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Abstract

We study various properties of closed relativistic strings. In particular, we characterize
their closure under uniform convergence, extending a previous result by Y. Brenier on
graph-like unbounded strings, and we discuss some related examples. Then we study
the collapsing profile of convex planar strings which start with zero initial velocity, and
we obtain a result analogous to the well-known theorem of Gage and Hamilton for the
curvature flow of plane curves. We conclude the paper with the discussion of an example
of weak Lipschitz evolution starting from the square in the plane.
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1 Introduction

Whereas string-theory in flat Minkowski space, as viewed by physicists, is thought to be
completely understood on the classical non-interacting level, some of its aspects, such as sin-
gularity formation, have to be considered more or less open problems from the mathematical
point of view. Despite the vast amount of solid work, in particular in the context of cosmic
strings where numerous examples have been treated explicitely, it nevertheless seemed to us of
some interest to attempt formulating a few aspects of the theory in a rigorous mathematical
way.

The subject of this paper are time-like minimal surfaces in the (1 4+ n)-dimensional flat
Minkowski space, namely those surfaces (called relativistic strings) which are critical points
for the 2-dimensional Minkowski area. We recall (see for instance [23, Chapter 6]) that the
Minkowski area S(X) of a time-like map X : [0,T] x [0, L] — R*™ of class C! is given by

S(X) = ViIXt, X2, — (Xi, Xt)m (Xa, X ) ditde, (1.1)
[0,7x[0,L]

where (-,-),, denotes the Minkowskian scalar product in R'*" associated with the metric
tensor diag(—1,+1,...,+1). In the sequel we always assume that X has the form

X(t,x) == (t,~(t,x)), (t,x) € [0,T] x [0, L], (1.2)
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and that v(¢,-) is closed. Provided that all quantities involved are sufficiently smooth and up
to a suitable reparametrization, it is well-known (see for instance [22, 15, 23]) that if X is a
critical point of S then

Vit = Yaw,

(e, 72) = 0, (1.3)
el® + el* =1,

see also Section 2 for the details. Critical points of & have been considered by Born and
Infeld [7] (in the case of graphs), and analyzed later on by various authors (see [20], [15] and
references therein). A large number of explicit solutions to (1.3), possibly with singularities
in the image of the parametrization (such as cusps, for instance, where the above regularity
condition fails) is known, see for instance [3, Chapter 4], [22].

The nonlinear constraint in (1.3) is not closed under uniform convergence. Indeed, many
examples in the physical literature [8, 22, 20, 21] show that the limit of a convergent sequence
of relativistic strings is not, in general, a relativistic string, thus leading to the concept of
wiggly string. A natural question is then to characterize the closure of relativistic strings.
This issue is discussed in the physical literature, see for instance [22]. To our knowledge,
a complete answer is provided by Y. Brenier in [6], in the case of strings which are entire
graphs. In this paper we obtain the same result in the case of closed strings (see Theorem 3.1).
Roughly speaking, the nonlinear constraint is convexified (compare (2.23) and (3.2)), and
limit solutions have in general only Lipschitz regularity. Motivated by an example described
by Neu in [20] and by Theorem 3.1, in Section 4 we discuss various examples. In particular,
and as already observed by Neu when n = 2, we show how additional small oscillations
superimposed on the initial datum can prevent the limit solution to collapse to a point (see
Examples 4.2 and 4.3).

Related mathematical questions on problem (1.3) concern the qualitative properties of solu-
tions for special initial data, and their asymptotic shape near a singularity time, for instance
near a collapse. This latter problem is, in turn, intimately related to the existence of weak
global solutions, to be defined also after the onset of a singularity. In this paper we begin a
preliminary discussion on this subject. More precisely, in Section 5 we address the study of
the convexity preserving properties of the solutions of (1.3), when n = 2, and their asymp-
totic profile near a collapsing time. In Proposition 5.4 we show that a relativistic string which
is smooth and convex and has zero initial velocity, remains convex for subsequent times, and
shrinks to a point while its shape approaches a round circle. This result is analogous to the
one proven by Gage and Hamilton in [11] for curvature flow of plane curves, and the one
proven in [17] for the hyperbolic curvature flow (non relativistic case). However, differently
from the parabolic case (see [11, 13]), here the collapsing singularity is nongeneric, the generic
singularity being the formation of a cusp, as discussed in [3, 9]. Adopting as a definition of
weak solution the one given by D’Alembert formula for the linear wave system in (1.3), it
follows that after the collapse the solution restarts, and the motion is continued in a periodic
way. This is in accordance with the conservative character of the wave system in (1.3).
D’Alembert formula can still provide a possibile definition of weak solutions for Lipschitz
immersions. In Example 5.6 we study the solution corresponding to a homotetically shrinking
square. In this case it turns out that the conservation law (2.16) below is valid only in special
interval of times. The same example shows that, differently to the case of smooth strings, for



Lipschitz strings the collapsing profile is not necessarily circular.

2 Notation and preliminary observations

For n > 2 we denote by R the (1+n)-dimensional Minkowski space, which is endowed with
the metric tensor diag(—1,+1,...,4+1). We indicate by (-,-) and | - | the euclidean scalar
product and norm in R", respectively. Given 7' > 0 and L > 0, the Minkowski area S(X) of
a time-like map X : [0, T] x [0, L] — R*™ of class C! is defined in (1.1), where X = X (¢, z),
X; = 0 X and X, := 0, X. Note that (1.1) is well defined if X is only Lipschitz continuous.

