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Introduction

This thesis is devoted to the study of minimal networks from both the static and the dynamic
point of view and in particular we consider problems at the border of geometry and analysis.

In the first chapter we search for networks embedded in a given Riemannian surface with
minimal length that satisfy some topological constraints, namely that one of being spines of the
surface. Using standard techniques of the calculus of variation, we prove that such minimal
networks exist for any closed Riemannian surfaces and then we focus on special cases (flat torus,
hyperbolic surfaces) to obtain more information about their classification.

In the second chapter we let the networks evolve according to the “gradient flow” of the
length. Intuitively this means that the curves which form the network evolves with normal ve-
locity equal to the curvature. We consider solution in strong sense and in particular we discuss
the short time existence and the singularity formation at the maximal time of existence, general-
izing some results for the curve shortening flow of simple closed curves.

In differential topology, a spine of a closed smooth 2—-dimensional surface S is a smooth finite
simplicial complex I' C S such that dimI" < dim S and .S minus a small open ball can be retracted
onto I'. In particular S \ I is a disc.

We look for spines of minimal length (1-dimensional Hausdorff measure) in Riemannian 2-
dimensional surfaces. As an example, the spheres S? equipped with any Riemannian metric
have spines of minimal length since any point of S? is a spine.

In Section 2] we have the following existence theorem: every closed Riemannian surface has a
spine of minimal length, moreover the spine is a point if the surface is a sphere, a closed geo-
desic if the surface is diffeomorphic to the projective plane and in the remaining cases a network
consisting of finitely many geodesic arcs meeting at 3—points with angle 27.

The rest of the chapter is devoted to classification of minimal spines for surfaces that are nei-
ther diffeomorphic to a sphere nor to the projective plane. We say that a spine is minimal if it
composed by finitely many geodesic arcs meeting with angle 2 at 3—points (Definition , in
other words minimal spines are critical points of the length functional (clearly a spine of minimal
length is minimal, but the converse may not hold).

At this point we pass to study these geometric objects on constant curvature surfaces. All con-
stant curvature metrics on a closed oriented surface S, considered up to orientation-preserving
isometries and global rescalings, form the moduli space M(S) of S. The moduli space is not com-
pact: the moduli space M(T) of the torus is the (2,3, 00) — orbifold which we represent as (a
quotient of) a subset of the complex plane (see Section [3.2] for definition and properties of the
moduli space of the torus).

In Section 3| we completely classify all minimal spines of flat tori: every flat torus T’ contains
finitely many minimal spines up to isometries and the number of such minimal spines is a proper
function ¢: M(T) — N (shown in Fig.[11), which means that this number tends to infinity as the
flat metric tends to infinity in moduli space.

We see in particular that the “square” and the “hexagonal” tori (two tori that have additional
isometries and are identified with the point z = i and z = e of the moduli space of the torus, as
explained in Section[3.2) are the only flat tori that contain a unique minimal spine up isometries.
Moreover every oriented flat torus has a unique spine of minimal length up to isometries, unless
it is a “rectangular, non-square” torus and in this case the minima are exactly two (Theorem3.10).

5
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Let

1+ |22 — [R(2)| + V33(2)

S: M(T) - R, S:z*—>\/

be a function that assigns to a (unit-area) flat torus z € M(T') the minimal length S(z) of a spine
in T, we prove in Section 3.7 that this function has a unique global minimum at the “hexagonal”
torus. The function S may be called the spine systole by analogy with the (geodesic) systole that
measures the length of the shortest closed geodesic.

In Section i we turn to higher genus hyperbolic surfaces and we ask whether minimal spines
have the same qualitative behavior there. Let S, be a closed orientable surface of genus g > 2 and
let M(S,) be the moduli space of S,. Every hyperbolic surface in M(S,) has a spine of minimal
length and its length defines a spine systole S: M(S,) — R.

An extremal surface is a hyperbolic surface that contains a disc of the maximum possible radius
in genus g. Such surfaces were defined and studied by Bavard [17] and various other authors,
see [40] and the references therein. We can prove the following: the function S: M(S,;) — R is
continuous and proper and its global minima are precisely the extremal surfaces.

A full classification of all minimal spines on all hyperbolic surfaces would of course be de-
sirable; for the moment, we content ourselves with Theorem 4.2} every closed hyperbolic surface
has finitely many minimal spines of bounded length.

In particular, we do not know if a closed hyperbolic surface has finitely many minimal spines
overall (counting spines only up to isometry does not modify the problem, since the isometry
group of the surface is finite).

For non positive constant curvature surfaces we are also able to say that minimal spines (sta-
tionary point for the lengths functional) are local minima for the length functional among spines,
with respect to the Hausdorff distance (Section 5).

We notice that the notion of spine is well defined not only for surface but also for manifold
of any dimension n > 2. The existence of spines with minimal area for all closed irreducible
3-manifolds has already been proved by Choe [24]. The techniques used in that paper are much
more elaborate than the ones we use here.

In the second chapter of the thesis we study the motion by curvature of a network of non-
intersecting curves in the plane. This problem was proposed by Mullins [16] and discussed in [16)}
18,19, 142} [56], and attracted in recent years the interest of several authors, see [32} 53} 67, 46, [15|
69,71, 76} 181, (83} 184} 90} [55| 23] .

One strong motivation to study this flow is the analysis of models of two—dimensional mul-
tiphase systems, where the problem of the dynamics of the interfaces between different phases
arises naturally. As an example, the model where the energy of a configuration is simply the total
length of the interfaces has proven useful in the analysis of the growth of grain boundaries in a
polycrystalline material, see [16} 42, [56]. A second motivation is more theoretical: the evolution
of such a network of curves is the simplest example of motion by mean curvature of a set which
is essentially singular. There are indeed in the literature various generalized definitions of flow by
mean curvature for non-regular sets (see [5} 18} 27,33} [52], for instance).

Despite the mean curvature flow of a smooth submanifold is deeply, even if not completely,
understood, the evolution of generalized submanifolds, possibly singular, for instance varifolds,
has not been studied too much in detail after the seminal work by K. Brakke [18], where it is
proved the existence of a global (very) weak solution in the geometric measure theory context,
called “Brakke flow”. In this direction, we also mention the works by T. Ilmanen [51], K. Ka-
sai and Y. Tonegawa [54], and S. Esedoglu and F. Otto [32] (see also [21} 28] for an approach based
on the implicit variational scheme introduced in [5,162]). In particular, in [55], L. Kim and Y. Tone-
gawa obtain a global existence result for the evolution of grain boundaries in R™ (which reduces
to the evolution of networks when n = 2), showing a regularity result when the “density” is less
than two. Moreover, in [90] Y. Tonegawa and N. Wickramasekera adapt the parabolic blow—up
method to study the singularities of a Brakke flow of networks and obtain an estimate on the
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Hausdorff dimension of the singular times.

The definition of the flow is the first problem one has to face, due to the contrast between the
intrinsic singular nature of the involved objects and the reasonable desire to have something as
“smooth” as possible. Consider, for instance the network described by two curves crossing each
other and forming a 4—point. There are actually several possible candidates for the flow, even
excluding a priori the possibility of “fattening” phenomena (which can happen for instance in
the “level sets” approach of L. C. Evans and J. Spruck [33]).

Actually, one would like that a good /robust definition of curvature flow should give unique-
ness of the motion (at least for “generic” initial data) and forces the network, by a instantaneous
regularization, to have only triple junctions, with the three angles between the concurring curves
of 120 degrees, with the possible exception of some discrete set of times. This last property is
suggested by the variational nature of the problem, since the flow can be considered as the “gra-
dient flow” in the space of networks of the length functional. It must anyway be said that such
space does not have a natural linear structure and such a “gradient” is not actually a well de-
fined “velocity vector” driving the motion. However the heuristic idea of gradient flow suggests
that normal component of the velocity at every point of the network (except the multi-points)
is equal to the curvature. Moreover for all positive time the network should contains only reg-
ular triple junctions, that is every junction has order three with all angles equal to 120 degrees,
except for the initial time and a discrete set of times ( this property is also suggested by nu-
merical simulations and physical experiments, see [16} 19} 42} [56] and the grain growth movies
at http:/facstaff.susqu.edu/brakke ).

The notion of Brakke flow [18] is satisfactory from this point of view, but is anyway too weak
in dealing with curves (see however a recent improvement obtained by K. Kasai and Y. Tone-
gawa [54]).

Another approach to existence is the one based on minimizing movements (see [5] and [62]),
that is, a time discretization and iterated minimization procedure (see also the recent work [59]
by T. Laux and F. Otto).

By their clear importance in this problem, we then call regular the networks having only
multi-points with three concurrent curves (3—points) forming angles of 120 degrees.

What we did (following the “energetic” and experimental hints) is simply to put such regu-
larity condition in the definition of curvature flow for every positive time (but not at the initial
time). If the initial network is regular and smooth enough, we will see that this definition leads
to an almost satisfactory (in a way “classical”) short time existence theory of a flow by curvature.
On the other hand if the initial network is non-regular networks, various complications arise.

In any case, even if the initial network is regular and smooth, we cannot avoid to deal also
with non-regular networks, if we want to consider the long time behavior of the flow. Indeed,
during the flow some of the triple junctions could “collapse” together when the length of one
curve goes to zero (hence modifying the topological structure of the network and generating a
4-point). In this case one of the goal is to “restart” the evolution with a non-regular initial datum.
A suitable short time existence (hence, restarting) result, has been proposed in [53].

The existence problem of a curvature flow for a regular initial network with only one 3—point
(called triod) was first considered by L. Bronsard and F. Reitich in [19], where they proved the
short time existence of the flow, and by D. Kinderlehrer and C. Liu in [56], who showed the
global existence of a smooth solution if the initial regular triod is sufficiently close to a minimal
Steiner configuration.

In Sections (1| and [2, we define regular networks and their flow by curvature and describe
their basic properties. In Section B, we present two extension of the short time existence theorem
of L. Bronsard and F Reitich to general regular initial networks satisfying some compatibility
conditions at the triple junctions (Theorems [3.8/and 3.18).
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Using some estimates proved in in Section 4} in Section [5| we prove a further short time ex-
istence result (Theorem 5.8) which holds with lower regularity assumption on the initial network.

The problem of uniqueness of the flow (which is also discussed in Sections [3|and 5) is actu-
ally quite delicate and does not have at the moment a clear answer. Even for an initial smooth
regular network, there is uniqueness in the same special class of networks, while one should ex-
pect uniqueness in the natural class of curvature flows which are simply C? in space and C'! in
time (as it happens for the motion by curvature of a closed curve). The difficulty in getting such
conclusion is due to the lack of possibility to use easily the maximum principle, which is the main
tool to get estimates on the geometric quantities during the flow.

After such discussion of the existence and uniqueness of a curvature flow on some maximal
time interval, we pass to the analysis of the long time behavior of the motion by curvature, em-
ploying a mix of PDE'’s, variational and differential geometry techniques. To this aim, in Section
we recall Huisken’s monotonicity formula for mean curvature flow, which holds also for these
evolutions. We introduce also the rescaling procedures used to get blow—up limits at the maximal
time of smooth existence (discussed in Section[7)), in order to describe the singularities of the flow
and possibly exclude them.

One can reasonably expect, for instance, that an embedded regular network does not actually
develop singularities during the flow if its “topological structure” does not change, due to the
“collision” of two or more 3— points.

Under the assumption that the lengths of the curves are bounded away from zero and no
multiplicities larger than one occur (and moreover in some special cases such “bad” multiplic-
ities can be ruled out, see Section EI), this expectation is indeed true. Essentially, one needs to
classify the possible blow—up limits at the singular time, in order to exclude them by means of
geometric arguments. Under the previous hypotheses the only possible blow—up limits are given
by a straight line, a halfline with multiplicity one, or a flat unbounded regular triod (called “stan-
dard triod”) composed by three halflines for the origin of R? forming angles of 120 degrees (see
Proposition[7.22)and Section[8). Then, extending the argument in [67], together with such classifi-
cation, one excludes the presence of singularities. Some key references for this method in the case
of a single smooth curve are [6}45, 48} 49]. The most relevant difference in dealing with networks
is the lack of the maximum principle, which is the main tool to get point-wise estimates on the
geometric quantities that describe the flow. For this reason, some important estimates which are
almost trivial applications of the maximum principle in the smooth case, are here more compli-
cated to prove (and sometimes we do not know if they actually hold) and one has to resort to
integral estimates (see Section [4).

Section (8 is devoted to analyze the behavior of the flow of a general network approach-
ing a singular time: we discuss the properties of possible limit networks with some lengths not
bounded away from zero. The case in which the curvature is not a priori bounded is clearly the
the most complicate (see Section[8.4), we are anyway able to show that if only two triple junctions
collide along a curve (which collapses), forming a 4-point, the curvature remains bounded. The
situation in which an entire region collapses is instead much more difficult to treat.

The major open problem is the so—called multiplicity—one conjecture: if the initial network Sy
is embedded, not only S; remains embedded for all the times, but also that every possible C}. —
limit of rescalings of networks of the flow is an embedded network with multiplicity one. This
is a crucial ingredient in classifying blow—up limits of the flow, which, as we have already said,
is the main method to understand the singularity formation. In Section [f] we discuss a scaling
invariant, geometric quantity associated to a network, first proposed in [44] (see also [49]), later
extended in [71] to the case of a triod, consisting in a sort of “embeddedness measure” which is
positive when no self-intersections are present. By a monotonicity argument, we show that such
quantity is bounded below along the flow, under the assumption that the number of 3— points of
the network is not greater than two. As a consequence, in this case we have that every possible
Ct .~ limit of rescalings of networks of the flow is an embedded network with multiplicity one.
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We underline that it is not clear to us how to obtain a similar bound/conclusion for a general net-
work (with several triple junctions), since the analogous quantity (apparently), if there are more
than two 3—points, does not share the above monotonicity property.

In Section [10|we collect all the examples in which we are able to treat completely the onset
of the first singularity or in which we are able to establish a global existence result. We conclude
with Section 11| where it is explained how, in some cases, one can restart the flow after a singu-
larity by means of the existence theorem of a flow for non-regular networks by Ilmanen, Neves
and Schulze [53].



CHAPTER 1

Spines of minimal length

In this chapter we raise the question whether every closed Riemannian manifold has a spine
of minimal area, and we answer affirmatively in the case of surface.

The structure of the chapter is the following: in Section [Ijwe introduce the definition of spine
giving several examples and we state the minimizing problem. Then we list some basic tools
used in the sequel.

In Section 2] we present an existence result for spines of minimal length of 2-dimensional
closed Riemannian surfaces, and we give the definition of minimal spine.

In Section [B|we completely classify minimal spines on tori 7' = S! x S endowed with a flat
structure, proving that the number of such spines is a proper function on moduli space.

On hyperbolic surfaces we introduce the spine systole, a continuous real function on moduli
space that measures the minimal length of a spine in each surface. We show that the spine systole
is a proper function and has its global minima precisely on the extremal surfaces (those contain-
ing the biggest possible discs). We also show that the number of minimal spines of uniformly
bounded length is finite on hyperbolic surfaces (Section [4).

To conclude, in Section [5, we prove that minimal spines of closed surfaces of non positive
constant curvature are local minima for the length functional.

1. Definitions and preliminaries

1.1. Spines. Before giving the definition of spine, we recall some notions that apply both in
the piecewise-linear and in the smooth category of manifolds.

DEFINITION 1.1. A smooth finite simplicial complex (or a finite polyhedron) in a smooth n—
dimensional manifold M with (possibly empty) boundary is a subset P C int(M ) homeomorphic
to a simplicial triangulation, such that every simplex is diffeomorphic through some chart to a
standard simplex in R™.

The subset P has a well-defined regular neighborhood, unique up to isotopy: this is a piecewise-
linear notion that also applies in the smooth category [47].

DEFINITION 1.2. A regular neighborhood N of P is a compact smooth n-dimensional sub-
manifold N C M containing P in its interior which collapses simplicially onto P for some smooth
triangulation of M; as a consequence N \ P is an open collar of ON and in particular ON # 0. If
the manifold M itself is a regular neighborhood of P we say that P is a spine of M.

This definition of course may apply only when M # (), so to define a spine P of a closed
manifold M we priorly remove a small open ball from M.

In all cases, we suppose that dim P < dim M, and this is the only restriction we make on
dimensions.

REMARK 1.3. In particular, if M is a manifold without boundary, we get that M \ P is an
open ball. One can prove that this actually a characterization of spines for such manifolds.

EXAMPLE 1.4.

e Any point is a spine of the sphere S™ for all n > 1;

e any complex hyperplane is a spine of the complex projective space CP";

e a spine may have strata of mixed dimensions: a natural spine for 5™ x S™ is the trans-
verse union of two spheres S x g and p x S™;

10



1. DEFINITIONS AND PRELIMINARIES 11

e if M is a Riemannian manifold, one could construct P as the cut locus of a point [20].

The notion of spine is widely employed in topology: for instance, it may be used to define
a complexity on manifolds [74, [75, 72], to study group actions [14] and properties of Riemann-
ian manifolds [2]. In dimensions 2 and 3 spines (with generic singularities) arise naturally and
frequently as the dual of 1-vertex triangulations. Topologists usually consider spines only up to
isotopy, and relate different spines (or triangulations) via some moves like “flips” on surfaces
(see for instance [13}135} 57, 186]) and the Matveev-Piergallini moves [73}79] on 3-manifolds.

However, it seems that spines have not been much studied from a geometric measure theory
point of view, and this is our main purpose.

We are interested here in the following problem:

QUESTION 1.5. Does every closed Riemannian manifold M of dimension n > 2 have a spine
P of minimal area?

We notice that we consider by assumption only spines P with dim P < dim M, so that if
M is endowed with a Riemannian metric, it is natural to consider the area of P, defined as its
(n — 1)-dimensional Hausdorff measure H"~!(P).

There are examples in which an affirmative answer to Question is trivial, for instance the
area of P will be zero in the cases when the dimension of P is strictly smaller than n — 1.

