / dx w(to + h, ’)/t0+h<l'))Jh

Tio+h Br

_ /B du Ot + h,y(x) + r(h, 2)n) Iy .

70

Therefore

(6.42) d%( A ¢(t+h,-)> = / dz {(¥; + (ru(0,2)) n-0,0) Jo + 1 Jy}
toth |h=0 B

70

, <th) ao - aj
JO - — -
dh o laol
dah

with aj = (—) . On the other hand, we have
dh ) ey

with

|ap|* = det (v, AN, an)

which by derivation gives

N-1
2aq - ag = det (1, ..., YN-1,0a0) + Z det (71, Y N1, ao)

i=1
with (from (6.40))

87't°+h> on
to/’ 7
v = (— =ry(0,2)n + (0, 2)— .

Therefore

N-1
on
ap - ag = Z det (71, ey TipM + Thy ...,'yN_l,a()) .
i=1 !

Using in particular the fact that ag is parallel to n, we deduce that

N-1 on
< Y 3. >
ao - ay = (0, 2)|ap|*k  with k=Y — T
i=1 |sz|
A direct computation in local coordinates allows to see that k = —1I : K, which gives

Jy=—c(I:K)Jy .
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Finally (6.42) implies

d
% ( Ft0+;b¢<t+h7')> - — /]; dx J() {¢t+0n.@y¢_c(12 K)@/)}

= . {hr+cn- 00 —c(l: K)Y} .

This ends the proof of the Lemma.

6.2 Case of a curve transported in dimension N

In this Subsection, we consider a curve I'; transported in RY along a vector field ¢(¢,7) € RY,
in dimension N > 2. Here we use the notation N for the dimension rather than N, because
N can be different from N, as in the application given in Subsection 6.3. We also emphase
the fact that we do not consider the case of “normal velocity”, possibly depending on the
unit tangent vector to the curve I'y, that we call 7 € SV

= dT
We call & € RY the curvature vector & = e of the curve and set
s

(6.43) 9-(t, 7,7, &) = 05, (¥)00(T — 7(¢,9))00 (K — (L, V) -
Then we have:

Proposition 6.1 (Linear transport equation in the phase space for geometric
transport of a curve in RY)

Assume that a smooth curve Ty is transported in RN along a smooth vector field ¢(t,y) € RY.
Then the distribution g = g defined in (6.43) satisfies

(6.44) g+ + div (ag) + apg =0
with
0=C'R, GG=UI-TRT)¢, aG=U-TT) (T 00
=1 -7TQT) {F-0¢+TRT:0%¢} —(ROT+TQR) - (T - 0yc) .
The proof of Proposition 6.1 uses the following result (analogous to Lemma 5.1)

Lemma 6.2 For a smooth curve T, transported in RN along a smooth vector field ¢(t,y,T) €
RN (which is not assumed perpendicular to T), we have for any smooth function 1

%(/Ft@b): ftDt¢_E-E¢ with Db =y +¢- (I —TQRT) - Ot .

Sketch of the proof of Proposition 6.1
To get equation (6.44), we simply follows the lines of our approach for hypersurfaces. For a
general vector field ¢(¢,7,7) (which here depends on 7), we get

< gnp>=<g,—C-Fo+¢ (I —TRT) Ogp+ DiT - 0=p + DR - Oip >
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with
( D7 =D,¢ with D,=([-7Q®7) (T-0+& 0)

DR=az+I—-T®T)- (d—ﬁ-&z)

(6.45) ds

ag = (I—TQT) {R-0¢+TQT: 05427 -02¢- R+ REQF : 04¢}

~(ROT+TQRF) (T 05c+F - 0-C) .

\

Indeed, we see that in the expression of < g;, ¢ >, there is a term
dr
(I -T®T)- (d_ '(%E) - Oxp
s

where 0-¢ is a matrix. Because of this new term, we can not use the trick applied in the case

R

of hypersurfaces, where we rewrote this term, essentially as d-¢ times the term — - dzy, and
s

then conclude by an integration by parts.

Nevertheless, in the case where the vector field ¢ is independent on 7, we easily get that ¢
solves equation (6.44).

6.3 Application to another transport formulation of a curve mov-
ing in the plane
Let us remark that the formalism of Subsection 6.2 can be applied to the particular case of

a curve ['; moving in the plane with a normal velocity ¢(t,y,6), to which we associate the

corresponding curve in the space/angle coordinates
(6.46)

7= (y,0(t,y)) € R* x (R/(27Z))

Ft ==
for y el with unit tangent vector 7(t,y) = (sinf(t,y), —cosé(t,y))

The curve I'; moves with velocity
(6.47) o(t,y) =d'(t,y,0) with 7= (y,0) € R? x (R/(27Z)

where a’ = (ay, ap) is defined in Theorem 2.1 (N = 2). Here this velocity does not depend
on 7, the unit tangent vector to I';, which is given by

o 1
T(Ey):ﬁ(ﬂ“)

where £(t,y) is the (scalar) curvature of the original curve I';.

Applying now Proposition 6.1 with N = 3, we get the following result

Corollary 6.3 (A transport equation associated to a curve, with at most linear
growth in its coefficients)

For the curve Ty defined in (6.46), the distribution g.. satisfies equation (6.44) with coeffi-
cients @,ag given in (6.45) where € is defined in (6.47) with N = 3. Moreover the vector
field @ has at most a linear growth in the curvature vector k defined in Subsection 6.2.
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The advantage here to consider T; in place of I', is that the curve T, always stays
regular for all time (this is the wavefront, see for instance Osher et al. [24] for the wavefront
associated to curves and Leung, Qian, Osher [20] for the wavefront associated to surfaces),
while I'; can become singular in finite time. At the level of the transport equation (6.44)
satisfied by g_ in Corollary 6.3, the nice property is that the vector field @ has at most a
linear growth in k. The consequence is the existence of solutions for all time for the solutions
of (6.44) in that case.

Remark 6.4 From the previous point of view, it is natural to ask if there are some relations
between first order evolution of curves in R3, and second order evolution of curves in the
plane.

Remark 6.5 Similarly, if could be interesting for hypersurfaces I'y to consider

B ¥ = (y:n(t,y)) € RY x §¥1

Ft -
for y ey with unit normal vector n(t,y)

and to try to write a transport equation for a measure
9:(t,7,7, K) = 05, (7)do(7 — (1, 7))d0 (K — K(t,7))

where 7i(t,7) defines the tangent space (of dimension N — 1) to Ty at 7, and K(t,7) defines
1ts curvature.

It would be also interesting to see how to extend this method for the evolution of general
submanifolds of arbitrary codimensions.
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