2.1 Assumptions on vy

As already said in the Introduction, we will assume that X has the form (1.2), where v €
CY([0,T] x [0, L]; R™) satisfies the periodicity conditions

7('70) :7('71’)7 71('70) :71('7L)' (2'1)

When necessary, the map v will be periodically extended with respect to x on the whole of
[0, 7] x R; we still denote by v € C*([0,T] x R) such an extension.

Definition 2.1. We say that ~y is reqular if v,(t,z) # 0 for any (t,z) € [0,T] x [0, L].

Let v € CL([0,T] x [0, L];R"™) be regular; if there exist a bounded closed interval I C R
and a map r € C}([0,T] x I;[0,L]) such that r(¢,-) is strictly monotone, then the map
(t,0) € [0,T] x I — ~(t,r(t,0)) is said a reparametrization of ~.

The normal velocity vector is given by %J-, where - denotes the orthogonal projection onto
the normal space, so that

1 Yz \ Yx
V== o) (22)
! Vel [Val
Definition 2.2. Let v € C}([0,T] x [0, L];R™). We say that ~y is strictly admissible if
v <1 in[0,7] x [0, L]. (2.3)
2.2 The lagrangian £
Under assumptions (1.2) and (2.3) we have
\/<Xt7Xl">?n — (X, Xy (Xa, Xa)m = \/<’7ta%c>2 + 1722 (1 = [%f?),
and
S(X) = L(Vt,Vz) dtdz. (2.4)

[0,T]%[0,L]

Here the function £ : dom(L) = {(&,7) € R® x R = (£,n)2 > |n?(|¢|> — 1)} — [0, +00) is
defined as

L&) = V{Em? + P —1¢P).  (&n) € dom(L).
Observe that (£,n) € dom(L£) implies (£, an) € dom(L) for any o € R, and

L& an) = [alL(&,n), a€R, (§n) € dom(L). (2.5)



Hence if 7 is a reparametrization of the regular curve v then the righe hand side of (2.4)
remains unchanged.
Note also that

(&m) € dom(L), (&m) =0, [(P+P=1 = LEn) =" (2.6)

Definition 2.3. Let I C R be a bounded closed interval, and let v € C1([0,T] x I;R") be a
reqular map. We say that v is parametrized in orthogonal way if

(Viy72) =0 in [0,7] x I. (2.7)

Remark 2.4. Any regular map v € C*([0,T] x [0, L]; R™) can be parametrized in orthogonal
way (see for instance [1, Theorem 8]) in [0,7] x [0, L]. Indeed, it is enough to consider the
map (t,x) € [0,7T] x [0, L] — ~(t,1(t,x)), where r € C([0,T] x [0, L]; [0, L)) satisfies the linear
transport equation r; = — <‘7;’;|’§>rm. It follows that the parametrization becomes unique once

we fix r(0, -).

Notation: in what follows we use the symbol E with the following meaning. Let v € C1([0, T x
[0, L]) be aregular strictly admissible map. First we reparametrize v(0, -) on the interval [0, £
in such a way that |7, (0,-)|> = 1 —|y(0,-)|?. Next, recalling Remark 2.4, we further uniquely
reparametrize the map v in an orthogonal way in the parameters space [0,7] x [0, E]. We
therefore achieve, at the same time, the two conditions

|'7t(07$)‘2 + "796(0>$)|2 =1, S [OaE]a (2'8)

(ve(t,z), v (t,x)) =0, (t,z) €10, T] x [0, E]. (2.9)

2.3 First variation of §
We recall that X € C1([0,T] x [0, L]; R*") is called a critical point of S if

%S(X LA =0, B eC ([0.T] x [0, LR

The first variation of S is a classical computation (see for instance [23, Section 6.5]).



Lemma 2.5. Let X € C'([0,7] x [0, L]; R™™) be a critical point of S of the form (1.2), with
v satisfying the periodicity condition (2.1), reqular and strictly admissible. Then

/[OT}x[ouﬁ(%%)(m' Yo = (s ) dtde =0, $eC([0,7)x [0,L]),  (210)

/{QT}X[O’L] s [0 (1000 + )

= (0 = D, @) = Il (v, 00) | dtde =0,

¢ € C([0,T] x [0, L]; R™),

(2.11)
v =0 on {0} x [0,L] and on {T} x [0, L]. (2.12)

Ify € C*([0,T] x [0, L|;R") then

|'7x|2 <’yt7’7:c> .
- <£(%%))t " <5(%%))x =0, (2.13)
Py + (el® = 1) e = 200 7)o P =1\ wm) _
L 72) i KU%%)) (L(%,%)) ] Yo =0 (2.14)
in [0,T] x [0, L].

Proof. Let ¢ € C*°([0,T] x [0, L];R™). For A € R and |A| small enough we have that v 4+ A\¢
is regular and strictly admissible. Then, being X critical for S, and taking ¢ € C*°([0,T] x
[0, L]), we have

= LS (X + A% )

dA
- / (4 M+ Ade), W e + A0,
0.7]x[0.] A
1/2
IA=0
_/ (<'Yta7x>(<7xa¢t> + <’7t7¢:c> - %) - <7xa ¢x>(|’7t|2 - 1) - |’Ya:|2(<’7t7¢t> - ¢t)) dtd
= xz,
[0,T]x[0,L] LV, Vz)

and (2.10) and (2.11) immediately follow.