EXAMPLE 1.6.

o The sphere S™ has zero area spines (single points);

o the complex projective space CP" has zero area spines (complex hyperplanes);

e if one considers the above described spine of 52 x S?, (see Example|[1.4), it has the same
area 4 of 52.

In the following we consider only the case in which the dimension of the manifold M is
two, its spines have dimension at most 1 and it is of course reasonable to employ the word
length to indicate their area. As in the general case stated before, there are trivial examples,
in which the answer to Question [1.5[is yes : for instance for the sphere S? equipped with any
Riemannian metric, and for the projective plane. In Section 2] we give a positive answer for all
closed Riemannian surfaces.

We would like to mention that in higher dimensions, Question [1.5| has already been par-
tially addressed by Choe [24], who has provided a positive answer for all closed irreducible
3-manifolds. The techniques used in that paper are much more elaborated than the ones we use
here.

1.2. Networks in Riemannian surfaces.

DEFINITION 1.7. An network I C S is a union of a finite number of supports of simple smooth
curves v : [0,1] — S, intersecting only at their endpoints. A point in which two or more curves
concur is called multi—point.

Each curve ' of the network has length %! (Im (7%)) and the length of T" is the sum of the
lengths of all the curves, that is,

L(r) = <U (Im (ﬂ)) = H (Im(y")). (1.1)
i=1 i=1
In the following, we will search the minima of this functional L, restricted to the set of spines
of a closed Riemannian surface S.

1.3. First variation of the length functional. Let I' be a network in a closed Riemannian
surface S. Let @, with ¢ € [0, T] be a smooth family of diffeomorphisms of S, with ®(z) = z for
allz € T'and let ', = &, (I"). Consider the vector field X on S defined by

d

X(z) = aét(m) o
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The first variation formula for the length functional L for a network I' is (see for instance [65]):

d
—L(T
SLTY)

= / div, X dH*, (1.2)
t=0 T
where with div,; we denote the tangential divergence.
Let x4, ...,z be the multi-points of I. At every multi-point z;, [; curves concur. For k =
1,...1; denote with 7} the unit tangent vector to the k—th curves at ;. Therefore, an integration
by parts gives

m lj

d
£L(Ft)

:—/H-Xd’;'—[1+ X |, (1.3)
t=0 T 1

j=1 \ k=

where H is the curvature of I' (defined everywhere except at the multi—points). A network I is
stationary if there holds

/ div, X dH' =0 for every vector field X on S, (1.4)
r

Thanks to formula (1.3)), condition (1.4) is equivalent to require that each curve of the network
I' is a geodesic arc and the sum of the unit tangent vectors of concurring curves at a common
endpoint is equal to zero.

1.4. Rectifiable sets and stationary varifolds. Let S be a Riemannian surface. We recall that
aset I' C S is countably 1-rectifiable if it can be covered by countably many images of Lipschitz
maps from R to S, except a subset 7! —negligible.

Let I be a countably 1-rectifiable, H'-measurable subset of S and let § be a positive locally #-
integrable function on I'. Following [3} 4] we define the rectifiable 1-varifold (I', #) to be the equiv-

alence class of all pairs (T, 8), where T is countably 1-rectifiable with #* ((F \D)u T\ F)) =0

and where § = 6 H'-a.e. on ' N T. The function 6 is called multiplicity of the varifold.
A varifold (T, 0) is stationary if there holds

/HdivTX dH' =0, (1.5)
T

for any vector field X on S. Notice that, if 6 is constant and I is a network, condition (1.5) is
consistent with condition (1.4).

2. Existence of minimal spines of a Riemannian surfaces

In this section we prove an existence result for the spines of minimal length of any closed
Riemannian surface:

THEOREM 2.1. Every closed Riemannian surface S has a spine I' of minimal length.
The spine I is:

(1) a point if S is diffeomorphic to a sphere,
(2) a closed geodesic if S is diffeomorphic to a projective plane,
(3) finitely many geodesic arcs meeting at 3—points with angle 2w, otherwise.

REMARK 2.2. The homotopy type of a spine I" of a closed 2-surface S is completely deter-
mined by that of S. Indeed,

o A spine I' is homotopically equivalent to a point if and only if S is diffeomorphic to a
sphere. Indeed, a regular neighbourhood of a point must be a disc.

o A spine I' is homotopically equivalent to a circle if and only if S is diffeomorphic to a
projective plane. Indeed, a regular neighbourhood of a circle could be nothing but a
Mobius strip, because an annulus has too many boundary components.
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o Finally, assume that S is diffeomorphic neither to a sphere, nor to a projective plane. A
spine of S is a network I' C .S. Moreover denoting by e the number of edges of I', by v
the number of vertices and by x the Euler characteristic, a necessary condition for I' to
be a spine of S is

X(8) = 1=x(§ = B) = x(T) = v —ec. 2.1)

PROPOSITION 2.3. Consider a closed Riemannian surface S not diffeomorphic to a sphere. Then
there is a constant K > 0 such that H'(T') > K for every spine T of S.

PROOF. Let r > 0 be the injectivity radius of S. Every homotopically non-trivial closed
curve in S has length at least 2r. Every spine I' contains at least one homotopically non-trivial
embedded closed curve and hence has length at least K = 2r.

To verify the last fact, recall that S\I"is an open 2-disc and hence the inclusion map i: I < S
induces a surjection i, : m (I') — w1 (S). Since 7m1(S) # {e} the spine I contains some homotopi-
cally non-trivial loop, and this easily implies that it also contains an embedded one. O

Thanks to the topological observations we made in Remark 2.2 in Theorem [2.1] the case of
the sphere is trivial and that of the projective plane is well known. Therefore, in the rest of the
section we will suppose that S is neither diffeomorphic to a sphere nor to a projective plane.

e

FIGURE 1. A spine of a surface of genus 1 and a surface of genus 2.

’
_-

DEFINITION 2.4. Let S be a closed Riemannian surface, we say that A C S is a quasi-spine
of Sif:

e Ais a closed, connected set with finite length (in particular is rectifiable and connected
by embedded rectifiable curves, see [9, Theorems 4.4.7 and 4.4.8]);
e A intersects every homotopically non-trivial closed curve in S.

REMARK 2.5. Let I be a spine of a closed Riemannian surface S. Then I intersect every
homotopically non-trivial closed curve in S. In particular I is a quasi-spine of S.

PROOF. If v is a homotopically non-trivial closed curve in §, then I' intersects ~, because ~
cannot be contained in the open disc S \ T', otherwise it would be homotopically non-trivial. O

REMARK 2.6. Reasoning as in Proposition 2.3} if A is a quasi-spine of a closed Riemannian
surface S, then H!(A) > ¢ > 0.

REMARK 2.7. Consider a closed Riemannian surface .S, then there exists at least one spine I
of S of finite length.

We call A the class of the spines of S, that is networks I" C S such that S\ T" is homeomorphic
to the disc (see Remark[1.3). To prove Theorem 2.1]is more convenient to find first the minimum
of the length functional in the larger class A’ of the quasi-spines of S and then prove that the
network A € A’ that realizes the minimum is a spine.

Proof of Theorem

Step 1:: Existence of quasi—spines of minimal length.
We call
(=inf {H'(A)|Ae A}, (2.2)

We want to prove that / is actually a minumum.
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Let A be a minimizing sequence of quasi—spines, that is a sequence of closed, connected and
rectifiable sets that intersect every homotopically non-trivial closed curve in S such that #!(A) —
L.

Thanks to Blaschke Theorem [9, Theorem 4.4.15], up to passing to a subsequence, the se-
quence A converges to a compact set A, in the Hausdorff distance, and by Golab Theorem
(see [78] for the generalization in a metric setting) we get that A, is connected and

H'(Aso) < liminf HY(A,) =¢. (2.3)

The set A, intersects every homotopically non-trivial closed curve « of S: indeed for every
n there exists z,, € ¥ N A, (because A,, belongs to A’). By the compactness of ~, possibly passing
to subsequence, z,, converge to some z., € 7. On the other hand, since A,, converge to A
in the Hausdorff distance and x,, belongs to A,,, then, by a well-known property of Hausdorff
convergence, Z., € Ay and this proves that A intersects .

Hence we have proved that A, € A" and ¢ is a minimum.

Step 2: Regularity of Awo.

We can associate to A, a rectifiable varifold with multiplicity 1, and the minimality property
implies that this varifold is stationary. Indeed it suffices to notice that A’ is invariant under
diffeomorphisms of S, and therefore, for every one parameter family of diffeomorphisms @,
there holds H!(®;(As)) > H!(A), which implies the stationarity of A..

Using the stationarity of A, and regularity of 1-dimensional stationary varifolds (see [4]) we
obtain that A is composed by a finite number of geodesic segments, joining finitely many mul-
tiple junctions where the sum of the concurring unit tangent vectors is equal zero. By standard
arguments, the minimality (and not the stationarity) of A also implies that each junction has or-
der three: this can be easily proved by reduction to the planar case (e.g., by using the exponential
map) where this result is well known.

Step 3: The set A is in the class A.
Let S be the set of all closed subsets of A that intersect every homotopically non-trivial closed
curve in S. By Zorn’s lemma there is a A € S which is minimal with respect to inclusion. We now
prove that A is a spine.

Let us divide the proof in different parts:

(1) Let U be a connected componet of S\ A, then U is simply connected.

Suppose by contradiction that U is not simply connected. Then U contains a simple,
closed curve 4 homotopically non-trivial in U, but homotopically trivial in .S because ¥
does not intersect A. Hence # is a boundary of a disc D C S and D ¢ U. We claim that
DNA # (), indeed if DNA = (}, then UUD should be a connected setin S\ A, contradicting
the fact that U is a connected component of S\ A. Let us consider A = A\ D, to conclude

we show that A is an element of S we obtain a contradiction (A is an element of S strictly
contained in A, that was minimal for the inclusion). Indeed it suffices to show that every
curve v homotopically non-trivial in S intersects A out of D. Suppose not, then we can
deform with an homotopy 7 into a new curve which does not intersect D and agrees
with v out of D and therefore does not intersect A at all.
(2) The connected component U is not a sphere.
Suppose by contradiction that U is a sphere.
If A and B are two topological manifolds, non empty, closed and connected, and
e: A — Bis an embedding of A in B, then e is an homeomphism. In our case one may
consider U as A and S as B and conclude that U is homeomorphic to S, a contradiction.
(8) The connected component U is a disc.
By the fact that any open, simply connected subset of a surface is homeomorphism
to a sphere or to a disc and we have just excluded that U is a sphere, then U is a disc.
(4) The set S\ A is connected, that is is a single disc.
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If S\ A consists of at least two open discs, there is an arc in A which lies in the
boundary of both connected component. By removing from A a suitable open sub-arc
in this arc we get again another element of S strictly contained in A (by an argument
similar to the one in (1)).

(5) The set A coincide with A, hence A, € A.

We know that A C A is a spine, and hence A coincide with A, otherwise the

length of A would be strictly smaller than that of A, a contradiction.

O

DEFINITION 2.8. A spine of a Riemannian surface S is minimal if it is a point a closed geo-
desic, or if it is composed by finitely many geodesic arcs, meeting with angle 2% at 3—points.

We have shown that a spine of minimal length is minimal. Of course, the converse may not
hold. However, a minimal spine is a stationary point of the length functional thanks to (1.3).

REMARK 2.9. If the surface S is neither diffeomorphic to a sphere nor to a projective plane,
we have shown that minimal spines are trivalent graphs. Hence, adding the equation 3v = 2e
to (2.1), we get that the number of edges and that of vertices of a minimal spine are completely
determined by the topology of S.

REMARK 2.10. Notice that the extension of the existence result in higher dimension present
several difficulties: there is no higher dimensional version of Golab Theorem, because of the lack
of semicontinuity of the Hausdorff measure. Also, it is not clear if a limit of spines is still a spine.
However, as we already observed, the existence of a spine of minimal area in a closed irreducible
3-manifold has been proved in [24].

3. Flat tori

In this section, we analyze minimal spines of a closed surface of genus 1: the torus T' =
S' x S'. In particular, we will fully determine all the minimal spines on T, endowed with any
Euclidean metric.

3.1. Minimal spines of Riemannian tori. From Remark for any Riemannian metric on
the torus 7, minimal spines have exactly 2 vertices and 3 edges. There are only two kinds of
graph satisfying these properties: the §-graph and the eyeglasses (see Figure [2).

o OC

) 0-graph b) eyeglasses

FIGURE 2. The two trivalent graphs with three edges.

Both graphs can be embedded in a torus, but only the first one gives a spine.

Indeed, it is easy to find a 6-spine in the torus (see Figure Bla), and actually infinitely many
non isotopic ones. Consider, instead, the eyeglasses as an abstract graph. Thickening the interiors
of its edges, we get three bands. To have a spine on T, it remains to attach them, getting a surface
homeomorphic to T'— B2. This is impossible. The band corresponding to one of the two “lenses”
of the eyeglasses has to be glued to itself. The are only two ways to do this: one would give an
unorientable surface (see Figure3}b), the other would have too many boundary components (see
Figure B}c).

We have shown the following;:

PROPOSITION 3.1. Trivalent spines on the torus are 6-graphs.

Combined with Theorem 2.1} we get the following
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FIGURE 3. a) A regular neighbourhood of a #-spine on T'. b) — ¢) An eyeglasses
spine on T does not exist.

THEOREM 3.2. On every Riemannian torus, minimal spines (exist and) are embedded §-graphs with
geodesic arcs, forming angles of 2% at their two triple points.

3.2. Basics on flat tori. From now, we consider only constant curvature Riemannian metrics
on T'. These correspond to flat (i.e., Euclidean) structures on 7. We give a very informal intro-
duction to the basic concepts to fix the notations, and refer the reader to [34] for more details.

Let us define

o the Teichmiiller space T of the torus as the space of isotopy classes of unit-area flat struc-
tureson T,

o the mapping class group Mod of the torus as the group of isotopy classes of orientation
preserving self-diffeomorphisms of T'.

o the moduli space M of the torus as the space of oriented isometry classes of unit-area flat
structures on 7.

The group Mod acts on the set 7 and M is the quotient by this action.

The set 7 is endowed with a natural topology, which makes it homeomophic to a plane. With
this topology, the group Mod acts on 7 properly discontinuously and with finite stabilizers. In
this way, the projection w : 7 — M is an orbifold universal covering. The orbifold fundamental
group m1.M, acting on this covering by deck transformations, is isomorphic to the quotient of the
group Mod by the kernel of the action (a normal subgroup of order two). In this way, the moduli
space M is homeomorphic to the (2, 3, co0)-orbifold. It has two singular points, one of order two
and one of order three, and its underlying space is homeomorphic to a plane.

The set 7 is also endowed with a natural metric (the Teichmiiller metric), which makes it
isometric to hyperbolic plane H?. The action of the mapping class group can be identified with a
discrete action by isometries.

Visualizing the hyperbolic plane with the upper-half space model {J(z) > 0} C C, the action
is given by integer Mébius transformations and the mapping class group is isomorphic to the
group SLs(Z) of unit-determinant 2 x 2 integral matrices. The kernel of the action is {£I}, so
that the moduli space M has the structure of a hyperbolic orbifold, with ;M ~ PSLy(Z). A
fundamental domain for the action is the hyperbolic semi-ideal triangle

D ={lz| = 1,1R(2)| < 1},
with angles %, % and 0 (in grey in Figure[d). The quotient M is the complete (2, 3, 00)-hyperbolic
orbifold of finite area, with one cusp and two conical singularities of angles m and 2F. We see M
as usual as D with the boundary curves appropriately identified.

From now, we identify the actions (groups, spaces and quotients):

Mod ~ T < {integer Mobius transformations} ~ H? < SLy(Z) ~ C*T = {Im(z) > 0},
M =H?/PSLy(7Z).

We will also be interested in the following space:

o the non-oriented moduli space M™° is the space of all isometry classes of (unoriented)
unit-area flat structures on 7'.
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FIGURE 4. Every z € H? in the upper half-plane represents a flat torus obtained
by identifying the opposite edges of the parallelogram with vertices 0, 1, z, z + 1.
A fundamental domain D for the action of PSLy(Z) is colored in grey.

We have M"° = M/, where ¢ is the isometric involution that sends an oriented flat torus
to the same torus with opposite orientation: the lift of ¢ to the fundamental domain D is the
reflection with respect to the geodesic line iR™ and M™ is the hyperbolic triangle orbifold

M™ = D {R(2) > 0}

with angles 7, 5 and 0. We do not need to fix an orientation on 7" to talk about spines, hence we
mainly work with M"°.

Every flat torus 7" has a continuum of isometries: the translations by any vector in R? and the
reflections with respect to any point « € T'. The tori lying in the mirror sides of M™° have special
names and enjoy some additional isometries:

o the rectangular tori are those lying in iR,

e the rhombic tori are those in the other sides of M™°, namely {|z| = 1} U {R(z) = 3}.

These flat tori are obtained by identifying the opposite sides of a rectangle and a rhombus, re-
spectively. The tori in the cone points z = i and 3 are the square torus and the hexagonal torus.
On the hexagonal torus, the length d of the shortest diagonal of the rhombus equals the length [
of any of its sides, while we have d > [ and d <[ on the sides |z| =1 and & = % respectively (we
can call these thombi fat and thin, repsectively).

The rectangular and rhombic tori are precisely the flat tori that admit orientation-reversing
isometries.

Teichmiiller and moduli spaces have natural Thurston and Mumford-Deligne compactifi-
cations. In the torus case, these are obtained respectively by adding the circle “at infinity”
OH? = RU {oc} to T = H? and a single point to M or M"°. We denote the latter compacti-
fications by M and M»°.