Since (1.2) implies that X (0,z) belongs to the hyperplane {(z°,z!,...,2") € R : 20 = 0}
for any x € [0, L], once integrating by parts with respect to ¢, the boundary contributions
from (2.11) give

M (_7x<7t>'7:v> + ’Yth/m‘g) =0 on {0} X [0, L] (215)

Recalling the v is regular and using the expression of v in (2.2), it follows that (2.15) is
equivalent to (2.12). A similar condition can be obtained on {T'} x [0, L].



Assume now that v € C2([0,T] x [0, L]; R™). Then (2.13) follows from (2.10) by taking 1 with
compact support in (0,7") x [0, L], and integrating by parts. Taking ¢ with compact support
n (0,7) x (0, L), integrating by parts in (2.11) and using (2.13), it follows

(Ves Va) > (Ve Va) < 2 — 1) 2 — 1 72|
<C(%,%) t,y L) ™\t ), " L) | Lov7a)

which is (2.14). O

Note that by the positive one-homogeneity of £(&,-) in (2.5) it follows that (2.10), (2.11),
(2.13) and (2.14) are invariant under reparametrizations of v with respect to x.

Remark 2.6. Under the assumptions of Lemma 2.5, integrating (2.13) on [0, L] one obtains

the conservation law )
4 el g0 e, (2.16)
dt Jio,) £(vt, V)

This conservation law can be equivalently written on the image ~(¢, [0, L]) as follows:

d 0(t,x) o

< —0, (2.17)
dt Jywfo,r)) /1 — |o(t,-)|?

where, given t € [0,7], 6(t,z) is the cardinality of the set v~ 1(¢,v(t,z)) (in particular,
O(t,z) = 1 if (¢,-) is an embedding), v := v, and H' is the one-dimensional Hausdorff
measure in R”. Indeed

722

"Yx‘ / [z ]
—dx —/
0,21 £(7t,7z) [0,L] \/ Ve, 2)2 41— \’Yt\Q [0,L] \/W

—/ 9(t_,x)2 dH' = 0,
y(to,L)) /1 —[v(t, )]

where the last equality follows from the area formula [2].




Corollary 2.7. Assume that v € C*([0,T] x [0, L];R™) is regular, strictly admissible, and
satisfies (2.11). Define

[72(0, )|

\% 1- ”)/t<0,$)|27

If ~ is parametrized in an orthogonal way then

p(x) := x € [0, L].

(i) the conservation law (2.16) strengthen into the pointwise conservation law

1|ix(;;é)|x)‘2 =p(x),  (t,x)€[0,T]x[0,L]; (2.18)

(i) the condition (2.11) becomes

/ (Vt, ¢¢) dtdx —/ <’y—$, <¢) ) dtdx;
[0,7]x[0,L] 0,71x(0,L] P \P/ gz

(i1i) if we reparametrize v(0,-) on the interval [0, E] so that p is constantly equal to 1, that
is if (2.8) holds, then

il + |el” =1 in [0, 7] x [0, E], (2.19)

and ~ becomes a C' distributional solution of the wave linear system

Vit = Vax in [0, 7] x [0, E]. (2.20)
Proof. Using the orthogonality condition (2.7), equation (2.10) reduces to

|7z
———— ¢ dtdz =0, Y e COO([OaT] X [O7LD7
/[O,Tlx[o,m V1=l
which implies (2.18).
From (2.11) and the fact that the parametrization of v is orthogonal, it follows
Yo (1= [vel?) Vel
" Oy) — (o, P¢) | dtdx =0. (2.21
Forvons (P00 = e oo )

Orthogonality of the parametrization also implies that L£(v,7z) = |vz|v/1 — |7]?, so that
(2.21) becomes

Yo/ 1 = |7e]? V| Yz | B
QO ) — (26 ) dtde =0,
[0,7]x[0,Z] |7zl V1I=]7]?)

which gives (ii).
Eventually, assertion (iii) follows directly from (i) and (ii). O

Remark 2.8. We point out that Corollary 2.7 (iii) shows that if the constraint |y;|?+|y,|? = 1
is valid at the initial time ¢ = 0, then it remains valid at subsequent times.



A number of solutions of (2.7), (2.19), (2.20) are known, see for instance [22, Section 6.2.4],
[3, Chapter 4], [12], the simplest one being probably the following [20]. Let n =2, R > 0 and
a(s) = b(s) := R(cos &,sin %) for any s € R. The solution to (2.20) becomes

t
v(t,x) =R (cos %, sin %) cos =, (t,x) € (—Rm/2,Rn/2) x [0, E],
with £ = 27 R. Note that at the singular times t = +£F/4, the condition v;(t,-) # 0 is not
satisfied, and (¢, [0, E]) reduces to a point.

2.4 Representation of the solutions and a concept of weak solution

Let X € CY([0,T] x [0, E];R*™"™) (resp. X € C%([0,T] x [0, E];R*™)) be a critical point
of S of the form (1.2), where v € C!([0,T] x [0, L};R™) (resp. v € C%([0,T] x [0, L};R™)) is
strictly admissible and regular. We have seen that there exists an orthogonal parametrization
of v satisfying (2.8), hence by Corollary 2.7 (iii) we have that v becomes a distributional
(resp. classical) solution to (2.20). Hence there exist E-periodic maps a,b € C*(R; R"™) (resp.
C?(R;R™)) such that

(t7) = % a(@+6) +b@—1)], (t2)e[0,T]x [0, E], (2.22)

la'| = |b'| =1 in R. (2.23)
Note that (0, -) = 0 if and only if there exists w € R™ such that a = b+ w.