REMARK 3.3. Let us consider R? as the group of translations of the Euclidean plane. By a
lattice of R?, we mean a subgroup A < R? which is Z-generated by two linearly independent
vectors. If we consider the moduli space of the torus from this point of view, we could seen it as
the space of homothety and isometry classes of lattices of R?:

M +— {lattices of R?}/ ~

3.3. Hexagons. Minimal spines on a flat torus are intimately related to a particular class of
Euclidean hexagons.

DEFINITION 3.4. A semi-reqular hexagon is a Euclidean hexagon with all internal angles equal
to 2F and with congruent opposite sides.

We define the moduli space H as the space of all oriented semi-regular hexagons considered
up to homotheties and orientation-preserving isometries. Similarly H"° is defined by considering
non-oriented hexagons and by quotienting by homotheties and all isometries. We get a map
H — H"° that is at most 2-to-1.
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Two opposite sides of a semi-regular hexagon are parallel and congruent. A semi-regular
hexagon is determined up to isometry by the lengths a,b, ¢ > 0 of three successive sides, hence
we get

H= {(a,b,c)\a,b,c > 0}/R>0><A3
H™ = {(aa b,C) ‘ a,b, c > 0}/JR>0><5'3

where the multiplicative group of positive real numbers R+ acts on the triples by rescaling,
while A3 and S5 act by permuting the components.

We can visualize the space H"° in the positive orthant of R? by normalizing (a, b, ¢) such that
a+b+c=1landa > b > ¢, and in this way H"° is a triangle with one side removed (corresponding
to ¢ = 0) as in Fig. 5| The other two sides parametrize the hexagons witha =b > canda > b =c.
The regular hexagon is of course (%, 1, 1). The space H™ is naturally an orbifold with mirror
boundary made by two half-lines and one corner reflector of angle %.

The space H of oriented semi-regular hexagons is obtained by doubling the triangle #"°
along its two edges. Therefore H is topologically an open disc, and can be seen as an orbifold
where the regular hexagon is a cone point of angle 2F. The map H — 1" may be interpreted as
an orbifold cover of degree two.

The orbifold universal covering # — H is homeomorphic to the map z + z* from the
complex plane to itself. The orbifold fundamental group 7 is isomorphic to the cyclic group
Z,/3, acting on the plane by rotations of angle 2.

Y Z)2 Z)2 c

X
x|
S
//
1/
/
[N \

FIGURE 5. On the left, the orbifold structures on the moduli spaces of semi-
regular hexagons, and their compactifications. On the right, a parametrization
of H"° by a triangle with one side removed in R3.

Both # and #H"° have natural compactifications, obtained by adding the side with ¢ = 0,
which consists of points (a,1 — a,0) with a € [$,1]. Each such point corresponds to some “de-
generate” hexagon: the points with @ < 1 may be interpreted as parallelograms with angles %
and 27, while (1,0, 0) should be interpreted as a segment: a doubly degenerate hexagon. The un-
derlying spaces of the resulting compactifications 7 and 7"® are both homeomorphic to closed
discs.

3.4. Spines. We now introduce two more moduli spaces S and S™° which will turn out to be
isomorphic to H# and H"°.

Let the moduli space S be the set of all pairs (T, I"), where T is a flat oriented torusand I" C T
a minimal spine, considered up to orientation-preserving isometries (that is, (7,T') = (7",I") if
there is an orientation-preserving isometry 1: T — T’ such that (I') = I"). We define analo-
gously S™° as the set of all pairs (T',I') where T is unoriented, quotiented by all isometries. Again
we get a degree two orbifold covering S — S™°.
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The opposite edges of a semi-regular hexagon H are congruent, and by identifying them we
get a flat torus 7. The boundary 0H of the hexagon transforms into a minimal spine I' C T in the
gluing process. This simple operation define two maps

H— S, HPO — S"C.

FIGURE 6. The bijection H «+— S.

PROPOSITION 3.5. Both maps are bijections.

PROOF. The inverse map is the following: given (T, T"), we cut T' along I and get the original
semi-regular hexagon H. O

We will therefore henceforth identify these moduli spaces and use the symbols 7 and H"° to
denote the moduli spaces of both semi-regular hexagons and pairs (T, I'). Of course our aim is to
use the first (hexagons) to study the second (spines in flat tori).

3.5. The forgetful maps. The main object of this section is the characterization of the forget-
ful maps
p: S — M, p: 8" — M™°
that send (7,T") to T forgetting the minimal spine I'. The fiber p~*(T") over an oriented flat torus
T € M can be interpreted as the set of all minimal spines in T', considered up to orientation-
preserving isometries of T'. Likewise the fiber over an unoriented torus 7' € M™"° is the set of
minimal spines in 7', considered up to all isometries.

FIGURE 7. The compositionp: H — S — M.

As we said above, we identify H, H"° with S, $"° and consider the compositions (which we
still name by p)

p:H =S — M, p: H™ =5 S0 — MO,
The map p is described geometrically in Fig. [7}

As we want to compute the cardinality of p~*(T'), we need an explicit expression for the map
p: 8" — M, to this aim we introduce in Propositionthe lift p: H™ — H2.
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FIGURE 8. How to con-
struct z from (a’, b, ¢'): we pick
the triod with angles 27 and
lengths o/, ¥, ¢/, and place it in
the upper half-plane so that the
endpoints of the edges ¢’ and ¥/
lie in 0 and 1. The point z is the

endpoint of the edge a'.

Sno ~ Hno P H2 E(C+
X l”

PROPOSITION 3.6. The map
P H™ — H?
2¢2 —ab+ac+bec 3 ab+ bc+ ac
2(b% 4 ¢ + be) Rt tbe

is a lift of p: H™ — M™. The map p is injective and sends homeomorphically the triangle H™ onto the
light grey domain drawn in Fig.[9}

(a,b,¢) —

PROOF. The map pis defined in Fig. |8l We first rescale the triple (a, b, ¢), which by hypothesis
satisfiesa > b > cand a + b+ ¢ = 1, to (a/, V', ¢’), by multiplying each term by 1/v/b% 4 ¢2 + bc.
Now we pick the triod with one vertex and three edges of length @/, ', ¢’ and with angles 27, and
we place it in the half-space with two vertices in 0 and 1 as shown in the figure (we can do this
thanks to the rescaling). The third vertex goes to some z € H? and we set p(a, b, c) = 2.

The map p is clearly a lift of p and it only remains to determine an explicit expression for p.
Applying repeatedly the Carnot Theorem, we get:

1 2¢? — ab+ ac + be
2/(02 + 2+ be) (a2 + 2 +ac)

2] = la? +c2 + ac
TV R4+ +be
B 22 —ab+ac+be /3 ab+be+ ac

2(0% + 2 + be) "2 Rt tbe
The proof is complete. g

Arg(z) = cos™

Finally,

ﬁ(a7b7c) =z

Fig. E] shows that the lift p sends the two sides a = b > cand a > b = c of the triangle H™
to geodesic arcs in H?. Recall that the compactification " is obtained by adding the singly-
degenerate parallelograms (a,1 — a,0) with a € [1,1) and the doubly-degenerate P = (1,0,0).
The map p also extends to the parallelograms, and sends them to the dashed line in Fig. |8} but it
does not extend continuously to P, not even as a map from 7{"° to H2. However, the map p from
moduli spaces does extend.

PROPOSITION 3.7. The map p: H"® — M"° extends continuously to a map p: H»° — M.
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FIGURE 9. The lift p sends H"° homeomorphically to the light blue domain on
the left. It sends the two sides @ > b = cand a = b > ¢ of H"° to two geodesic
lines in H?, and sends the line at infinity ¢ = 0 to the constant-curvature line
dashed in the figure. In the oriented setting, the lift p sends H to the whole
bigger blue domain but is discontinuous on the segment s of hexagons of type
a=0b2>c

PROOF. Send the doubly degenerate point P to the point at infinity in M. O

The oriented picture is easily deduced from the non-oriented one. We can lift the map p: H —
M toamap p: H — H? in Teichmiiller space whose image is the bigger (both light and dark) blue
domain in Fig. [0} however the map p is discontinuous at the segment consisting of all hexagons
with @ = b > ¢, which is sent to one of the two curved geodesic arcs in the picture. The map
p: H — M extends continuously to a map p: H — M.

sl . 2iz4+vV3—i 2 . . . ~
The Mobius transformation z +— #‘[ﬂi gives a more symmetric picture of the image p(H)

inside the hyperbolic plane in the Poincaré disc model, as can be seen in Figure

/2

FIGURE 10. A picture of p(H) in the Poincaré disc model.
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REMARK 3.8. Now, it is possible to quantify the “distance” between two spines on different
flat tori, in a natural way. Indeed, thanks to the map p and the Teichmdiller metric, the moduli
space of spines can be endowed with a structure of hyperbolic orbifold.

For, identify — by a representation p — the action of the orbifold fundamental group 71 H on
the universal covering H with the action on the hyperbolic plane of the group T, generated by
an order-three elliptic rotation about the point ¢’5. To get a developing map d : H — H? for the
hyperbolic structure on #, lift p-equivariantly the map p.

The developed image d(#) of H is the interior in H? of the regular non-geodesic ideal triangle
joining the points oo, 0, 1 in Figure (10| The set p(#) is a fundamental domain for the action of I’
and the space H is identified with the quotient d(#) /T .

Hence, the moduli space of spines is an infinite-area incomplete hyperbolic orbifold. Its
completion, supported on the complement of the doubly degenerate hexagon H \ {P}, is an
orbifold with non-geodesic boundary. Its boundary is an infinite constant-curvature line whose
points are (all the) four-valent geodesic spines with alternating angles % and 2T.

Similarly, H"° \ {P} is a complete infinite-area hyperbolic orbifold with (unbounded, non-
geodesic) boundary and two mirror edges.

3.6. The number of minimal spines. We are ready to determine the fiber p~*(T) for every
flat torus 7' in M and M"°, which may be interpreted as the set of all minimal spines in T,
considered up to (orientation-preservingly or all) isometries of T'.

& &
3v3 3v3
543 3 5343
2V3 3 2V3
4
33 2 33 4
3
\/g 2 \/g 3 3
1
2 2
@ [ ] @ ° '1 [ ]
2 1 2 1 1
R R

FIGURE 11. The number of minimal spines on each flat torus, in the unoriented
and oriented setting. At each point z in M"° or M, the number ¢*°(z) or ¢(z)
is the smallest number among all numbers written on the adjacent strata (both
functions are lower semi-continuous).

THEOREM 3.9. Every unoriented flat torus T has a finite number ¢*°(T) of minimal spines up to
isometries of T. Analogously, every oriented flat torus T has a finite number c¢(T') of minimal spines up
to orientation-preserving isometries. The proper functions ¢*°: M™ — Nand ¢: M — N are shown in

Fig.[T7]

PROOF. We can identify H"° with its image H = p(#H"°) and note that the restriction of the
projection 7: H? — M™ to H is finite-to-one. Indeed, for z,z’ € H, n(z) = 7(2’) if and only if
Sz’ = Sz and Rz’ = £Rz + n for some integer n. The number ¢"°(z) is the cardinality of the fiber
p~!(z) and is easily shown to be as in Fig. [L1}(left).

The oriented case is treated analogously: in that case p(#) is the bigger grey zone in H? and
p(z) = p(z') if and only if 2’ = z + n for some n € Z. We get the picture in Fig. [[1}(right). a
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FIGURE 12. The minimal spines in some oriented tori having additional symme-
tries. As we pass from rectangular to thin rhombic, we find 2, 1, 2, 1, and then 3
spines up to orientation-preserving isometries. They reduce to 1, 1,2, 1, 2 up to
all isometries, including orientation-reversing ones. Rectangles and rhombi that
are thinner (ie longer) than the ones shown here have additional minimal spines
that wind around the thin part.

The subtler cases are those where T has additional symmetries: in Fig.[12] we show the min-
imal spines of T" as the metric varies from rectangular to square, fat rhombic, hexagonal, and

finally thin rhombic.

3.7. Length. Let us define the length of a union of curves on a flat torus in the moduli space
M as its normalized length, that is its one dimensional Hausdorff measure on a unit-area repre-
sentative torus. For example, if you consider the explicit representative given by the parallelo-
gram R-generated by 1 and z € C, you have to divide lengths by the square root of the area of
that parallelogram, that is \/S(2).

Generalizing the well known concept for closed geodesics on surfaces (see [34]), we define
the length spectrum of minimal spines of a flat torus T as the set of lengths of its minimal spines.
Actually, we can define a more accurate spectrum, a set of triples corresponding to the lengths of
the sides of any spine on 7', in decreasing order, that is

(a;b,¢) Gpl(T)}-

{ (a,b,c)
\/(b2 + 24 b0)S(p(a, b, )

We have shown that both sets are finite, for any flat torus 7.

In the following, we determine the spines of minimal length.

THEOREM 3.10. Every unoriented flat torus has a unique spine of minimal length up to isometry.
In the oriented setting, instead, the same holds with the exception of the rectangular non square tori, for

which there are exactly two.

PROOF. Fix a torus T' € M"°. In the proof of Theorem we observed that all points of
7 1(T) N H C H? have the same imaginary part, so the lengths of the tripods we found with the
map p can be compared without need of normalization. Clearly, only one is the shortest: that
corresponding to zp € D N {R(z) > 0}.
In the oriented case, consider the representative zp of T € M with zp € D\ {z € 0D |R(z) <
0}. There are three cases:
o if R(zp) > 0, the unique shortest spine is that associated to zy itself;
o if R(zp) < 0, it is associated to zy + 1;
o if R(zy) = 0, that is T is a rectangular torus, both spines associated to zy and z + 1 are
of minimal length. These two spines are the same only for the square torus, indeed a
rotation of 7 sends one to the other.
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These evident assertions can be verified by trigonometry, or by computing the lengths through
the formula showed in the following . O

The explicit expression on p(H) C H? for the length function L: H — (0, +00), which to a
spine assigns its length, can be simply computed by the law of sines:

L) - \/ L+ 22 — R(2) + V3S(2)

I(2)

The formula for the spine systole S: M — (0, +00), a generalized systole which assigns to a
flat torus the length of its shortest spines is

Sy \/1 1 J2[2 — [R(2)] + V33(2)

Both functions are proper and almost everywhere smooth. They extend to continuous func-
tions L : H — (0, +occ] and S : M — (0, +00].

For every continuous function f : X — R on a topological 2-manifold X, recall that a point
p € X is said to be regular if there is a (topological) chart around p = 0in which f(z,y) = const+z.
Otherwise, it is critical. A critical point p € X is said to be non degenerate if in a local (topological)
chart around p = 0 we have either f(z,y) = const — 22 + 32, or f(x,y) = const & (22 + y?). The
non degenerate critical points are necessarily isolated. The function f is topologically Morse if it
is proper and all critical points are non degenerate. The classical Morse theory works also in the
topological category.

REMARK 3.11. The functions L: H — (0, +o0) and S: M — (0, 4+00) are topologically Morse.
For both functions, the set of sublevel k is empty if & < v/3v/2, a point if ¥ = v/3v/2 and a
topological disc otherwise. Hence, the unique critical point is a minimum. Therefore, among all
minimal spines on all flat tori, exactly one is the shortest. As expected, it is the equilateral spine
on the hexagonal torus. Its length is v/3v/2 ~ 1.86.

3.8. A direct computation of the number of minimal spines. Although we have already
compute the number of minimal spines in any flat torus, up to translations and reflections, in this
subsection we present our first proof. We restrict to the oriented setting, we construct directly
some minimal fs, obtaining a lower bound for the number of minimal spines, and then we show
that our construction is the only admissible one.

This method is less smart than the previous, because there is no way to generalize it to the
case of other surfaces.

It could anyway be interesting because it is required a very poor knowledge of topology, for
example we do not really need to introduce the definition of Teichmdiller space and moduli space
of the tori, but it is enough having an intuitive idea of them, that we state now.

A flat torus is the quotient of the Euclidean plane R? = C by the group G generated by
two translations with respect to two R—linearly independent vectors (G = Z?). A fundamental
domain for such an action is an Euclidean parallelogram with sides corresponding to the two
vectors. Up to Euclidean isometries and homotheties we can impose that one of the two vectors is
(1,0) € C and the other vector z € C has imaginary part greater than zero. The complex number
z will parametrize isotopy classes of flat tori up to homothety, i.e. it is a point of the Teichmiiller
space of the torus z € 7. Hence, up to translation, rotation and dilation we can identify a torus 7',
with a point z € C*. The corresponding orientation-preserving isometry (and homothety) class
of that flat torus will be denoted again by z = w(z) € M. Different representatives z of the same
isometry class in M are obtained one from another by finite sequences of Dehn twists, that is to
say, the mapping class group is generated by Dehn twists.
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FIGURE 13.

To resume, every flat torus is thus described with two parameters, an angle o and a length
¢, that uniquely identify a point z € C*. The only thing that we have to keep in mind from the
theory of moduli space of tori, is that it is exhaustive to consider § < a < %’“ and ¢ > 1, because
they parametrize all possible tori, up to rescaling and up to oriented isometries. To visualize the
torus, we associated to the point z = (¢, ) € C* the parallelogram with vertices 0, 1, z and z + 1.
In the sequel we fix a torus, that is the associated parallelogram, and we compute the number
of minimal spine of it. We remind that all the translations and reflections through a point of a
minimal spines are still minimal spines, hence we will count the number of them up to these two
types of transformation. Thanks to this fact we can always put one of the two vertices of the
spines in the vertices of the parallelogram (that are all identified). We notice that if we look at the
spines of a torus in the parallelogram that represent it and these spines have a vertex placed in
the vertices of the parallelogram we can distinguish two type of them: the spines which “turn”
around the parallelogram and the tight ones (see Figure [14). We first compute the number of
tight spines and then we consider spines which turn around the parallelogram.

FIGURE 14. A tight spine of the torus z and a spine that “turns” around the torus 2’

PROPOSITION 3.12. Any flat torus, considered up to rescaling and up to oriented isometries, repre-
sented by the associated parallelogram, admits two tight s, up to translations and reflections.