Remark 2.9. Since a and b are defined on the whole of R, the right hand side of (2.22)
can be considered as the definition of the map + on the left hand side also for (¢,x) €
(R\ [0,T]) x [0, E]. Namely, the right hand side of (2.22) provides a global in time C* (resp.
C?) weak solution, denoted by 7 to (2.7), (2.19) and (2.20) defined for (t,z) € R x [0, E]. In
general it may happen that v, (¢,Z) = 0 for some (,7) € (R\ [0,7]) x [0, E], since (2.23)
does not prevent that '(T +t) = —b'(T — t). Hence singularities in the image (¢, [0, E])
(such as cusps, for instance) are in general expected, and may possibly persist in time (see
Remark 5.3 below). We point out that such a weak solution could not coincide with the weak
solution proposed in [4] when singularities are present. Another notion of weak solution to
the lorentzian minimal surface equation in the case of graphs has been proposed in [6].

We conclude this section by observing that the time-slices (¢, -) of a surface which is critical
for S satisfy the geometric equation

a=(1- v k. (2.24)

Here, if v € C%([0,T] x [0, L]; R") is regular, v = ;- denotes the normal velocity vector, &
denotes the curvature vector and a the normal acceleration vector, respectively given' by

1 1 1

~ Yax . < Ve Vx > L YV Vxx YVt

K= , a=(vi— (v —)—— ) =%+ ) < - 2> . (2.25)
el? el Fel) = 8O0 B T 2

"When « is an embedding, if we set I'(t) := 7(t,[0,L]), then a = (Vn:)~ on T'(t), where n(t, z) :=
dist(z,T'(t))?/2 for (t,2) € [0,T] x R™. In the case n = 2 it holds v = —d;Vd and a = —d4+Vd, where d is the
signed distance from I'(¢).



To show (2.24), observe that

1 1

Yoo [ Ve Y,
(V)" =y — (v, =) ( . > =i — {1, 7!790!) L
t f

"YZC‘ ”Yx’ |%L‘|7
v, v\ T Ve \ Vo
(st =1t = o 22 () =k — e 2,
Lo t |’Yr| "Vm‘ z t |’Yx| |’Ym‘
so that
n Yo \ Vis Yo \2 Yau
a= Yy — 2<’Yt7 > —{ 7) (2.26)

Yt )
Vel 17l Vel |7z]?
i

and therefore if v is parametrized in an orthogonal way, then a = (yi-);*. Now, projecting
both sides of (2.14) onto the normal space to (¢, -) gives

<’7t7’Yz> € _
el

2
TR 01t SE
Vit T ‘790’2 ’Y:):x_2

(2.27)

Inserting (2.26) into (2.27) gives
1— [y = (v, 22)? v
a= T = (1= ) 225 = (1= o),
|7z Yal

Ve

3 Closure of solutions

The closure result is motivated by the example in [20] and is strictly related with the discussion
in [22, Section 6.5.2] (see also the references therein). This result is similar to the one in [6],
where maps which are graphs defined in the whole of R x R are considered.

Theorem 3.1. Let {E)} be a sequence of positive numbers converging to E € [0,4+00) as
k — +oo. Let {y} C CY[0,T] x [0, E];R™) be a sequence of Ey-periodic regular strictly
admissible orthogonally parametrized maps

h’kt(ovx”Q + |7kx(07x)’2 =1, UAS [07 Ek]v (31)
and solving the wave system (2.20). The following assertions hold.

(i) if 2 {yk} converges to a map ~y € Lip([0, T] x R; R™) uniformly in [0,T] xR as k — +oo0,
then there exist E-periodic maps a,b € Lip(R; R™) with

la'| <1, b <1 a.e. in R (3.2)
such that vy has the representation (2.22) in [0,T] x R.

(11) If v € Lip([0,T] x [0, E];R™) can be represented as in (2.22) where a,b € Lip(R; R™)
are E-periodic maps satisfying (3.2), then there exists a sequence {vi} C C2([0,T] x
[0, E];R™) of E-periodic maps solving (2.20), (2.7), (2.8) in [0,T] X [0, E] such that {v}
converges to v uniformly in [0,T] x R.

Zfollowing the convention described in Section 2.1, we consider here each +; as periodically extended with
respect to x on the whole of [0, 7] x R.



Y

Figure 1: (a): the construction of aj defined in (3.4) for a piecewise linear map a, in the (image of)
the interval [L;, L;11]; the slopes are ¢; 11 + d; 1. (b): the smoothing of the corners in order to have
ar, € C2, keeping the length constraint satisfied.

Proof. Let us prove (i). Let ay,bg, with |a}| = |b}| = 1, be such that (2.22) holds with
E,~v,a,b replaced by Ej, g, ak, by, respectively. Then assertion (i) follows by recalling that,
if L > supy, By, the set {u € W1°(R;R") : v is L periodic, [u/| < 1 a.e.} is the weak* closure
of {u € WL (R;R") : v is L periodic, [u/| = 1 a.e.}, and in particular it is closed under the
uniform convergence on the compact subsets.