PROOF. For simplicity, without lost of generality, we put one of the two triple junction in
the vertices of the parallelogram. At this point find the tight minimal s reduce to connect with

the Steiner configuration three vertices. As we represent a flat torus with a parallelogram with
angles of amplitude less or equal then 2%, we can find two different Steiner configurations (see

Figure ), connecting the vertices 0, 1 and z and 0, 1 and z + 1 respectively. Notice that the
other possible Steiner configuration are reflections with respect to a point of the previous. O
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FIGURE 15. The possible Steiner configurations between three vertices of the parallelogram.

Now we pass to count the number of minimal spines “turning” around the parallelogram
which represent the torus. First we consider the flat torus modeled by a rectangle (o« = 7) with
sides of lengths 1 and ¢ > 1. We want to construct the minimal spine composed by three segments
a,b and ¢ with the segment a that makes the greatest number of “turns” around the torus; if we
visualize the torus with a rectangle this means that we want to compute how many intersections
there are between the segment ¢ and the long side [ of the rectangle. We put one of the two triple
junctions in the vertices of the rectangle. In order to maximize the number of intersections, we
put the other triple junction very near the vertex A and we connect it with the two nearest ver-
tices with two segments b and c. As the angles between the three segments are of 2T (because the
spine is minimal) the segment « intersects the boundary of the rectangle with a prescribed angle
p<z.

(e}
Q
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We can easily compute the length between two consecutive intersection of the segment a
with the same side of the parallelogram: = > /3.

Hence the maximum number of turns that the segment a can do around the torus, depending by
the length [, that is the maximum number of intersections with the side ¢, is N; = ﬁ = %

We can estimate the number of spines composed by only one segment that does turns around the
torus with [ Vy |.

Now we notice that we can construct spines, which are different from the precedents, putting the

second triple junction near the opposite vertex B of the rectangle. The number of these spines
can again be estimated by [ N2| = [N | = L%J

We can conclude that the number of minimal spines which turn around the torus represented by
a rectangle is N > L\Q/—%J

Now we repeat the construction with a parallelogram instead of the rectangle. We put the

second triple junction near the vertex of the angle 7 < a < 2F. As before, the segment is forced

by the minimality condition to intersect the side of the parallelogram with an angle 8 < 2T — o,

the complementary of isy > a — %.
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¢
) AB =sina
DB = —cos«
AC > sinatan (a — %)
77777 T 28 =AC - DB
In this case the length between two different intersections is
x1 > sinatan (a - %) +cosa. (3.1)

The maximum number of intersections is N; = %, and consequently, reasoning as previous, the
number of spines is | V7 ].

If instead we put the second triple junction near the acute angle of the parallelogram of size
(m — «), the length we want to compute will change:

. om ) T
T9 > sinatan - ¢ —cosa = —sinatan <o¢+ E) —cosa. (3.2)

AB =sina«

AD = —cosa

AC > —sinatan (a+ %)
r9 = AC + AD

D~ A c
In this case the maximum number of intersections is Ny = 712
Using simple trigonometric identities, we get
1

1
Ny = — :—(\/gcosa+sina) ,
sinavtan (o — %) +cosa /3

1 1
Ny = — =f<—\/§cosa+sina) .
—sinatan (¢ + %) —cosa /3

From this explicit construction for a torus with a flat metric described by a parallelogram with
sides 1and ¢ > 1 and a angle 7 < o < 2 we can conclude that the number of spines with only
2¢

one segment which turns around a torus can be estimate by N = L% sin .

To conclude, we notice that we have found a lower bound for the number of minimal spines
of a flat torus which depends only by the length [ and by the angle a:

2
N > | —=sina].
2 | 5 sinel
PROPOSITION 3.13. If we represent a flat torus with a parallelogram, only one arc of geodesics of a
minimal 0 of the torus can intersect the side of the parallelogram. If two different arcs of geodesic of a spine
of the torus intersect one of the sides of the parallelogram, then they eventually intersect each other.

PROOF. First we prove our statement in a rectangle. We consider the case in which two
segments of the ¢ intersect two consecutive sides of the rectangle.
We call O the triple junction, A the vertex of the rectangle, B the intersection between a segment
(called a) and the short side of the rectangle and C' the intersection between the second segment
(called b) and the long side.
By minimality condition of the §, AOB is a triangle with an angle of 2T, hence the other two
angles are less then 7. In particular we are interested in the angle 3 in B between the segment a
and the short side of the rectangle. As 0 < 8 < 7, its complementary 7 is between & and 7. The
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angle generated by the intersection of a and the long side is 7.

We consider a “strip” of the rectangle between two consecutive intersections of the segment a
with the side of lenth /. In our rectangle this “strip” can be visualized by a parallelogram with
angle v and with a side of length 1 (up to dilation).

As we do not allow intersection between different segments composing the spine, a turn around
the torus of the segment b have to stay in the “stripe” generated by the turns of a, without touch
a. We call § the amplitude of the angles between a and b which permit the lack of intersection.
Now we compute how large can be ¢ at most:

sin y

tan (y —9) = Seony , that is,
t 1
wngo T 1
2+tan®y 2

hence, we get § < arctan (3) < &

We kwon that the angle ¢ is 3 because of the minimality condition, but we have just seen that if
we want to avoid intersections, 4 has to be stricly less than F.

The case in which the two segments interset two not consecutive sides can be reduced to the
previous one.

These arguments prove that the two segment ¢ and b of a minimal 6, both turning around the
torus, that is two segments intersecting sides of the rectangle, intersect each other.

Now we repeat the argument for a more general case: a flat torus described by a parallelogram
withangle 7 < o < 27

The angles 5,7 and § are defined as in the first situation, but the angle v now has diffenrent
bounds: £ <y <o < 2T

In the figure we draw only the “strip” we are going to consider.

1

!
|
|
|
|
|
|
:
C

To simplify the sequent computation we impose at 1 the distance between the two long sides of
the parallelogram.
We consider three different triangle:

e BCD has an angle equal to v and the side C'D equal to 1, so the side BC results equal

1
tany”’

o ABE with a angle equal to ~ and a side parallel to the side of the parallelogram, the
length of ABis tan'y + tan(rr a) = tan'y tana

e ACD has an angle equal to v — ¢ and the side C'D equal to 1, so the side AC results equal
to —1

tany—4 "
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Replacing in the equality AC' = AB+ BC their values, we can express the tangent of ¢ in function
of aand ~:

tanytan o — tan? 0%
tand =

tan? ytan o + 2tan o — tan vy

t
— tan’y (1 — t:gg) (33)
tan?y + 2 — 20

tan o

At this point we consider separately the case 5 <a < Fand § < a < %”
o Case % <a< %

The ratio {222 is positive and less than 1 because

estimated by

%gygagg,socanbe

t 1
tand < L’YQ < —.
14+ tan“y = 2
e Case 2 <a<Z.
We observe that the situation in which 4 is larger is when o = 27.
Sostituting this value in (3.3)), we get

—V/3tany — tan®~ <3
—V3tan?y — 2v/3 —tany —

We have proved that, if § < a < %’r, if we want that two sides a and b of the minimal 6, turning
around the torus, have not intersections, the angle J between them has to be less than ¢, but this
is in contradiction with the request of minimal 6.

Hence, in all the cases, it is not possible that two segments of the same minimal ¢ turn around
the torus. O

tanéd = (3.4)

PROPOSITION 3.14. If we have a segment of a minimal 0 which does turns around the torus and we
represent the torus with a parallelogram of side 1 and | > 1, the segment cannot turns around the short
side of the parallelogram.

PROOF. Repeating the construction we have done at the beginning of the subsection (3.3),
putting 1 instead of [ and [ instead of 1 (that is making the segment a turns around the short
side of the parallelogram instead around the long one), we find that the length between two
intersections of the short side should be

2
le(sinatan(af%)Jrcosa) withggagg. (3.5)
(Notice that sostituting o with m — o in (3.5) we find > —I (sinatan (o + %) — cos ) and this

is consistent with (3.2)).
We estimate the length x:

x> (sinatan (a — Z) +cosa) > (sinatan (a — %) +cosa)

6
V3 — cosa

. \/gtana—l
=sina | ——— _——
\/§+tana \/gcosoz—i—sina

_ i V8 3.6)
V3 cosa + sin a 28111(04—}—%)

> + cosa = sin«

With this computation, in particular, we find that the length between the firts intersection of the
segment a with the side of length 1 of the parallelogram and the second intersection cannot be
less than 1. Thus the segment intersects the long side / of the parallelogram before intersecting
the short one, hence there is an intersection with the other segments of the spine. As intersection
between different segment of the minimal 6 are not allowed, we cannot construct a minimal spine
with a segment turning around the short side of the parallelogram. O
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To summarize, Proposition ([3.13|) and Proposition (3.14) tell us that there are no other possible
minimal ¢’s in addition to those that we have constructed directly. Consideng also the two mini-
mal ¢’s described in the proof of the Theorem ([3.10), the number of minimal spine of a torus, up

to dilation and reflection, is N = L\% sina + 2.

4. Hyperbolic surfaces

Let now S, be a closed orientable surface of genus g > 2. The oriented hyperbolic metrics on
Sy form the moduli space M(S,) and the minimum length of a spine furnishes the spine systole

S: M(Sy) — R.
We now prove some facts on the function S.

THEOREM 4.1. The function S is continuous and proper. Its global minima are precisely the extremal
surfaces.

PROOF. The function S is clearly continuous because the length of spines varies continuously
in the metric. We now prove properness as an easy consequence of the Collar Lemma [34].

By Mumford’s compactness theorem the subset M. (S;) C M(S,) of all hyperbolic metrics
with (closed geodesic) systole > ¢ is compact for all ¢ > 0, and the Collar Lemma says that for
sufficiently small ¢ > 0 a hyperbolic surface S € M(S,;) \ M.(S,) has a simple closed curve ~y
of length < ¢ with a collar of diameter C|(¢), for some function C such that C(¢) — oo ase — 0.
Every spine I" of S; must intersect v and cross the collar, hence L(I') > C(e) and therefore S is
proper.

We now determine the global mimima of S. Let I be a spine in S € M(S;) of minimal length.
The spine has 6g — 3 edges. As in the Euclidean case, by cutting S along I we get a hyperbolic
polygon P with 12g — 6 edges and all interior angles 2. The length of I' is half the perimeter of
p.

Porti has shown [80] that, among all hyperbolic n-gons with fixed interior angles, the one
with smaller perimeter is the unique one that has an inscribed circle. Therefore among all poly-
gons P with angles 2T the one that minimizes the perimeter is precisely the regular one R, that
is the one whose sides all have the same length. We deduce that the global minima for S are the
hyperbolic surfaces that have R as a fundamental domain, and these are precisely the extremal

surfaces, as proved by Bavard [17]. O

It would be interesting to investigate the function S and check for instance whether it is a
topological Morse function, see [39].

In the flat case we have shown that the number of minimal spines is finite. In the hyperbolic
setting, we do not know if the same is true. To conclude the section, we prove a partial result:

THEOREM 4.2. The number of minimal spines with bounded length of a closed hyperbolic surface S
is finite.

PROOF. In the proof of Theorem it results clear that every set of minimal spines of equi-
bounded length is compact. We now prove that for hyperbolic surfaces every such set is discrete,
hence finite. By contradiction, let I',, be a sequence of distinct minimal spines of S of equibounded
length, converging in the Hausdorff distance to the minimal spine I'. Moreover L(I',,) — L(T).
For every A € [0, 1] and every n big enough, we construct, exactly as in the proof of Theorem
the (not necessarily minimal) spine I'), and continuous function F,,(A\) = L(T}). The surface S is
hyperbolic, therefore, by Lemma F,,(X) is strictly convex. Both I' and I',, are minimal spines,
that is stationary points of the length functional, hence, F}, (0) = F) (1) = 0 and F,, is constant in
A: a contradiction. O

5. Non positive constant curvature surfaces.

We restrict the attention to the case of non positive constant curvature surfaces. The goal is
to show that minimal spines are local minimizers for the length functional, justifying our choice
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for the adjective “minimal”. Let us begin with a definition and a well-known lemma about the
convexity of the distance function in H? that we take from [34].

DEFINITION 5.1. Let z1, x5 be points in H?, R? or S? and A € [0, 1]. The convex combination
x = Az1 + (1 — N2 is defined as follows:

inR*:  z=2Ax;+ (1 - N
. A\xry + (1 — /\).IQ
in H?, 5% : T =
[Az1 4+ (1 = Az
where in the H? case we are considering the hyperboloid model in R3 with the Lorentzian scalar

product (-,-) and ||v|| = /— (v, v).

LEMMA 5.2. Let x1,x2,y1,y2 be points of the hyperbolic plane H?. For A € (0, 1), consider the
convex combinations xy = Ax1 + (1 — Nag and yy = Ay1 + (1 — A)ya. Then, we have

d($>\7y>\) < Ad(xla yl) + (1 - A)d(vayQ) ’
with equality only if x1, xa, y1, y2 belong to the same line. Here d denotes the distance in H?.

PROOF. Without loss of generality, for simplicity, we prove only the case A = 1, therefore z
(resp. y») is the midpoint of z1 and x5 (resp. y; and y2). If 5 = y, the theorem is trivial, hence
We Suppose T 7# Y.

Let o, be the reflection at the point p € H?. The map 7 = o,, o 0,, translates the line r
containing the segment x,y, by the quantity 2d(x, y»): hence it is a hyperbolic transformation
with axis r. We call z; = 7(x;) and note that z; = 0, (x2), hence d(z2,y2) = d(z1,y1).

FIGURE 16.

The triangular inequality implies that
d(@1,21) < d(z1,y1) + d(yr, 1) = d(z1, y1) + d(@2,92) - (6.1)

We notice that the equality holds only if z;,y1 and z; belong all to the same line.
A hyperbolic transformation has minimum displacement on its axis r, hence

2d(xx,yn) = d(xx, 20) = d(xx, 7(22)) < d(21,7(21)) = d(21, 21) 5 (5.2)

and the equality holds only if z; (and hence x2) is in r. Finally we get d(zx,yx) < %(d(:ch ) +
d(x2,y2)) and hence d is convex.

Notice that the equality holds both in and in only if z1, 22, y1, Y2 belong to the same
line r. O

THEOREM 5.3. Minimal spines of closed surfaces of non positive constant curvature are local minima
for the length functional among spines, with respect to the Hausdorff distance.
If the curvature is negative, these are strict local minima.

PROOF. We prove the first statement by contradiction.

Consider a sequence of spines I',, of the surface S converging in the Hausdorff distance to
a minimal spine T, such that L(T',,) < L(I'). The minimal spine I" of S is a network composed
by geodesic arcs joining k triple junctions 1, ..., x5, where the number & depends only on the



5. NON POSITIVE CONSTANT CURVATURE SURFACES. 32

topology of S (see Remark . For n big enough, also I'), have k triple junctions z1 », ..., Tk n.
Moreover, we can suppose that for n big enough I',, are composed only by geodesic segments.
Indeed if T',, are not composed by geodesic segments, we can replace I',, with T',,, union of geo-
desic arcs, with the same triple junctions of I';,, and the value of the length functional decreases

L(T,) < L(T',) < L(T).

For n big enough, and for every A € [0,1] and ¢ € {1,...k}, take the convex combination
*n = (1= XNz + Az, and define T')) as the spine obtained by joining the points z;, with
geodesic segments in the same pattern of I. We get a continuous family of spines {I')}xc(o,1]
such that ', =T, and T, = T'. By Lemma 5.2} the continuous function F,(\) = L(I';) is convex
(convexity of the distance function is easily proved also in the Euclidean case) and F,,(1) < F,(0).
We also have F},(0) = 0 because the minimal spine I' is a stationary point of the length functional.
This implies that L(T",,) = F,,(1) > F,,(0) = L(T") and we have a contradiction.

In the hyperbolic case, Lemma 5.2 provides strict convexity and hence I' is a strict local min-
imum. t

T

REMARK 5.4. Itis not restrictive to consider local minima of the length functional only among
spines and not in the larger class of networks. Indeed, if we take a smooth family ®, of diffeo-
morphism of S with ¢t € [0,7] and a spine I" and we consider a small perturbation of I" via these
diffeomorphisms, I', = @, (T') is still a spine for ¢ small enough. In particular, in the proof of
Theorem 5.3} we show that L(T') < L(® (I")), for all ®; and for ¢ small enough.



CHAPTER 2

Evolution of networks with multiple junctions

1. Notation and definitions

Given a C! curve o : [0,1] — R? we say that it is regular if o, = 92 is never zero. It is then
well defined its unit tangent vector 7 = 0,,/|0;|. We define its unit normal vector as v = R =
Ro./|o.|, where R : R? — R? is the counterclockwise rotation centred in the origin of R? of angle
/2.

If the curve ¢ is C? and regular, its curvature vector is well defined as k = 7, /|0, = 94 /|0, |.
The arclength parameter of a curve o is given by

s=sta) = [ loa(o)lde.

Notice that 9s = |0,|7'0,, then 7 = 950 and k = 9,7, hence, the curvature of ¢ is given by
k={(k|v) ask = kv.

DEFINITION 1.1. Let Q2 be a smooth, convex, open set in R?. A network S = |J]_, 0%([0,1]) in
) is a connected set in the plane described by a finite family of C*, regular curves o : [0,1] — Q
such that

(1) the “interior” of every curve o, that is 0%(0,1), is embedded (hence, it has no self-
intersections); a curve can self-intersect itself only possibly “closing” at its end—points;

(2) two different curves can intersect each other only at their end—points;

(3) the points where two or more curves intersect or a single curve self-intersects, have
order at least three, considering S as a planar graph;

(4) any curve can “touch” the boundary of 2 only at one of its end—points;

() if a curve of the network touches the boundary of {2 at a point P, no other end—point of
a curve can coincide with that point.

We call multi-points of the network the vertices O',0?,...,0™ € (, seeing S as a planar
graph, where the order is greater than one (actually it must be at least three, by the above Condi-
tion 3).