Let us prove (ii). Given a,b € Lip([0, E|; R"™) satisfying |a’| < 1 and [o/| < 1 almost every-
where, it is enough to find two sequences {ay}, {bx} C C*([0, E];R"), with |a}| = |b}| = 1,
uniformly converging to a,b, respectively, as k — oo. It is also sufficient to prove this as-
sertion for a, b belonging to the dense (for the uniform convergence) class of piecewise linear
immersions satisfying (3.2), since one then concludes for general a,b using a diagonal argu-
ment. We will show the assertion for the map a, the construction for b being similar. Let a
be an E-periodic piecewise linear immersion satisfying (3.2), i.e. we identify the points {0}
and {E} and there exist m + 2 points 0 =: Lo < L1 < - -+ < Lyy41 := E of the interval [0, E]
such that
a(z) = a(L;) + (x — L;)ciy, x € [L;i, Lit1], i=0,...,m,

with ¢;41 € R™, |¢iy1| < 1for i =0,...,m. Choose d;11 € R" so that
(diyr,cipn) =0, |dipa]? = 1= Jeina % i=0,...,m. (3.3)
Fix k € N even. For i = 0,...,m we take a partition of [L;, Li11] into k subintervals of

equal length: precisely, i.e., j =0,...,k set L] := L; + 4 (Liy1 — L;) (we write LY = L; and
LY = L;y1). Define

a(r) = a(@) + (—1) (@ — L))dipa, LI <z < LI (3.4)

see Figure 1 (a). Since k is even, a; € Lip([0, E];R™). Moreover from (3.3) it follows
|a,(x)| = 1 for any z € [0, E] out of a finite set depending on k. Eventually, by construction
lak(z) — a(x)] < % for any = € [0, E], so that a — a uniformly in [0, E] as k& — +oo.
Once a similar construction for b (thus leading to the definition of {b}) is made, let us
consider the sequence {7;} of maps defined as ¥ (t,x) := 3 [ax(z +t) + by(x — t)] for any
(t,z) € [0,T] x [0, E]. These maps belong to Lip([0,T] x [0, E];R™), and must be regularized
in order to avoid the presence of corners.

Given k€ N, k> 1, let 4, € <O, min Lini— Li

i=0,...,m 3k

3.2 below with ¢ = /i, in the intervals [LZ —Lg, Lg +£4], identifying R? with dk(Lg)—i-span{cHl—i-
dit1,ciy1 —diy1} if j # 0, and with ag(L;) +span{ci11 +dit1 4+ ¢; — di, cip1 +diy1 — ¢ + di}

) and fix n € (0,4;/3). We apply Lemma

10



if 7 =0 (see Figure 1 (b)). In both cases set s := = — L{ and ;i (s) == ag(s + L'Z) = ag(x).
Let 7;jx be the approximations of 7, obtained by Lemma 3.2. The map

Figulw — L) A L] — b <2 <L+ 4
ax(z) = i
ag(x) otherwise in [0, £
is of class C?, E-periodic, and such that |aj| = 1 and [lax — @/ Lo (0,67 < L/k- O

Lemma 3.2. Let £ > 0, (11,72) € R? be a unit vector such that 7,7 > 0, and let y(s) :=
(s71,|s|m2) for —¢ < s < £. For any n € (0,£/3) there exists ¥ € C*([—{,(];R?) such that
7| =1 in [~£,4), 3(s) = ~(s) for |s| = § and |y = 7| oo (—e,) < 0-

Proof. Consider without loss of generality ¢ < 1, fix n € (0, %) and let 0 < «, 8 < 1/2 be two
parameters to be fixed later. Define the map v, 5 € C*([—¢, (];R?) as

(ry, — 2yt + 3297 + 3229 if [ty| < o
Ya,8(y) = y(71,72) + By — 5)3(% —y)3 (=12, 1) if § <y< %
(T1y, T2|y|) otherwise in [/, /],

see Figure 1 (b). The definition in [—a, a] corresponds to the smoothened corners, while the
definition in [¢/3, /2] corresponds to the small “bump” out of the corners.
For o and @ sufficiently small |y, 5(y) —v(y)| < n/2. Moreover

a £/2 /
Va5l dy < 2a, / Vesldy > =,
/a of £/3 of 6

and

£/2 . / N
|58l dy — = as f—0".

Hence there exist o and 3 such that

a . £/2 . /
d dy =20+ =
/am,ﬂr y+/£/3 Va8l dy atz

and in particular

£/2 . Y Y V4

Let s = s(y) be the arc-length parameter for the curve 7, 3, and observe that |s —y(s)| < 2c.
Set Y(s) :=Ya,3(y(s)). By (3.5) we deduce that ¥(s) = ~(s) for |s| > ¢/2. Moreover,

7(s) =) = [Ya,8(y(35) = ¥(8)] < [Va,8(y(s)) —v(w(s)] + [7(y(s)) — v(s)]
< g lu(s) sl <
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Remark 3.3. Let v € C%([0,T] x [0, L];R™) be a regular strictly admissible orthogonally
parametrized map. Then (2.26) implies that

a=n"p. (3.6)

If v in addition satisfies the wave system (2.20), so that the representation formula (2.22)
holds, but assuming only |a’| = |§'| < 1 instead of (2.23), then being ;5 = 7,,, we have the
identity

a=(1—[oP)s— (1= pPr+a(rm-7)+% ack

Choosing a = 2(1 — [v|?)/(1 — |[v|? + |72|?) we get, using k|y.|> = 7., and (3.6),

1—¢?
1+ ¢?

—a+(1—|vP)k = (a+ (1—[v])K), (3.7)

||
1=y |? '
(3.7) is the mean curvature of the surface, while the right-hand side can be interpreted as
a sort of sectional curvature of the surface in the null direction, multiplied by the positive
1—¢(t,$)2
1+o(t,x)?”

where ¢ := In analogy with the discussion in [20, Section 5|, the left-hand side of

factor

4 Some examples

In view of Theorem 3.1, we are interested in understanding the structure of the uniform limits
of C? critical points of the functional S of the form (1.2). The following example shows that
such limits cannot satisfy, in general, any kind of partial differential equation.

Example 4.1. Let A € C2(R;R") be an L-periodic map satisfying |A’| = 1. Let also e € (0,1)
be such that L/e € N, and define B, : R — R as

B.(s) :==€A (g) , s € R.

Let E = 2L. Define

() = % [2/1 (f" : t) + Bo(a— t)} . (ha)eRx[0,H].
Then 7. € C3(R x [0,2L];R"), it satisfies (Yo, Vep) = 0, |Vey? + [124> = 1 and it is a
global in time solution of (2.20). The maps v.(t,x) converge, as ¢ — 0T, to A((x +t)/2)
uniformly on the compact subsets of R x [0, E], and A((z + t)/2) is a reparametrization of
A(x/2), z € [0, E]. In particular, if 49 € C?([0, L];R") is a closed regular curve, the curve
v(t,z) := vyo(x) (the image of which is the “cylinder” R x ~¢([0, L])) is a local uniform limit
of a sequence corresponding to C2-critical points of the functional S.

The next example should be compared with the example given by Neu in [20], and with the
one in [6, Section 1].

12



Example 4.2. Let n = 2 and a(s) := (cos s,sins) for any s € R. We want to approximate
uniformly the pair (a(s),a(s)) with pairs which have approximately the form (a(s),a(s) +
Sa(s/e)). Since we want to keep the constraints in (2.23), and in addition we want to control
the periods, we need to make suitable reparametrizations. The conclusion of the example
will be that there exists a > 1 (see (4.6) below) such that the map

y(t,x):;[aa (x;rt> +a(x;t>} (4.1)

can be obtained as local uniform limit of (the second components, see (1.2)) a sequence of
C? critical points of S. In particular, the presence of o > 1 prevents ~y(¢, ) to vanish, since

(4.1) implies
(1-a)?

4
We begin by introducing the function s. : R — R, having a 27-periodic derivative, as follows:

1
Iy (t,2)? = 1 (1+ o? + 2a cos(2t/a)) > > 0.

for any x € R we set

5e(2) = /Ox \/[Sina + ;sin(a/s)] o [cosa + ;cos(a/s)] o /Om \/i + cos (g - a) do.

Note that s. > % everywhere. Denote by z. : R — R the inverse of s.. Then we define

be(s) := a(xe(s)) + %a (””58(5)> . seR, (4.2)

and note that b, is £. := s.(2m)-periodic, and

BL(s)] = le(s)] —1,  seR (4.3)

@ (2:(9) + 50 () o)

The period £, is larger than the period of a, due to the presence of the additional oscillations.

13



Let also

¢ 2
as(s) == 2;&( ZS> , seR.
€

The map a. has the same period as b. and satisfies

lal] = 1. (4.4)
Define 1
%t 2) = S lac(@ +8) +be(z —1)],  (t,2) €Rx[0,£].
Then, thanks to (4.3), (4.4) we have
<IYEt7’YEx> =0, |r7€t’2 + ‘7€x|2 =

and the wave system (2.20). Now we claim that there exists a > 1 such that for any s € R

e =ea(3). b= (2).

(0% «

)
To prove the claim, let ¢(p) := 4/ 1 + p for any p € R, and observe that

T 2

limse(w) = 5

¢(cos o) do. (4.5)

Indeed, s.(z) = [ ¢(cos(o/e — o)) do, and the change of variable y = o /e — o gives

se(x) =

i " cosy) d
—_— cosy) dy.
z(z =1 Jo

Hence s.(x) equals x times the mean value of the 27-periodic function ¢(cosy) in the interval
[0,2(1 — 1)], which converges to the mean value of ¢(cosy) on [0,27], and this proves (4.5).

Define )
a: 2—1111135 (2m) 27r/ \/f—l—oda>1 (4.6)

so that lim._,g s:(x) = ax, hence lim._,g z.(s) = s/a, and the claim follows.

Then )
. T+t x—t
il_r)l(l)’ya(t,x)—z[aa< " >+a< - )] =(t,x)

uniformly for (¢, ) in the compact subsets of R x R.

The limit curve +y is such that X (¢,z) := (¢,7(¢,x)) is not a critical point of S; it is interesting
to observe, as remarked in [20], that the additional oscillations “desingularize” the limit, in
the sense that the image of the map -~ has not anymore any singular point.

The last example is similar to Example 4.2, but in n = 3 dimensions; here the situation is
simpler, since the analog of the arc-length reparametrization in (4.2) is automatically satisfied.
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Example 4.3. Assume n = 3. Consider cylindrical coordinates in R? and set, for s € R,
e, := (cos s,sin s, 0), es := (—sin s, coss,0), e, :=(0,0,1).

Let a,3 € (—1,1) be such that o? + 82 = 1, n € N, and define the 27-periodic maps
a,b, R — R3 as

a(s) :=es,

. n 1 1
bn(s) i=aes + (es sin(ns) g cos(ns)n2 1 te cos(ns)n> .

A direct computation gives

/ _ B : n_ L
b, (s) = —ae, — e, sin(ns) NOR] Bes cos(ns) SR}

1
+ Bes cos(ns) 1 + Bey Sin(ns)n2n_ s Be sin(ns)

= —ae, + fBes cos(ns) — fe, sin(ns).

so that
bn(s)?=a’+5°=1, |d(s)P=1  seR
Moreover
hr_{l bn(s) = aes = aa(s) =: b(s)
uniformly in R.
Define )
T(t, z) = 5 [a(x +t) + by (z —1)], (t,z) e RxR.