We call end—points of the network, the vertices P!, P?,..., P! € Q of S (on the boundary or
not) with order one.

We say that a network is of class C* or C* if all the n curves are respectively C* or C*°.

T _— —
ot
P2 g 3
g
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Q - Q

[

\

pt \\
FIGURE 1. Two possible violations of the definition of network (Condition 4 and
Condition 5, respectively).

33



1. NOTATION AND DEFINITIONS 34

REMARK 1.2. The conditions on the curves of a network in this definition have the following
meanings:

e by the connectedness of the network, Condition 3 excludes the possibility of a network
composed by a single embedded curve “closing” at its end-points. The evolution of a
single smooth closed curve was widely studied by Gage, Hamilton, Grayson, Angenent
et alt. (see [10, 11}, 12} 37,36} 138} 41]). Moreover also the case that such single curve form
an angle or a cusps (the cusp is the most “delicate” situation) in “closing” can be dealt
by means of the works of Angenent [10}11,12], actually the curve becomes immediately
smooth, flowing by curvature;

FIGURE 2. Two example of well known cases that are not networks: a single
closed curve and two curves forming an angle at their junction.

o Condition 3 also exclude the possibility that only two curves concur at a vertex forming
an angle (or a cusp, if they have the same tangent), situation that also can be analysed
as above, by considering them as a single curve with a “singular” point that vanishes
immediately under the flow;

o Condition 4 excludes the case of a single embedded curve with fixed ends. This evolu-
tion problem is discussed in [49} (88, 89];

o the conditions on the boundary, in particular Condition 5, are to keep things simple and
imply that the multi—points can be present only inside €2, not on the boundary, while the
end-points can be both inside or on 0f2.

The curves o have clearly nonzero finite lengths L¢ = fol |0t (€)| d¢ and we will denote with
L =L'+---+ L" the global length of the network.

n

DEFINITION 1.3. An open network S = |J;_, o*(I) in R? is a connected set in the plane de-
scribed by a finite family of C, regular curves o’ : I — R?, where I can be the interval [0, 1] or
[0,1), such that

(1) every “open” curve o' : [0,1) — R? is C'-asymptotic to a halfline in R? as z — 1;

(2) the “interior” of every curve o' is embedded (hence, it has no self-intersections), only
a curve of kind ¢* : [0,1] — R? can self-intersect itself and only “closing” at its end-
points;

(3) two different curves can intersect each other only at their end—points;

(4) every end—point of a curve belongs to some multi-point of the network with order at
least three, considering S as a planar graph;

As before, we say that an open network is of class C* or C* if all the n curves are respectively
C* or C*.
REMARK 1.4. Since we called these unbounded networks “open”, we will adopt the word

“closed” for the previous networks in Definition [I.T| which are bounded and possibly have some
end-points.

Given a network composed by n curves with [ end—points P!, P2,... P! € Q (if present) and
m multi-points O', 0%, ...0™ € Q, we will denote with %" the curves of this network concurring
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at the multi-point O, with the index i varying from one to the order of the multi-point O? (this is
clearly redundant as some curves coincides, but useful for the notation). In the case of a network
of n curves with only m 3—points, it is then composed by the family (with possible repetitions) of
curves o, withp € {1,2,...,m} and i € {1,2,3}.

Our goal will be analysing the curvature flow of a network assuming either it is open or that

all its end—points (if present), have to coincide with some points P!, P2, ..., P! on the boundary
of ) (as we said, by Condition 5 in Definition at most one curve of the network can arrive at
any point P"). We will discuss existence, uniqueness, regularity and asymptotic behavior of the
evolution by curvature of such a network.
In the “closed” case we will ask that the end—points P" € 0Q stay “fixed” (Dirichlet boundary
conditions) during the evolution. An analogous problem is to let such end—points “free” to move
on the boundary of 2 but asking that the curves intersect orthogonally 02 (Neumann boundary
conditions).

We will define now a special class of networks that will play a key role in the analysis.

DEFINITION 1.5. We call a network (open or not) regular if its multi—points O', 0%,...0™ € Q
have order three and at each of them the three concurring curves {o7'};_; 5 3 meet in such a way
that the external unit tangents 77' satisfy 77! + 772 4 773 = 0, which means that the three curves
form three angles of 120 degrees at O? (Herring condition).

We call a network non-regular if some multi-point has order different from three or if it has
order three but the external unit tangents of the three concurring curves {o?*},—1 2 3 do not satisfy
7Pl 4 7P2 4 773 = (0. We will call such a point a non—regular multi—point.

P8 — T

FIGURE 3. A regular network.

We are now ready to define the evolution by curvature of a C? regular network, which, in
the “closed case”, is the geometric gradient flow of the Length functional, that is, the sum of the
lengths of all the curves of the network. Roughly speaking, a (solution of the) flow by curvature of
a network is a smooth family of embedded, planar networks, such that the normal component of
the velocity under the evolution, at every point of every curve of the evolving network, is given
by the curvature vector of the curve at the point.

Given a time dependent family of regular C? networks of curves S; = (J;_, 7([0,1],), we

let 7" = 7% (,t) the unit tangent vector to the curve 7%, v* = v* (z,t) = R7" (z,t) the unit normal
vector and k' = k' (z,t) = k' (,t) v (2,) its curvature vector, as previously defined.
Here and in all the sequel, we will denote with 0, f, s f and 0, f the derivatives of a function f
along a curve v with respect to the z variable, the arclength parameter s on such curve, defined
by s(z,t) = [ V(& 1) d€, and the time; 07 f, 07 f, 9;' f are the higher order partial derivatives
which often we will also write as f;, fox - - -, fs, fsss--- and fo, fre, ...
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DEFINITION 1.6. We say that a family of homeomorphic, regular networks S;, each one com-
posed by n curves vi(-,t) : I; — Q (where I; is the interval [0,1] or [0,1) in case of an open
network), in a smooth convex, open set Q C R?, moves by curvature in the time interval (0, 7)) if
the functions v : I; x (0,T) — Q are of class C? in space and C"! in time at least and satisfy

Vi, t) =k (z, ) (x, ) + Nz, t)7 (2, ) (1.1)
@ 1vi(z. 1)) . ) )
— <’Y$$(x’ )ly (2.'17, )> Ul(l',t) + )\Z((E,t)TZ(CE7t)
7z (2, )]
for some continuous functions \’, for every z € I;, ¢t € (0,7),i € {1,2,...,n}.

Another equivalent way to state this evolution equation is clearly

We will call v/ = +f = kvt + \i7? and \' = M7 respectively the velocity and the tangential
velocity of the curve +¢, notice that the normal velocity is given by the curvature vector of the curve
" at every point. It is easy to see that v’ = k' + )\’ and [v'|? = |k']? + |A']2 = (k)% + (\)2

ﬁ(mc,t)L = ki(:r,t)ui(x,t) = Ei(m,t) = <

We underline that, in general, if there is no need to make explicit the curves composing a
network, we simply write 7, v, v, k, A, k, A for the previous quantities, omitting the indices.
Moreover, we will adopt the following convention for integrals,

n 1
f(t,%r,u,k,ks,...,A,AS...)ds:Z/ F, A, T v R D NN L) |y da
S¢ =1 0

as the arclength measure is given by ds = |y | dx on every curve ~°.

Sometimes we will use also the following notation for the evolution of a network in Q C R?:
we let S C R? a “referring” network homeomorphic to the all S;, and we consider a map F :
S x (0,T) — R? given by the “union” of the maps v : I; x (0,7) — € describing the curvature
flow of the network in the time interval (0,7), thatis, S; = F(S, )

REMARK 1.7. We spend some words on the above definition and evolution equation (1.1)

which is not the usual way to describe the motion by curvature of a smooth curve, that is,

7 7

7zl
Both motions are driven by a system of quasilinear partial differential equations, in our definition
“admitting a correction” by a tangential term. Indeed, the two velocities differ only for a tangen-
tial component A\’ = Ai7%. In the curvature evolution of a smooth curve it is well known that
any tangential contribution to the velocity actually affects only the “inner motion” of the “single
points” (Lagrangian point of view), but it does not affect the motion of a curve as a whole subset
of R?, forgetting its parametrization (Eulerian point of view). Indeed, it can be shown that a flow
of a closed curve satisfying equation can be globally reparametrized (dynamically in time)
in order it satisfies equation (1.3). However, in our situation such a global reparametrization is
not possible due to the presence of the 3—points. It is necessary to consider such extra tangential
terms in order to allow the motion of the 3—points also. Indeed, if the velocity would be in normal
direction at every point of the three curves concurring at a 3—point, this latter should move in a
direction which is normal to all of them, then the only possibility would be that it does not move
at all (see also the discussions and examples in [18, 19, 56]).

REMARK 1.8. A very special case of an evolving curve 7' satisfying equation (I.I) is a solution
of the following system of quasilinear partial differential equations,

i “Yi
Ve = ?xg : (1.4)
17l
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In this case, it follows that

vl =vi(x,t) = V?TQ velocity of the point v(z,t),

A= iz, t) = <V;x.‘|;> = <A’”.||Z;> = 0y tangential velocity of the point 7' (x,t),

TIvil

k' = ki(z,t) = WLH;’” = (0,7 | V) = — (01 | T) curvature at the point v/(z,t) .

DEFINITION 1.9. A curvature flow +* for the initial, regular C? network So = (J!-_, ¢*([0, 1])

2
Yoz

which satisfies 'yti = i

for every ¢t > 0 will be called a special curvature flow of Sy.

DEFINITION 1.10. Given an initial, regular, C? network Sy, composed by n curves * : [0, 1] —
Q, with m 3-points O!,0%,...0™ € Q and [ end-points P, P2,..., P! € 9 in a smooth convex,
open set Q C R?, we say that a family of homeomorphic networks S;, described by the family
of time-dependent curves ~(-, t), is a solution of the motion by curvature problem with fixed
end—points in the time interval [0, T) if the functions 7" : [0,1] x [0,T) — Q are continuous, there
holds ~(z,0) = o'(x) for every z € [0,1] and i € {1,2,...,n} (initial data), they are at least C*
in space and C" in time in [0, 1] x (0,7) and satisfy the following system of conditions for every
xz€]0,1,t€(0,T),ie{1,2,...,n},

iz, t) #0 regularity

~v"(1,t) = PT with0 <r <] end—points condition
Z?Zl TPI(OP,t) =0  atevery 3—point OP angles of 120 degrees
vl = kv AT for some continuous functions A* motion by curvature

(1.5)
where we assumed conventionally (possibly reordering the family of curves and “inverting”
their parametrization) that the end—point P" of the network is given by 7"(1,¢) (by Condition 4
in Definition [1.1|this can be always done).

Moreover, in the third equation we abused a little the notation, denoting with 777(OP,t) the
respective unit normal vectors at OP of the three curves v%7 (-, t) in the family {y*(-,¢)} concurring
at the 3—point OP.

We also state the same problem for regular, open networks.

DEFINITION 1.11. Given an initial, regular, C? open network Sy, composed by n curves o
I; — R?, we say that a family of homeomorphic open networks S; with the same structure as S
(in particular, same asymptotic halflines at infinity), described by the family of time-dependent
curves (-, t), is a solution of the motion by curvature problem in the time interval [0, T) if the
functions v : I; x [0,T) — R? are continuous, there holds 7!(z,0) = o%(x) for every z € I; and
i € {1,2,...,n} (initial data), they are of class at least C? in space and C'! in time in I; x (0,7)
(here I; denotes the interval [0, 1] or [0, 1) depending whether the curve is unbounded or not) and
satisfy the following system for every z € I;,t € (0,T) ,i1 € {1,2,...,n},

yi(z,t) #0 regularity
Z?Zl TPI(OP,t) =0  atevery 3—point OP angles of 120 degrees
Vi = kvt 4 Nt for some continuous functions \‘ motion by curvature

(1.6)
where, in the second equation, we used the same notation as in Deﬁnitionm

REMARK 1.12. In Definitions and the evolution equation must be satisfied till
the borders of the intervals [0, 1] and [0, 1), that is, at the 3—points and the end-points, for every
positive time. This is not the usual way to state boundary conditions for parabolic problems (the
parabolic nature of this evolution problem is clear by Definition [1.6| - see also Remark [1.7] and
it will be even clearer in Section [3), where usually only continuity at the boundary is required.
Anyway, as it is common in parabolic problems, at every positive time such boundary conditions
are satisfied by any “natural solution”.
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This property of regularity at the boundary implies that
(kv +A7)(P") =0, forevery r € {1,2,...,1},
and
(KP'WPE 4+ NPETPY (OP) = (KPTyPT 4 \PITPI)(OP) | for every 4,5 € {1,2,3},p € {1,2,...,m},

(where we abused a little the notation), obtained by simply requiring that the velocity is zero at
every end—point and it is the same for any three curves at their concurrency 3—point.

Moreover, notice that in Definitions and the evolution equation must be satis-
fied only for ¢ > 0. If we want that the maps 7" are C* in space and C' in time till the whole para-
bolic boundary (given by [0, 1] x {0}U{0, 1} x [0, T') in Definition[.I0Jand [0, 1] x {0} U{0, 1} x [0, T)
or [0,1) x {0} U{0} x [0, T) in Definition[1.11), the above conditions must be satisfied also by the
initial regular network Sy, for some functions Ay extending continuously the functions A which
are defined only for ¢ > 0.

We concentrated on regular network for the moment since in studying problems and
starting from a non-regular network several difficulties arise, related to the presence of gen-
eral multi—points: if there are multi-points OP of order greater than three, there can be several
possible candidates for the flow. Considering, for example, the case of a network composed by
two curves crossing each other (presence of 4—point); one cannot easily decide how the angle at
the meeting point must behave, indeed one can allow the four concurrent curves to separate in
two pairs of curves, moving independently each other and could even be taken into account the
creation of new multi-points from a single one.

If there are several multi—points during the flow some of them can collapse together and the
length of at least one curve of the network can go to zero.

In these cases, one must possibly restart the evolution with a different set of curves, the topology
of the network change dramatically, forcing to change the “structure” of the system of equations
governing the evolution.

Anyway a very natural conjecture is that the curvature flow of a general network (under a suit-
ably good definition) should be non-regular only for a discrete set of times. We will get back on
this in the following sections.

2. Basic computations

We work out now some basic relations and formulas holding for a regular network evolving
by curvature, assuming that all the derivatives of the functions 7" and \* that appear exist.

LEMMA 2.1. If 7y is a curve moving by
Yy = kv + A1,
then the following commutation rule holds,
0105 = 050, + (K* — \5)0s . (2.1)

PROOF. Let f:[0,1] x [0,7') — R be a smooth function, then

Jta Ve | Vat) [z
005 f — 0:0uf = ‘ﬁ - <|'7§,> ~ i = (Tlonnaus

= —(T]0s(Ar + kv))0sf = (k* = Xs)Os f

and the formula is proved. O
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Then we can compute, for an evolving curve as in the previous lemma,
0y = 01057 = 950y + (K = Ay = Os(AT + kv) + (k* = A)m = (ks + kA)v,  (2.2)
v =0(R7) = RO = — (ks + kN7, (2.3)
Ok = 04 (057 | V) = (01057 | V) = (05047 | V) + (K* — Xs) (05T | V) (2.4)
=0,(0,7 | V) + K> — kXg = Og(ks + EXN) + B> — kX,
= ko5 + ks A+

Moreover, in the special case that A = %, when the curve « evolves according to
V¢ = |%UT2 =kv+ A1
Vx
(see Remark|[L.8), we can also compute
1 « | Via Os(A k As — K2
o= 0, L —g el 100 R o O k) 25
|’7$| |'71| |%c| |%ﬁ|

=0,(As — k%) — M Ds — k?) = Ags — ANy — 2Kk, + NE2.

We consider the curvature flow of a family of regular, C*° networks S;, composed by n curves
4% with m 3-points O, 02, ..., 0™ and [ end-points P!, P2,... Pl
Then, at every 3—point O?, with p € {1,2,...,m}, differentiating in time the concurrency condi-
tion
APH(0,t) = 477 (0, 1) for every i and j,

where 77" denotes the i—th curve concurrent at the 3—point O? and we supposed for simplicity
that they are parametrized such that they all concur for = 0 at O?, we get

\Pipi 4 LPiyPt — \PJPJ 4 JPJ1,PJ
at every 3—point O?, withp € {1,2,...,m}, forevery i,j € {1,2,3}.
Multiplying these vector equalities for 77! and v*! and varying i, j, 1, thanks to the conditions
S P =32 vP =0, we get the relations

AP = \PUHD jo (/3Ep(HD) /9

AP — _)\p(ifl)/g + \/gkp(ifl)/g

kPt — _kp(i+1)/2 + \/g)\p(i+1)/2

kPl — _kp(ifl)/g _ \/§/\p(i*1)/2

with the convention that the second superscripts are to be considered “modulo 3”. Solving this
system we get
Lp(i—=1) _ fp(i+1)

V3
AP+ _ \p(i—1)

V3

AP?

kP =
which implies

3 3
SR =) A =0 (2.6)
i=1 =1

at any 3—point OP of the network S;.
Moreover, considering K? = (kP! kP2 kP3) and AP = (AP}, \P2  \P3) as vectors in R?, we have
seen that K” and A” belong to the plane orthogonal to the vector (1,1,1) and

KP = AP A (1,1,1)/V3, AP = —KP A (1,1,1)/V3, (2.7)
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that is, K» = SA? and A? = —SKP” where S is the rotation in R? of an angle of /2 around the axis
I=((1,1,1)). Hence, it also follows that
3 3 3

DR =D () and > RN =0

i=1 i=1 i=1
at any 3—point O? of the network S;.