Then v, satisfy (Yng, Yng) = 0, |Vntl? + |nel? = 1, and (2.20). Moreover

lim At ) = % la(z + 1) + aalz — 1)] = [t 2)

n—-+4o0o

uniformly in on the compact subsets of R x R. Also in this example 7(¢,x) cannot vanish,
since

(1—a)?

1
Iy(t,z)* = = 1+ o? 4 2a cos(2t)] = 1

1 [(1+a)2coszt+ (1 — a)?sin? t] >

> 0.

=

Observe that letting a(s) = (—sin(s + 2¢),cos(s + 2¢),0) for ¢ € (0,7), we have for the
resulting

() = 7 [(1+a)? ot + ¢) + (1 - asin’(t + )]
and again |y(¢t,z)| > (1 — «a)/2.

It would be interesting to understand whether there are connections between the examples
considered in this section and the results of [10].
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5 Evolution of C? uniformly convex curves with ;(0,-) =0

Let £ > 0 and let v € C%(]0,7) x [0, E]; R™) be a solution of (2.7), (2.19) and (2.20). In partic-
ular, there exist E-periodic maps a,b € C*(R;R"™) such that v(¢,z) = % [a(z + t) + b(z — t)]
for any (t,z) € [0,t) x [0, E]. Therefore, recalling the discussion in Remark 2.9, v can be ex-
tended to a global solution v € C?(R x [0, E]; R™). Adopting this definition of global solution,
we show in this section that initial convex curves may shrink to a point, and then continue
the motion in a periodic way.

Definition 5.1. Let t > 0 and p € R". We say that t is a collapsing time, and that v has a
collapsing singularity at t with p as collapsing point, if v(t,x) = p for any z € [0, EJ.

At the collapsing time we have

0="(tz)=z[d@+t) +V(z—-1)], xz € [0, E]. (5.1)

N

Let us now assume n = 2, v,(0,-) = 0, so that we can choose a = b € C?(R;R?), with a the
arc-length parametrization, on [0, E], of a closed uniformly convex curve of class C2. Since
the initial curve is uniformly convex, for any x € [0, E] there exists a unique t(z) € (0, E/2)
such that

1
10(t(2). ) = 3 [a(e 4+ 1(w)) + (@ — t(2))] =0, (5.2)
and the function t belongs to C!([0, E]; (0, £/2)). Moreover, if we set
tmin = in t tmax = t(x),
o o) g )

we have that ~(t,-) is a regular parametrization for all ¢ € [0, tmin) U (tmax, £/2]. We can
think of tmin (resp. tmax) as the first (resp. last) singularity time in the periodicity interval
[0, E], where by singularity here we mean that the regularity condition of Definition 2.1 fails.

Proposition 5.2. Let v € C2([0, tmin) X [0, E];R?) be a solution of (2.14) given by (2.22).
Assume that ¥(0,-) € C%([0, E]) is regular and embedded, that v(0,[0, E]) encloses a com-
pact centrally symmetric uniformly convexr body K(0), and that ~v,(0,-) = 0. Then ~ has a
collapsing singularity at time tyin, = E/4 with the origin as collapsing point.

Proof. The assertion follows by observing that K (0) is centrally symmetric, and the function
t defined in (5.2) is constant and equals E/4 = tyip. O

Remark 5.3. Generically, one can assume that
- the last equality in (5.1) does not hold;

- the set {z € [0, E] : t(z) = t} is finite for all t € [tmin, tmax|, and consists of a single
point Zpin (resp. Tmax) for ¢t = tyin (resp. t = tmax)-

From the condition t/(zmin) = t/(Tmax) = 0 we get
a”(xmin + trnin) = _a”(xmin - tmin) and a/,($max + tmax) = _a”(wmax - tmax)y
which implies that the images (tmin, [0, F]) and 7 (tmax, [0, E]) are of class C'. In this generic

setting, the formation of singularities has been discussed in [9] (see also [22], [3]), where it is
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shown that t,;, is the first singular time, t}2le singularity has the asymptotic behavior y ~ s
in graph coordinates, and two cusps y ~ x3 appear from the point Ty, at time ty;,, persist
for some positive time, and eventually disappear.

We now show that the convexity of the curve is preserved before the onset of singularities,
that is on the time interval [0, tyin ).

Proposition 5.4. Let v € C([0, tmin) X [0, E];R?) be a solution of (2.14) given by (2.22).
Assume that ¥(0,-) € C%([0, E]) is embedded and counter-clockwise regularly parametrized,
that (0, [0, E]) encloses a compact uniformly convex body K (0), and that v:(0,-) = 0. Then
v(t,-) is the regular parametrization of a closed uniformly convexr embedded curve of class
C2([0, E]) for all t € [0,tmin). Moreover, letting K(t) the compact convex set enclosed by
~(t,-), we have

t1,t9 € [O,tmin), t1 <ty = K(tl) - K(tz). (53)

Proof. For any t € [0, tmin) let

v(t,z) = RM, (t,z) € [0, tmin) X [0, E],

|72 (L, )]

where R : R?\ {0} — R?\ {0} is the counter-clockwise rotation of 7/2. To prove that (¢, -)
is a uniformly convex curve, it is enough to show that

(Yaz(t,-),v(t,-)) >0, t €10, tmin) x [0, E].