Now we differentiate in time the angular condition $?_, 77/ = 0 at every 3—point O, with
p € {1,2,...,m}, by equation (2.2) we get

kP! NPURPE = P74 \PT|PI

for every pair 4, j. In terms of vectors in R3, as before, we can write
KP + APKP = (KPY 4 NPLEPY P2 4 NP2EP2 |3 4 2P3EP3) ¢ ]
Differentiating repeatedly in time all these vector relations we have
OIKP  OIAP 1T and OL(KP|AP) =0,
OLAP = —9ISKP = —SOIKP (2.8)
0" (KE + APKP) €1,

which, making explicit the indices, give the following equalities at every 3—point O?, with p €

{1727"'7m}/

3 3

3 3
ka Z@lkm Z/\pi:ZBiApizatzkpi/\pi:O’

i=1 i=1 =1 =1

Z oLkPh)? Z (9IAP))? forevery I €N,

O (kP! 4 NPIEPYY = 9™ (KPJ 4 NPIEPT) for every pair 4, j and m € N.
Moreover, by the orthogonality relations with respect to the axis I, we get also
OKPO™(KP + APKP) = 0LAPO (KP + APKP) =0,

that is,
3 3
D OHRPT O (KD 4+ NPT = O[NP O (kD' 4+ AP RP') = 0 forevery L m € N, (2.9)
i=1 i=1

REMARK 2.2. By the previous computations, for every solution in Definitions at
t > 0 the curvature at the end—points and the sum of the three curvatures at every 3—point have
to be zero and the same for the functions A.
Then, a necessary condition for the maps +* to be C? in space and C! in time till the whole
parabolic boundary (given by [0, 1] x {0} U{0, 1} x [0, T') in Definition[I.10]and [0, 1] x {0} U {0, 1} x
[0,7) or [0,1) x {0} U{0} x [0, T) in Definition[1.11), is that these conditions are satisfied also by
the initial regular network Sy, for some functions Ay (see Remark extending continuously
the functions A which are actually defined only for ¢t > 0. That is, for the initial regular network
So, there must hold

(kv + XoT)(P") =0, foreveryr € {1,2,...,1}
and _ _
(KPIWP! 4 \D' TP (OP) = (KPIyPd 4 NP 7P7)(OP), for every i, j € {1,2,3}.

In particular, for the initial network Sy = (J;_, 0%(I;), the curvature at the end—points and the
sum of the three curvatures at every 3—point have to be zero.
These conditions on the curvatures of Sy = (J;__, o’ (I;) are clearly geometric, independent of the
parametrizations of the curves ¢* but intrinsic to the set Sy and they are not satisfied by a generic
regular, C? network
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3. Short time existence I

In this section we start dealing with the problem of existence/uniqueness for short time of
a solution of evolution Problem for an initial regular network Sy, with fixed end—points on
the boundary of a smooth, convex, open set 2 C R.

We will establish a short time existence theorem of a curvature flow for a special class of
C*+2a (second derivative in 2a-Hélder space, for some o € (0,1/2)) regular initial networks,
satisfying some “compatibility conditions” at the end—points and at the 3-points. We analyse
more general regular networks in Section 5]

Then we will discuss the problem of the uniqueness of the curvature flow of a network.

For sake of simplicity, we will deal in some detail with the case of the simplest possible
network, a triod and we will explain how the same line works for a regular network with general
structure.

DEFINITION 3.1. A triod T = Ule a'([0,1]) is a network composed only of three C'! regular
curves o’ : [0,1] — Q where Q is a smooth, convex, open subset of R?. These three curves intersect
each other only at a single 3—point O and have the other three end—points coinciding with three
distinct points P’ = ¢* (1) € Q.

An open triod T = |J}_, ¢%([0,1)) in R? is given by three C' regular curves o : [0,1) — R?
which intersect each other only at a single 3-point O and each one of them is C''-asymptotic to a
halfline in R?, as z — 1.

As before, the triod is regular if the tangents of the three curves form angles of 120 degrees
at the 3—point O.

FIGURE 4. A regular triod on the left and an open regular triod on the right.

We restate Problem for a triod.
The one parameter family of triods T, = |J>_,~*([0,1],#) is a flow by curvature in the time
interval [0, T') of the initial, regular triod Ty = U?:1 0% ([0,1]) in a smooth convex, open set ) C
R?, if the three maps 7% : [0, 1] x [0,T) — Q are continuous, there holds ~(z,0) = o*(z) for every
z € [0,1]and i € {1,2, 3} (initial data), they are at least C? in space and C" in time in [0, 1] x (0, T)
and satisfy the following system of conditions for every = € [0,1],t € (0,T),¢ € {1,2,3},

Va(z,1) #0 regularity

vi(1,t) = P! fixed end-points condition
3 7 (00)

Zizl RACD] }—40 | angles of 120 degrees

Vi = kvt 4 AT for some continuous functions A*  motion by curvature

3.1)
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In order to have a short time existence theorem, we make a special choice for the functions
A*, by considering the system of quasilinear PDE’s:

yi(z,t) #0 regularity

yi(1,t) = P? fixed end—points condition

7' (z,0) = o'(2) initial data (3.2)
PO |3Z§83| =0 angles of 120 degrees

yi(z,t) = |1:?1(7It)t |)2 motion by curvature

where we substituted v} = kv’ + N7t with 4} = lzzlz for every z € [0,1],¢t € [0,7) and i €
{1,2,3} (see Remark[1.8).

By means of a method of Bronsard and Reitich in [19], based on Solonnikov theory [87] (see
also [61]]), as the system satisfies that the so—called complementary conditions (see [87, p. 11]),
which are a sort of algebraic relations between the evolution equation and the boundary con-
straints at the 3—point and at the end—points of the triod (see [19 Section 3], for more detail),
there exists a unique solution »* € C*t2%!*a ([0,1] x [0,T)) of system (B.2), for some maximal
time T > 0, given any initial regular C>*2* triod Ty = |J>_, 0([0, 1]), with o € (0,1/2) provided
it satisfies the so—called compatibility conditions of order 2.

DEFINITION 3.2. We say that for system the compatibility conditions of order 2 are satisfied
by the initial triod Ty = U?Zl o®(]0,1]) if at the end-points and at the 3-point, there hold all the
relations on the space derivatives, up to second order, of the functions ¢ given by the boundary
conditions and their time derivatives, assuming that the evolution equation holds also at such
points.

Explicitly, the compatibility conditions of order 0 at the 3-point are

c'(0) = 7(0) foreveryi,j € {1,2,3}
and
o'(1) = P foreveryic {1,2,3},

that is, simply the concurrency and fixed end—points conditions.
The compatibility condition of order 1 is given by

3 o
ci(0)
2 i~

that is, the 120 degrees condition at the 3—point.
To get the second order conditions, one has to differentiate in time the first ones, getting

o, (1) _
ot (1)

0 foreveryie {1,2,3},

and

i J
Oz (O) — Tz (0) for every i,,j S {17 27 3} :

CACNEAO]E
THEOREM 3.3 (Bronsard and Reitich [19]). For any initial, reqular triod Ty = Uf’zl a'([0,1]), of
class C?2* with o € (0,1/2), satisfying the compatibility conditions of order 2, there exists a unique
solution in C>+2*1+([0,1] x [0,T)) of system B2). Moreover, every triod T, = |Jo_, v*([0,1],1)
satisfies the compatibility conditions of order 2.

REMARK 3.4. Actually, in [19] the authors do not consider exactly Problem but the anal-
ogous “Neumann problem”. That is, they assign an angle conditions at the 3—point and require
that the end—points of the three curve meet the boundary of €2 with a prescribed angle (respec-
tively, 120 and 90 degrees in the case explicitly proved in detail).

A solution of system (3.2) clearly provides a solution to Problem (3.1).
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THEOREM 3.5. For any initial, regular C2+2% triod Ty = \J_, o%((0,1]), with o € (0,1/2), in
a smooth, convex, open set Q C R?, satisfying the compatibility conditions of order 2, there exists a
C?*r2eslte((0, 1] x [0,T)) curvature flow of To in a maximal positive time interval [0,T). Moreover,
every triod T, = Ule v([0, 1], ¢) satisfies the compatibility conditions of order 2.

PROOF. If ¢ € C?F2x1+e([0,1] x [0,T)) is a solution of system (3.2), then it solves Prob-

lem (3.I) with
Vo) = D@D @) k(0|22 t)
I (2, t)[? i ()

Indeed, it follows immediately by the regularity properties of this flow that the relative functions
A? belong to the parabolic Holder space C?*%([0,1] x [0,T)) (hence, in C*([0,1] x [0,T)), thus
continuous) and all the triods T, are in C?*2*, satisfying the compatibility conditions of order 2.
The property that these evolving triods are regular follows by the standard fact that the maps
7% are continuous, belonging to C''2%1/2+([0, 1] x [0, T)]) (see [58, Section 8.8]), hence, being o*
regular curves, 7% (x,t) # 0 continues to hold for every = € [0,1] and for some positive interval
of time.

The fact that a curve cannot self-intersects or two curve cannot intersect each other can be ruled
out by noticing that such intersection cannot happen at the 3—point by geometric reasons, as the
curvature is locally bounded and the curves are regular, then it is well known for the motion by
curvature that strong maximum principle prevents such intersections for the flow of two embed-
ded curves (or two distinct parts of the same curve). A similar argument and again the strong
maximum principle also prevent that a curve “hits” the boundary of € at a point different from
a fixed end—point of the triod. O

The method of Bronsard and Reitich extends to the case of an initial regular network Sy in
a smooth, convex, open set {2 C R?, with several 3—points and end—points. Indeed, as we said,
such method relies on the uniform parabolicity of the system (which is the same) and on the fact
that the complementary and compatibility conditions are satisfied.

DEFINITION 3.6. We say that a regular C? network Sy = (i, 0%([0, 1]) is 2—compatible if the
maps o satisfy the compatibility conditions of order 2 for system (3.3), that is, o, = 0 at every
end-point and

oTL(O") _ om(07)

joF (OP)2 ok (07)]?
for every pair of curves o?® and o’ concurring at any 3—-point O? (where we abused a little the
notation like in Definition [1.10).

THEOREM 3.7. For any initial, reqular C*T2* network So = |J;—, o*([0,1]), with a € (0,1/2),
which is 2-compatible, there exists a unique solution in C*2%1 < ([0, 1] x [0, T")) of the following quasi-
linear system of PDE’s (where we used the notation of Definition [1.10)

v (x,t) 7é 0 reqularity

v (1,t) = with0 <r < fixed end—points condition

vi(x,0) = - p(z) initial data (3.3)
Zj’ 1 ﬁ =0 at every 3—point OP angles of 120 degrees

Yi(z,t) = "’“(D("L ;‘)2 motion by curvature

forevery x € [0,1],t € [0,T) and i € {1,2,...,n}, in a maximal positive time interval [0,T).
Moreover, every network S; = Ui, v*([0, 1], ) is 2—compatible.

As before, a solution of system (3.3) provides a solution to Problem (1.5), since the same
geometric considerations in the proof of Theorem 3.5 hold also in this general case.

THEOREM 3.8. For any initial, reqular C*T2* network So = J;—, o*([0,1]), with a € (0,1/2),
in a smooth, convex, open set Q@ C R?, which is 2-compatible, there exists a C*T2*1+([0,1] x [0,T))
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curvature flow of Sg in a maximal positive time interval [0,T).
Moreover, every network S; = i, v*([0, 1], ) is 2—compatible.

We recall that a special curvature flow of Sy is a curvature flow +* for the initial, regular C?
network Sy = |J_, o*([0, 1]) which satisfies 7; = |7%|f2 for every t > 0 (see Definition .
By the very definition, every network of a special curvature flow is 2-compatible, for ¢t > 0.

Clearly, the solution given by Theorem (which is the curvature flow mentioned in Theo-
rem 3.8) is a special curvature flow.

REMARK 3.9. Notice that if we have a C%! curvature flow S;, it is not necessarily 2-compatible
for every time. It only have to satisfy kv + A7 = 0 at every end—point and

(KP'WP! 4 NPLTPHY(OP) = (KPTyPT 4 \PITPI)(OP) | for everyi, j € {1,2,3}
at every 3—point O? (see Remark[2.2).
These relations implies anyway that for every evolving network S; the curvature is zero at every

end-point and the sum of the three curvatures at every 3—point is zero. We see now that this
implies that reparametrizing S; by a C°*° map we obtain a 2-compatible network.

DEFINITION 3.10. We say that a regular C? network So = |J}_, 0%([0,1]) is geometrically 2—
compatible if it admits a regular reparametrization by a C'* map such that it becomes 2—compatible.

By this definition, it is trivial that the property to be geometrically 2—compatible is invari-
ant by reparametrization of the curves of a network. Moreover, it is a geometric property of a
network since it involves only the curvature, by the following lemma.

LEMMA 3.11. If for a reqular C* network So = |J_ 10 “([0,1]) the curvature is zero at every end—
point and the sum of the three curvatures at every 3—point is zero, then Sy is geometrically 2—compatible.

PROOF. We look for some C* maps 6" : [0, 1] — [0, 1] with 0i (z) # 0 for every z € [0,1] and
0'(0) = 0, 6*(1) = 1 such that the reparametrized curves ¢* = o' o ' satisfy
a;a: _ O-;jv;t
CARNCAE

for every pair of concurring curves 5° and &/ at any 3-point and 7, = 0 at every end-point of
— (0e.152)

Gk this means

the network. Setting \j =
BT+ N = k00 N
for every pair of concurring curves 5 and &7 at any 3-point and k%" + Ai7 = 0 at every end—

point of the network. Since the curvature is invariant by reparametrization, by means of compu-
tations of Section[2]and the hypotheses on the curvature, these two conditions are satisfied if and

only if Xp = 0 at every end—point of the network and
. kifl _ ki+1
N=—""7—
V3
at every 3—point of the network, for i € {1, 2,3} (modulus 3).
Hence, we only need to find C'* reparametrizations 6% such that at the borders of [0, 1] the values

of N = <5‘1; \la, ! are given by these relations. This can be easily done since at the borders of the

interval [0, 1] we have 6?(0) = 0 and #%(1) = 1, hence

~ (di,|ot) 1 1 (ol |ob) 0 , i,
A=t = 0= = Oy = =X+
A 0% |0, © 0716 o3I +WHW2 ot WHWP
where N\ = <U|’;7 |‘f then we can simply choose any C* functions 6 with 0 (0) = 0:(1) = 1,
i, = —\|ot||0%]? at every end—point and

i kot — kT i i
bh, = (F g %) It
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at every 3—-point of the network (for instance, one can use a polynomial function). It follows that

the reparametrized network Sy = |J/_, (% o #7)([0, 1]) is 2-compatible. O

By this lemma and Remark we immediately have the following proposition.

PROPOSITION 3.12. Given a curvature flow S of an initial regular network So = J!-_, o*([0,1]) of
class C?, all the networks Sy, for t > 0, are geometrically 2—compatible.

We now extend the short time existence result to regular, C?™2? initial networks which are
geometrically 2-compatible.

n

THEOREM 3.13. For any initial reqular C*+2% network Sy = ;- o*([0, 1]) which is geometrically
2—compatible, with o € (0,1/2), in a smooth, convex, open set Q C R?, there exists a curvature flow
which is in C?*2:1%2([0,1] x [0, T)) for a maximal positive time interval [0, T).

PROOF. By the hypothesis, we can reparametrize the network Sy with some C* maps ¢° in
order it is 2-compatible. Clearly, if the network Sy belongs to C2+2 the reparametrized one Sy
is still in C?*2%, hence, we can apply Theorem to get the unique special curvature flow 7
for S = U, 5([0,1]) = Ul (0" o 67)([0,1]) which is in C2+21+a([0, 1] x [0, T)) for a maximal
positive time interval [0, 7). Moreover, every network S, = UZ 1 71([ 1], t) is 2-compatible.

If now we consider the maps 7" given by ~'(z, t) = 3([0°] "' (x),t), we have that they still
belong to C?+2%:1+([0, 1] x [0,T')) (as the maps [#‘]~! are in C*), v*(-,0) = o’ and

i(,t) =07 (077 (), 1)]

=7 (1017 (@), 1)

=E (077 (@).6) + X (16 @), 07 ([0 (@), 1)

=k'(z,t) + X(z, )7 (2, 1),
with Ai(z,t) = N ([0 (z),t)7([6"] (), t). Hence, v is a flow by curvature of the network Sy
in C2+20.140 ([0, 1] x [0,T)) 0

Clearly, it would be desirable to have an existence result for the flow on an initial C%t2e
network which is not necessarily geometrically 2-compatible or simply a C? network. We will
try to address this problem in Section 5}

Anyway, suppose that the (only) C? network Sy is geometrically 2-compatible and we can
find some (only) C? regular reparametrization ¢’ turning it in a C**2® network, then, being this
latter still geometrically 2-compatible we have a curvature flow by the previous theorem. Hence,
composing this flow with the maps [¢?]~!, which are in C?, we get a curvature flow for Sy (this
situation happens, for instance, considering a C?**2% network and reparametrizing it with maps
which are C? but not C*72?, obtaining a network S).

This fact is related to the geometric nature of this evolution problem, indeed, in general,
given any curvature flow 7" of an initial network Sy = |J!'_, 0*([0,1]), setting 6* = o o #* for
some orientation preserving C? functions 6% : [0,1] — [0, 1], with 6, (z) # 0 for every x € [0,1],
6'(0) = 0 and 0°(1) = 1, we have, setting 7' (z,t) = v*(0*(z), t),

Fi(z,t) = Oy (0 (), 1)] = V(0" (@), 1) = K (0 (2),8) + X' (0" (@), 1) = & (2,8) + A (x,8),

with A (z,£) = A (6(x),t). Hence, 57 = ~' o ' is a flow by curvature of the network Sy =
Ui, ([0, 1]) which is nothing more than a C? reparametrization of the network initial Sy =
U, o%(]0,1]). It follows easily that if Sg = (I, 0([0,1]) and So = [JI-, €4([0,1]) describe the
same initial regular C? network parametrized in two different ways, all the possible curvature
flows of g() can be obtained by reparametrizazions of the curvature flows of Sy and viceversa.

Even more in general, considering the time-depending reparametrizations ' (z, t) = v*(¢*(x,t), )
with some maps ¢* : [0,1] x [0,7) — [0,1] in C°([0,1] x [0,7)) N C?([0,1] x (0,7)) such that
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©'(0,t) =0, ¢*(1,t) = 1 and p,(z, t) # 0 for every (z,t) € [0,1] x [0,T), we compute
Fi(z,t) =0y (9" (2,1), 1)

]
=7(¢" (@, 1), )i (x, 1) + 71 (¢ (2, 1), 1)
=%a( H, ), )2, 1) + K (9" (2,1),8) + A (¢ (2, 1), 1)
=F (@) + X (@,1),
with X(m,t) = N(¢i(z, 1), 1) + v (o' (2, 1), t)@i(x,t). Hence, the reparametrized evolving net-
work composed by the curves 7' is a curvature flow for the initial network Sy = |JI_,(c" o

" (- 0)([0, 1))

In particular, choosing special maps ¢’ such that ¢’(x,0) = z also holds, we have ¥(z,0) =

7' (z,0) = o’(x), hence, 3" is another curvature flow for the initial network So = (J;—_, (¢*)([0, 1]).
REMARK 3.14. All this discussion suggests that the natural concept of uniqueness for the cur-

vature flow of an initial network Sy = |J-_, ¢*([0, 1]), in our framework, is to consider uniqueness

up to (dynamic) C? reparametrization of the curves of the network, we will get back to this at the

end of this section.

Notice, moreover, that from what we saw above, we could also have considered networks simply

as sets, forgetting their parametrization, and their curvature flows as flows of sets that could be

parametrized in order to satisfy Definition

We discuss now the higher regularity of the flow when the initial network is C*°.

DEFINITION 3.15. We say that for system the compatibility conditions of every order are
satisfied by an initial regular C* network Sy = (J.-, ¢* ([0, 1]), and we call such a network smooth,
if at every end—point and every 3—point, there hold all the relations on the space derivatives of
the functions o, obtained repeatedly differentiating in time the boundary conditions and using

Vg (2,1)
17i (2,0 i
We say that a C* flow by curvature S; is smooth if all the networks S; are smooth.

the evolution equation v} (z,t) = to substitute time derivatives with space derivatives.

It is immediate by this definition that every network S; of a C'*° special curvature flow of an
initial regular network Sy, is smooth for every ¢ > 0.

REMARK 3.16. Notice that (compare with Remark for the curvature flow of a network
being smooth is quite more than being simply C* up to the parabolic boundary. Anyway, anal-
ogously as before (Proposition 8.12), every network of a C* curvature flow can reparametrized
to be smooth.

If we assume that the initial regular network is smooth, we have the following higher regu-
larity result.

THEOREM 3.17. For any initial smooth, regular network Sy in a smooth, convex, open set Q C R?
there exists a unique C'™ solution of system (3.3)) in a maximal time interval [0, T).

PROOF. Since the initial network Sy satisfies the compatibility condition at every order, the
method of Bronsard and Reitich actually provides, for every n € N, a unique solution of sys-
tem (3.3), in C?"F2ante([0,1] x [0,75,]), satisfying at every time the compatibility conditions of
order0,1,...,2n.

So, if we have a solution v¢ € C?"+2n+([0 1] x [0,T},]) for n > 1, then the functions v be-
long to C?n—1+2en=1/2%a ([0 1] x [0, T;,]) (see [58, Section 8.8]). Considering the parabolic system
satisfied by v'(z,t) = vi(z,t) (see [71, p. 250]), by Solonnikov results in [87], v* = ~; belongs to
C2rzente([0,1] x [0, T,]) and since ;. = 7 |7 |* with [5}[? € C2rm1F2en=1/24a((0,1] % [0, T2,)),
we get also i, € 2 1+2an=1/2%e (g 1] x [0, T,)).

Following [64], we can then conclude that 7 € C?n+1+2en+1/24a ([0 1] x [0, T,]).

Iterating this argument, we see that v* € C>°([0, 1] x [0, T},]), moreover, since for every n € N the
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solution obtained via the method of Bronsard and Reitich is unique, it must coincide with v* and
we can choose all the T}, to be the same positive value T'.

It follows that the solution is in C'*° till the parabolic boundary, hence, all the compatibility con-
ditions are satisfied at every time ¢ € [0, 7). O

As a consequence, we have the following theorem.

THEOREM 3.18. For any initial smooth, reqular network Sy in a smooth, convex, open set Q C R?
there exists a smooth special curvature flow of Sy in a maximal positive time interval [0,T).

Also for C*° networks one can introduce the concept of geometrically smoothness. A network
So = U, o ([0, 1]) is geometrically smooth if it can be reparametrized to be smooth.

REMARK 3.19. By arguments similar to the ones of Lemma it can be shown (by means
of the computations of the next section) that, like for geometrical 2-compatibility, this property
depends only on (some relations on) the curvature and its derivatives at the end-points and at
the 3—points of a C*° network (see [71] for more details), that is, geometrical smoothness is again
a geometric property (obviously invariant by C'*° reparametrizations, by the definition).
Moreover, analogously as before (see Proposition 3.12), every C* curvature flow of an initial
regular network Sy is actually composed of geometrically smooth networks S, for every ¢ > 0.

The following analogous short time existence theorem holds, essentially with the same proof

of Theorem

THEOREM 3.20. For any initial geometrically smooth, reqular network Sy in a smooth, convex, open
set Q C R? there exists a C* curvature flow of So in a maximal positive time interval [0, T').

We want to discuss now the concept of uniqueness of the flow. Even if the solution of sys-
tem is unique we have seen that there are anyway several solutions of Problem for
the same initial data, by dynamically reparametrizing it with maps ¢* : [0,1] x [0,T) — [0,1]
in C°([0,1] x [0,7)) N C?%(]0,1] x (0,T)) such that ©*(0,t) = 0, ¢*(1,t) = 1, ¢*(x,0) = z and
wz(x,t) # 0 for every (z,t) € [0,1] x [0,T). Hence, we consider uniqueness of the flow of an
initial network, up to these reparametrizations.

DEFINITION 3.21. We say that the curvature flow of an initial C? network Sy = |J!-_, ¢*([0, 1])

is geometrically unique (in some regularity class), if all the curvature flows satisfying Definition[T.10]
can be obtained each other by means of time-depending reparametrizations.
To be precise, this means that if S; and gt are two curvature flows of Sy, described by some maps
v and 7, there exists a family of maps ¢* : [0,1] x [0,7) — [0, 1] in C°([0, 1] x [0,T)) N C?([0, 1] x
(0,7)) such that ¢*(0,t) = 0, ¢*(1,t) = 1, ¢*(z,0) = z, pi(z,t) # 0 and 7 (z,t) = v (¢*(z,1),t)
for every (z,t) € [0,1] x [0,T).

It is obvious that if there is geometric uniqueness, any curvature flow gives a unique evolved
network as a subset of R?, for every time ¢ € [0,7'), which is still the same set also if we change
the parametrization of the initial network by the previous discussion.

Unfortunately, at the moment, the problem of geometric uniqueness of the curvature flow
of a regular network in the class C*! is open (even if the initial network is smooth). It is quite
natural to conjecture that it holds, but the only available partial result, up to our knowledge, is
given by the following proposition, consequence of the uniqueness part of Theorem 3.7

PROPOSITION 3.22. Forany initial, regular C*+2*, with a € (0,1/2), network Sy = |J;_, *([0,1])
which is geometrically 2—compatible, in a smooth, convex, open set 2 C R?, there exists a geometrically
unique solution ~v* of Problem in the class of maps C**21+2([0,1] x [0,T)) in a maximal positive
time interval [0,T).

PROOF. We showed the existence of a special solution 4 in Theoremm
We first show that if Sy satisfies the compatibility conditions of order 2 then the solution given
by Theorem [3.7]is geometrically unique among the curvature flows in the class 21+ ([0, 1] x
[0,T)).



3. SHORT TIME EXISTENCE I 48

Suppose that 7'+ 10,1] x [0,T") — Q is another maximal solution in C**2*1+<([0, 1] x [0,T"))
satisfying 3¢ = k‘D% + X7 for some functions A’ in CQO‘([O 1] x [0,T")), we want to see that it
coincides to 7' up to a reparametrization of the curves 7' (-, ) for every t € [0, min{T, T'}).

If we consider functions ¢° : [0,1] x [0, min {7, T’}) — [0,1] belonging to C?T2x ([0, 1] x
[0, min{T, T’})) and the reparametrizations ¥'(z, t) = ¥ (' (z, 1), t),
we have that 5 € C?T2®1+([0, 1] x [0, min{T,7"})) and

Fi(z,t) = 7 (¢ (w, 1), 1)]
=F2( (2, ), )k (2, t) + Fi (0 (2, 1), 8)
=F1((2,1), )i(a,t) + k (9" (2,8),1) + X (9 (x, 1), 1)

A ). i)+ Do T [P0, 0)

Vo (¢ (2,1), )
+ X (¢ t) —————— .
00 B e,
We choose now maps ¢* € C?T2*1+2([0,1] x [0, T")) which are solutions for some positive inter-
val of time [0,7") of the following quasilinear PDE’s

(i (#'(@ 1)) | T (@' (@, 8), 1) N(@ (), 1) Pia (¥, 1)

7 (¢ (2, 1), ) s (0@, 0,01 7 (o (2, ), ) [, 1)
with ¢(0,t) = 0, pi(1,t) = 1 and ¢(z,0) = z (hence, ¥'(z,0) = v(x,0) = o'(x)). The existence
of such solutions follows by standard theory of quasﬂmear parabolic equations (see [61} 63]),
noticing that the initial data ¢’(z,0) = = satisfies the compatibility conditions of order 2 for
equation (3.4)). Moreover, it is not difficult, by pushing a little the analysis, to show that ¢, (z,t) #
0 and that 7" can be taken equal to 7".

Then, it follows

pi(x,t) = (3.4)

(chz (z, t)ﬁ;: (‘pi (z,1), t)
17 (@, ), )] [ (, )]

7%(:6,15) =

7 t )
" Fi (o 0.0 0
(G (0 00) | P @ 00) i )y Poalr O (P 000)
i (0 (1), 1) Ve (0 (2, 1), )| | (2, )]
Ay (0 (2, 1),) |7 (" (2, 1), 1) -, .
" it (9 0, (0
Ak (1)) N oy (@, )7L (9 (2, 1), 1)
= : P . . 2 : 2
Ve (ot (s 1), )7 Ve (o', 1), )| |k (2, )]
_ Jea(®,t)
7o (2, 1)

We can then conclude that, by the uniqueness part of Theorem 7' = 4 for every i €
{1,2,...,n}, hence v'(z,t) = 7 (¢'(z,t),t) in the time interval [0, min{7’,7"}). Since this “repara
- metrization relation” between any two maximal solutions of Problem is symmetric (by
means of the maps [p?]7!), it follows that 7" = T and we are done.

Assume now that the network S is only geometrically 2-compatible, then the proof of The-
orem gives a special solution +* given by ~'(z,t) = ([0’ (z),t) where #° are smooth
maps and 7' is a special solution as above for the 2—compatible network So = U, a%([0,1]) =
Uiz (00 0")([0, 1]) which is in C*+2* 1+ ([0, 1] x [0, 7)) for a maximal positive time interval [0, T).

Suppose that7" : [0, 1]x [0, T") — Qs another maximal flow for Sy in C**2**([0,1]x[0,7”))

satisfying i = k7' + X7 for some functions X' in C2([0, 1] x [0,7")). If we consider the maps
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%i(x, t) = 7'(0%(z), t) these gives a C>+21+(]0, 1] x [0,7")) curvature flow of the initial network
So which satisfies the compatibility conditions of order 2, hence, by the above argument, 7" = T

and the maps 5 and 3 only differ by reparametrization by some maps ¢ € C22e:1+2([0, 1] x
[0,T)) with ¢(z,0) = x, that is

~1

Y (xv t) = :Vii(cpi(xﬂ t)v t) .
It follows that

T (@, ) =7 (167 (@), ) = 7 (" ([0 (@), 0),8) = 4" (0 (" ([0'] " (), 1)), 1)
which shows that the two flows 5* and +' of the initial network Sy coincide up to the time-
dependent reparametrizations (z,t) — (0 (©*([0°] 7 (), 1)), t). O

An immediate consequence is the following.

COROLLARY 3.23. For any initial, reqular geometrically smooth network So = -, o*([0,1]) in
a smooth, convex, open set 0 C R?, there exists a geometrically unique solution of Problem in
the class of maps C?T21T((0,1] x [0,T)) in a maximal positive time interval [0,T). Moreover, such
solution is C*°.

REMARK 3.24. Notice that it follows that any curvature flow as in the hypotheses of the above
theorem and corollary is a reparametrization (of class C?72®1% in the first case and C* in the
latter) of the special curvature flow given by Theorem 3.7|(which is C*° under the hypotheses of
the corollary, by Theorem 3.17).

We conclude this section stating the following natural open problem, that we already men-
tioned, related to geometric uniqueness of the flow.

OPEN PROBLEM 3.25. Show that for any initial, regular C**2% network Sy = J}_, 0%([0,1]),
with a € (0,1/2), which is 2-compatible, the solution given by Theorem [3.8)is the geometrically
unique curvature flow of Sy. That is, the maps +* give the geometrically unique solution of Prob-
lem in the class of continuous maps +* : [0,1] x [0,7) — R? which are of class at least C? in
space and C' in time in [0, 1] x (0, 7).

The difficulty in getting such a uniqueness result is connected to the lack of some sort of
(possibly geometric) maximum principle for this evolution problem.

4. Integral estimates

In this section we work out some integral estimates for a special flow by curvature of a
smooth regular network. These estimates were previously proved for the case of the special
curvature flow of a regular smooth triod with fixed end—points, in [71]. We extend now them to
the case of a regular smooth network with “controlled” behavior of its end-points. We advise the
reader that when the computations are exactly the same we will refer directly to [71} Section 3],
where it is possible to find every detail.

In all this section we will assume that the special flow by curvature is given by a C'*° solution
" of system (3.3), that is, there holds

2
i) = B0
s (1)

(see Remark [1.8) and Definition [1.9|for the case of an initial C? network). Some of the estimates
hold also for any smooth flow (the ones where we do not use the special form of the functions \’
given by this equation), not necessarily special. To use these estimates for a general smooth flow,
because of geometric uniqueness (see Corollary and Remark [3.24), one must reparametrize
such flow in order it becomes special, then carry back the geometric (invariant by reparametriza-
tion) estimates to the original flow.

We will see that such special flow of a regular smooth network with “controlled” end—points

exists smooth as long as the curvature stays bounded and none of the lengths of the curves goes
to zero (Theorem [4.14).
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We suppose that the special solution maps ¢ above exist and are of class C* in the time
interval [0,T") and that they describe the flow of a regular C*° network S, in €2, composed by n
curves v'(+,t) : [0,1] — Q with m 3-points O, 0?,...,0™ and | end—points P!, P?,..., Pl. We
will assume that either such end—points are fixed or that there exist uniform (in time) constants
Cj, for every j € N, such that

|07k (P", )| + |IN(PT, 1) < Cy, 4.1)

foreveryt € [0,T)andr €1,2,...,1L
The very first computation we are going to show is the evolution in time of the total length
of a network under the curvature flow.

PROPOSITION 4.1. The time derivative of the measure ds on any curve " of the network is given by
the measure (A, — (k%)?) ds. As a consequence, we have
dLi(t)
dt

:x‘(u)—x(o,t)—/ (k)2 ds

Yi(t)
and
dL(t) 2
— =) ANP",t)— | k°d
dt 7; ( ) ) /St 57
where, with a little abuse of notation, \(P",t) is the tangential velocity at the end—point P" of the curve

of the network getting at such point, for any r € {1,2,...,1}.
In particular, if the end—points P" of the network are fixed during the evolution, we have

LL(t) =— [ k%*ds
dt S, ’

thus, in such case, the total length L(t) is decreasing in time and uniformly bounded above by the length
of the initial network Sy.

PROOF. The formula for the time derivative of the measure ds follows easily by the commu-
tation formula (2.T). Then,

dL'(t) :i/ lds:/ (/\f;f(ki)z)ds:)\i(l,t)f/\i(o,t)7/ (k)2 ds.
b dt Jyigp 7i(t) 7i(t)

Adding these relations for all the curves, the contributions of A?* at every 3—point O? vanish, by
relation (2.6)), and the formula of the statement follows. If the end—points are fixed all the terms
A(P7,t) are zero and the last formula follows. O

The following notation will be very useful for the next computations in this section.

DEFINITION 4.2. We will denote with p, (97, 8"k) a polynomial with constant coefficients

in\,...,0/\and k, ..., 0"k such that every monomial it contains is of the form
J h J h
c[@ N -TJ@k)? with Y 1+ D+ > (1+1)8 =0,
1=0 1=0 1=0 1=0

we will call o the geometric order of p,.
Moreover, if one of the two arguments of p, does not appear, it means that the polynomial does
not contain it, for instance, p, (0"k) does not contain neither \ nor its derivatives.
We will denote with qg((?g A, 0k) a polynomial as before in A, ... ,Qf Aand k,...,0"k such that
all its monomials are of the form
J h J h
cl@n T[@k) with > @+ 1a+ Y ((+1)8 =o.

=0 =0 =0 =0
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Finally, when we will write p, (|07 \|, |0"k|) (or q, (|3 A|, |0"k|)) we will mean a finite sum of terms
like

J h J h
cIioia - T 10k with Y (1 + D+ > (1+1)8 =0,
=0 =0 =0 =0

where C is a positive constant and the exponents «;, 5; are non negative real values (analogously
for q,).
Clearly we have p, (02, 0"k) < p,(|0IN|, |07 K|).

By means of the commutation rule (2.1), the relations in the next lemma are easily proved by
induction (Lemmas 3.7 and 3.8 in [71]).