From ~,(t,-) # 0 for ¢t € [0, tyin) it follows that

d(x+t)+d(x—1t)#£0, (t,z) € [0, tmin) X [0, E]. (5.4)
Hence
1, wo. o Rd(z+1)+ Ra(z—1t)
Oeeltsz),v(t2)) = gla'l@+t) +alle—1), la/(x +t) +a'(x — )] s

Observe now that |a/| = 1 implies that o”(x +t) L a/(z £1¢), so that a”(x +t) and Ra'(z £1¢)
are parallel. Then (5.4) and the Schwarz inequality imply that

(a"(x+t),Rd' (x +t) + Rd (z — t)) >
>

0
(a"(x —t),Rd'(x +t) + Rd'(z — t)) 0

)

which gives
(Vo (t, ), v(t,z)) > 0.
It remains to prove (5.3). Equation (2.24) and the uniform convexity (x,v) > 0 imply
(a,v) = (1 = [v]*)(k,v) > 0.
Recalling that 4:(0,-) = 0 and that (a,v) = 9 (v,v) > 0, we then get (v,v) > 0 for any
t € (0, tmin), and (5.3) follows. O
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Figure 2: A (weak) evolution of the square with zero initial velocity.

A result analogous to Proposition 5.4 has been obtained in [17] for the equation a = k.
Differently from our case, for their equation the authors of [17] show that all convex curves
shrink to a point in finite time.

Remark 5.5. Assume (as in Proposition 5.2) that the initial uniformly convex set is of class
C2, and that v has a collapsing singularity at the time # = E/4, with p € R? as collapsing
point. From the representation formula (2.22) with a = b, and from Taylor’s formula, we get

v(t,x) = % la(z + %) +a(z—1)] + % [d'(x—%) —d(z+71)] E—1t)+O(]t —t]*)

= prdx—1)T—t)+O0(t—t]?),
where in the last equality we use a'(z +¢) + a/(z —t) = 0 (see (5.2)). It follows that

V(t ) = pl = [t =t + O(]t — t]*). (5:5)

In particular, the asymptotic shape near the collapse is circular, and the blow-up shape of
the image of the corresponding map X (see (1.2)) at (¢,p) is half a light cone.

The conclusion on the asymptotic shape of v in Remark 5.5 seems not to be true if we drop
the C1! regularity assumption on the initial convex set, as shown in the following example.

Example 5.6. Assumen = 2, let L > 0 and let a = b : R — R? be 4L-periodic, and such that
a:[0,4L] — R? be the counterclock-wise arc-length parametrization of the boundary of the
square Qo = [~L/2, L/2)? (sending for instance {0} into the point 2! = —L/2, 2% = —L/2).
Obviously a € C1([0,4L] \ {0, L,2L,3L};R?), and a is Lipschitz continuous in [0,4L].
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Then, letting v(¢, z) := 5 [a(z + t) + a(z — t)] for any (t,2) € R x R, we have that v(t,-) is a
Lipschitz parametrization of 0Q(t), where Q(t) is defined as

Q(t) :=QpN {(1‘1,:62) eR?: |zt + 2% < L—t}, t €10, L].

For times larger than L the solution is continued periodically, hence  is Lipschitz in R x [0, E],
and therefore it is almost everywhere differentiable. Observe that

(i) the map X (¢,x) := (¢,7(t,z)) is Lipschitz, and at those points of X (R x [0,4L]) where
there exists the tangent plane such a plane is time-like.

(ii) Fort € [0, L/2) the set Q(t) is a shrinking octagon. Its vertices, denoted by pi1 (), ..., ps(t),
are depicted in Fig. 2. For this interval of times the conservation law (2.17) is satisfied,
since

[ @ = [0 - )]+ VEpstt) ~ pr(0)] = 4L
~(t,[0,4L])

V1=l

Moreover, for t € [0, L/2) the map ~ is strictly admissible, in the sense that |y+|? < 1
almost everywhere.

(iii) For t € [L/2, L) the set Q(t) is a shrinking rotated square of side v/2(L — t) (depicted
in bold in Fig. 2). It shrinks to the point (0,0) at ¢ = L (collapsing singularity). Its
normal velocity is constantly equal to % Therefore (2.17) cannot be satisfied, since
the time derivative of the length of (¢, ) is nonzero. However, the function

te[L/2,L) — / 1 ar’
YBO0AL) /1 — |yt (¢, )2

is nonincreasing.

(iv) Given t € (L/2,L), we have 7,(t,x) = 0 when z belongs to the union I(t) of four
intervals of length 2¢ — L, and centered at the centers of the four sides of 9Qy. Indeed,
Yz (t,2) = 0 when o/ (x+1t) = —a’(z —t), hence, for instance assuming z to be the center
of [-L/2,L/2] x {—L/2}, when z +t and x — ¢ belong to opposite vertical sides of 0Q).
Therefore, for t € (L/2,L) and x € I(t), we have that (¢, -) is not regular,

[’(’yt(t)x)vr)/x(ta :E)) =0, h/t(t’ .’E)|2 =1,
and (2.3) is not satisfied.

Note that the blow-up of X at (L,0) is not half a light cone as in Remark 5.5, but is the
half-cone {(¢,x1,x2) : |t — t| + |z1| + |x2| = 1} with square section, inscribed in half the
light-cone.

This example proposes an example of nonsmooth evolution, however the conclusion that
such a solution is the correct weak solution starting from Qg with zero initial velocity is
questionable, since the map ~ is not regular anymore and, perhaps more importantly, the
conservation law (2.16) fails for ¢ € (L/2, L).
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