LEMMA 4.3. The following formulas hold for every curve of the evolving network S;:

010k = 032k + NIk + pj15(0%k) for every j € N,
Ok =0k + q;41 (0> "\, 09 k) if j > 2 is even,
0k =09k, + q;1 (09 V2N, 007 1k) if j > 1 is odd,
OLOIN = DIT2N — NOITIN — 20Tk + p, i 3(0IN, 09 k) for every j €N,
DIN =00\ +p,;1(0I7 1N, 007 1k) ifj > 2 iseven,
OIN=09"V2N, 4 p; (071N, 09 1k) if i > 1 is odd.

REMARK 4.4. Notice that, by relations at any 3—point O of the network there holds
NP = (SH!K)P, that is, the time derivatives of AP’ are expressible as time derivatives of the
functions k?*. Then, by using repeatedly such relation and the first formula of Lemma4.3, we can
express these latter as space derivatives of k”*. Hence, we will have the relation

3
> ao (9N, 0Lk

i=1

— pg(amax{Qj,h}Kp)
S
at the 3-point O? at the 3-point OP

with the meaning that this last polynomial contains also product of derivatives of different k7*’s,
because of the action of the linear operator S.
We will often make use of this identity in the computations in the sequel in the following form,

3
> o (9N, 0Lk

i=1

< b (j0 > k) | oo

at the 3-point O?

REMARK 4.5. We state the following calculus rules which will be used extensively in the se-
quel,

Pa(DIN, OLk) - s (ON, OI'K) =Pasp (05N, gty
90 (0], 0L ) - 3(9IN, OF'F) = qass (O] 1IN O (M)
We already saw that the time derivatives of k and A can be expressed in terms of space derivatives

of k at any 3—point, the same holds for the space derivatives of ), arguing by induction using the
last two formulas in Lemma Hence, it follows that

aipa(azA7 8.?]{;) = pa-‘rl (8g+ZAa af+l]€) ) 8épa (6z)\7 8£lk) = pa+2l (8g+2l)‘7 a§+2lk)
090 (07N, OLk) = dar2u(0] TN 00T R), qal0]N, 00k) = pa (02N, 0P th2T 1)

We are now ready to compute, for j € N,
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d . _ . .
L k2 ds :2/ ko kds + | 07K (N — k2) ds
dt Js, S, S,

:2/ M2k + N k0K +pj13(0k) 0 kds + | |07k|*(\s — k*)ds
St St

9 |8§+1k\2ds+/ 85(/\\8§k|2)ds+/ po;4a(07K) ds
St St

St
m 3 l
—2) ) koI R +2) 0lkoIk
p=1i=1 at the 3—point OF r=1 at the end-point P"
=2 / |07 k[ ds + / p2j+a(82k) ds +1C;Ciq
St St
m 3
=N 200k 0T kP 4+ AP0 K| (4.2)
p=1i=1 at the 3-point OP

where we integrated by parts the first term on the second line and we estimated the contributions
given by the end—points P" by means of assumption (4.I).

In the case that we consider the end-points P!, P2, ..., P! to be fixed, we can assume that
the terms C;C; 4, are all zero in the above conclusion, by the following lemma.

LEMMA 4.6. If the end—points P" of the network are fixed, then there holds 91k = &I\ = 0, for every
even j € N.

PROOF. The first case j = 0 simply follows from the fact that the velocity v = At + kv is
always zero at the fixed end—points P".
We argue by induction, we suppose that for every even natural I < j — 2 we have 0!k = 9.\ = 0,
then, by using the first equation in Lemma 4.3} we get

Ok = 0,072k — X0~k — pj 41 (09 2k)

at every end-point P".

We already know that A = 0 and by the inductive hypothesis 8/ ~2k = 0, thus 9,072k = 0. Since
pj1(0772k) is a sum of terms like C [T/_2 (8 k)™ with S7-2(I + 1)ey = j + 1 which is odd, at
least one of the terms of this sum has to be odd, hence at least for one index [, the product (I+1)«,
is odd. It follows that at least for one even [ the exponent «; is nonzero. Hence, at least one even
derivatives is present in every monomial of p;1(87~2k), which contains only derivatives up to
the order (j — 2).

Again, by the inductive hypothesis we then conclude that at the end—points 87k = 0.

We can deal with A similarly, by means of the relations in Lemma O

In the very special case j = 0 we get explicitly

m 3
d o S
— [ K?ds= -2 |ks|2ds+/ Krds = ) 2kPRD 4 N KPP
St St

l 4.
it Js, +1CoCr (43)

at the 3—point OP

p=11i=1

where the two constants Cj and C; come from assumption (4.1).
Then, recalling relation @9), we have 37| kP/k?? + \7/|kP|? |
tuting above,

d m 3 ) ,
— kzds:—Z/ kzszds—i—/ k*ds + NP P2
i ., Ikl 5 DD AR

p=1i=1

at the 3-point O” = 0, and substi-

+1CyC1, (4.4)

at the 3—point O?

hence, we lowered the maximum order of the space derivatives of the curvature in the 3—point
terms, particular now it is lower than the one of the “nice” negative integral.
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As we have just seen for the case j = 0, also for the general case we want to simplify the term

3 il i o i i
D i1 200kPPOITIEPY 4+ NPT 0T EPY| ]at the 3-point 077 111 order to control it.

Using formulas in Lemma we have (see [71] pp. 258-259], for details)
207k 97k + M0Zk|?
=200k - 0" (ks + BN) + q51(0) 7N 0071k) - 01 ke + 02;45(0) N, 00)
We now examine the term q;4 (8{'/271)\, k) - (9{/2165 , which , by using Lemma can

be written as ;q2;41(8)/> X, 017 k) + q2;45(8)/%), 0ik) (see [71, pp. 258-259], for details). It
follows that

m 3
DD T 200kP 0T EP + APOIEP P

p=1i=1

at the 3-point O?

3
> Ou2j1(0} B2 TN QI 450 AP 0T V)
1i=1

Ms

at the 3—point OF

p

Resuming, if j > 2 is even, we have

d
G 0k s = =2 [ ok ds ¢ / pojea(0K) ds +1C,C; 1
St
S B (01N B0+ g 00 ) .
p=1i=1 at the 3-point O”
Now, the key tool to estimate [ po;j+4(07k)ds and PO Qoj3(002APT, I kPT) | e the 3 point or Will

be the following Gagliardo-Nirenberg interpolation inequalities (see [77| Section 3], pp. 257-263).

PROPOSITION 4.7. Let v be a C*°, regular curve in R? with finite length L. If u is a C* function
defined on v and m > 1, p € [2, +00|, we have the estimates

B"»m@
Lmo

1—
105 ull o < Crom 105wl ol 27 + l[ull .2 (4.5)

forevery n € {0, ..., m — 1} where
_n+1/2-1/p
B m

and the constants Cy, , , and By, p, ,, are independent of ~y. In particular, if p = 400,

B . +1/2
Tl with o= ” m/ . (4.6)

1—
Hagu”Loo < Cn,m||a;nu||z2||UHL2

After estimating the integral of every monomial of ps;44(9?k) by means of the Holder in-
equality, one uses the Gagliardo-Nirenberg estimates on the result, concluding that

2j+3
poj1a(0lk)ds < 1/4 | |07 k[P ds+C </ k? ds) +C,
St St St

where the constant C depends only on j € N and the lengths of the curves of the network (see [71}
pp- 260-262], for details).

Any term 3% qa;13(8) /2 )\pi 9i kPl | can be estimated similarly.

at the 3—point O?
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Hence, for every even j > 2 we can finally write

d

2543
g \afk|2ds< /87+1k|2ds+0(/S k:st) +C +1C;Cj11

+ Oy Z Z q2j+1(ag/2_l)‘piv k)

p=1 i=1 at the 3-point OP
2543 m 3 _ o 4
<C (/ k> ds) + 00 YD e (0TI 91 4.7)
St p=1i=1 at the 3—point OP
+C+1C;C541 .

Recalling the computation in the special case j = 0, this argument gives the same final esti-
mate without the contributions coming from the 3—points:

3
st/ k% ds <C(/ k2ds> + C+1CyC, . 4.8)
St

Integrating (4.7) in time on [0, {] and estimating we get

. 2j+3
/|agk\2dsg/ |agk|2ds+c/ /kzds d + Ct+1C;Cj 4t
S So 0 Se

m 3
0N a1 (BP0, 1), 077 K70, 1))

p=1i=1

— qay41(072 AP (0,0), 971k (0,0))

t 2j+3
= C/ (/ K ds) € + [[p2j 1 (102 kD |z + Ct+1C;Ciat + C,
Se

where in the last passage we used Remark[4.4} The constant C' depends only on j € N and on the
network Sg.
Interpolating again by means of inequalities (4.6), one gets

lp2j41(1027 kD) o= < 1/2(102KI72 + ClIkI L.

Hence, putting all together, for every even j € N, we conclude

t
|07k|? ds < C/ / k% ds
St 0 Se

Passing from integral to L> estimates, by using inequalities (4.6), we have the following propo-
sition.

2j+3 2j41
d§+0</ k2d5> + Ct+1C;Cjp1t + C.
S0

PROPOSITION 4.8. If assumption holds, the lengths of all the curves are uniformly positively
bounded from below and the L? norm of k is uniformly bounded on [0, T), then the curvature of S, and all
its space derivatives are uniformly bounded in the same time interval by some constants depending only
on the L? integrals of the space derivatives of k on the initial network So.

By using the relations in Lemma [4.3], one then gets also estimates for every time and space
derivatives of A which finally imply estimates on all the derivatives of the maps 7/, stated in the
next proposition (see [71, pp. 263-266] for details).

PROPOSITION 4.9. If S; is a C* special evolution of the initial network Sq = \J;_, o*, satisfying
assumption (.1), such that the lengths of the n curves are uniformly bounded away from zero and the L*
norm of the curvature is uniformly bounded by some constants in the time interval [0,T), then

o all the derivatives in space and time of k and X are uniformly bounded in [0, 1] x [0,T),
o all the derivatives in space and time of the curves v*(z, t) are uniformly bounded in [0, 1] x [0, T),
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e the quantities | (x,t)| are uniformly bounded from above and away from zero in [0,1] x [0,T).

All the bounds depend only on the uniform controls on the L? norm of k, on the lengths of the curves of
the network from below, on the constants C;j in assumption [@.1), on the L> norms of the derivatives of
the curves o and on the bound from above and below on |o' (z,t)|, for the curves describing the initial
network Sg.

Before proceeding with another set of estimates we want to stress a particular case of (4.7)
(we consider a single triod with moving end-points and j = 0) putting it into a separate lemma.
This result crucial in proving Theorem [8.20]

LEMMA 4.10. Let F : T x [0,T) — R?, with T < oo, be a triod moving by curvature with moving
end-points Q' : [0,T) — Q such that the lengths of the three curves are uniformly bounded from below
away from zero by L > 0.

Then, for some constants C' > 0, C > 0, independent of the triod, the following estimate holds:

i/ k:2ds<0</ k2d3)3+5</ k2d3)2+23:k"(2ki+vki)
dt Jp, " =20 L\ ) 2 s

PROOF. We start writing explicitly Equation (4.2) for j = 0 and for a network with only one
triple junction with moving end—points:

at the point Q*(t)

3
d L .
— | K*ds= 72/ kfder/ E*ds = k(2K + XKD
dt Jr, T, T, Z ‘

i=1

at the 3—point
3

+ > K (2K + XK
=1

3
= 72/ kgds+/ Krds+ > XK
T: Ts

i=1

at the point Q*(t)

at the 3—point
3
+ > k(2K + XK
i=1

where we applied the “orthogonality” relation 2.9}
Letting L to be the minimum of the length of the three curves of the triod, by Proposition [4.7]
(applied to u = k and having setp = 4, n = 0, m = 1, 0 = 1/4) and Peter-Paul inequality, for
any € > 0 we have the interpolation estimate

/Ttk4d3< [C</Ttk§ds)1/8(/m k2d8)3/8+;/4(/mk2d3)1/2]4
SC(/ kﬁds)l/z(/ k2d3>3/2—|—%(/ k2ds)2
T, T, T,
<5/rjl_tkials‘*‘c'l(/m/€2ds)3—i—CL’Q(/Ttkzds)Q7

where the constants C;, C5 depend on €.

Moreover
3
i=1
and again by Peter-Paul inequality, we obtain

3
||k||iwgs/ kfderC’g(/ 2 ds)
T Te

where the constant C's depend on €.
Substituting in the equation above, after taking ¢ < 1, we get the thesis. O

)

at the point Q*(t)

< CllklI3~

at the 3—point
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Now, we work out a second set of estimates where everything is controlled — still under the
assumption — only by the L? norm of the curvature and the inverses of the lengths of the
curves at time zero.

As before we consider the C* special curvature flow S; of a smooth network Sy in the time
interval [0,7'), composed by n curves v'(-,t) : [0,1] — Q with m 3-points O',0?,...,0™ and I
end-points P, P2, ..., P!, satisfying assumption (&.1).

PROPOSITION 4.11. For every M > 0O there exists a time Thy € (0,T), depending only on the
structure of the network and on the constants Cy and Cy in assumption @.1), such that if the square of
the L? norm of the curvature and the inverses of the lengths of the curves of S are bounded by M, then the
square of the L? norm of k and the inverses of the lengths of the curves of S; are smaller than 2(n+1)M +1,
for every time t € [0, Ths].

PROOF. The evolution equations for the lengths of the n curves are given by

dL'(t) = \(1,1) —/\i(o,t)—/ k*ds,

then, recalling computation (.4), we have

;it (/ k2 ds +Z ) < —Z/Stkider/Stk‘*derGmlkllim+lCoC1—§(L];)Q(ZL;
= 72/8 kgds+/s E* ds + 6ml|k||3  + 1CyCy
zn:tx (1,0) — )\ti((),t) + [y k2 ds
(L)
<

—2 kﬁds+/ k* ds + 6m||k||3 « + 1CoCy
St
Js K ds

k oo—i-C
+22H e : Z (tLi)z

i=1

IN

72/ kfds+/ E*ds + (6m + 2n/3)||k||3 < +1CoCy + 2nC3 /3
St St

+2 /k‘2d3 3—!-2%#
3 \Us, 3 £ (L7)?

where we used Young inequality in the last passage.
Interpolating as before (and applying again Young inequality) but keeping now in evidence the
terms depending on L' in inequalities ({.5), we obtain

([ raes ) e frave(f ea) vos B0

( Jy ¥ ds)

+CZ Lv 3/2

gc(/&k%@ +C;(Lli)3_+0

<c</ des+Z+1>3,

with a constant C' depending only on the structure of the network and on the constants Cy and
C in assumption (4.1).
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This means that the positive function f(t) fs k2ds + >0, Ll(f) + 1 satisfies the differential
inequality f’ < Cf3, hence, after integration

12(0) J2(0)
0 < 15620y < T=20H(n + DM+ 1]

then, if t < Ty = we get f(t) < 2f(0). Hence,

3
8C[(n+1)M+1]”

1 G|
k% ds + ,—§2/ B ds+2Y —— +1<2[(n+1)M] +1.
RO Ry KW

By means of this proposition we can strengthen the conclusion of Proposition 4.9]

COROLLARY 4.12. In the hypothesis of the previous proposition, in the time interval [0, Ta] all the
bounds in Propositiondepend only on the L? norm of k on Sy, on the constants C; in assumption [@.1),
on the L° norms of the derivatives of the curves o', on the bound from above and below on |0 (z,t)| and
on the lengths of the curves of the initial network Sy.

From now on we assume that the L? norm of the curvature and the inverses of the lengths of
the curves are bounded in the interval [0, T].
Considering j € N even, if we differentiate the function

t2k2 7109 k|2
K2 +th2 + —55 4 4 |.S| ds
St 8 2' j'

and we estimate with interpolation inequalities as before (see [71] pp. 268-269], for details), we
obtain

d t2k? t3|83k|2
— | E*tk? S5 4.9
dt/ + tky + o1 + e+ il ds (4.9
< —s/ k2 4 tk2, + 2k2 4 - + 1900 kP ds + C

St

+8tZZt2 (NP2 KDY 4 t2 0 (BUAPY KL ) + - 4 1 g, 1 (07271 AP 9717

p=1i=1 at the 3—point OP

0D D RE R PR Ry - 10 R O
p=1i=1 at the 3-point O”

in the time interval [0, T)/], where € > 0 and C are two constants depending only on the L? norm
of the curvature, the constants in assumption (4.1) and the inverses of the lengths of the n curves
of SO

We proceed as we did before for the computation of % i s, |09k|* ds .

First we deal with the last line,

5588778888

3
> HRPRRE 4 t3kDE KD S I TIPI T P I g

at the 3—point
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By formulas in Lemma 4.3[and by Remark for any term Y7 th—19h-1kighk

we can write
3
h—1qh—17.4qh i
E TR0 TR Ok

i=1

at the 3—point

3
=" (9N, O

at the 3—point i=1

LK g (912N 0P 2k

at the 3-point
<t Mpans1 (100 DIz + "0k Lo (102 2K]) |

(see [71}, p. 270], for details).

The term "~ ||pap 41 (|04 k)|~ is controlled as before by a small fraction of t"~* [¢ |9k|* ds
and a possibly large multiple of t"~! times some power of the L? norm of k (which is bounded),
whereas t" 10" k|| Lo ||pn (|07~ 2k|)| L~ is the critical term.

Again by means of interpolation inequalities one estimates |0k , |pr (07 2k)|| L~ and
|0k k|| > with the L? norm of k and its derivatives. After some computation (see [71, pp. 270-
271], for details), one gets

3
S L R Ok

i=1

<ep/2 (th/ |0 k)% ds +th*1/ |08 k|? ds +Cth> + O/t
at the 3-point St St

with 0, < 1 and some small ¢;, > 0.
We apply this argument for every even h from 2 to j, choosing accurately small values ¢;.
Hence, we can continue estimate as follows,
d k2 107 k|
— [ Ktk = | - s

< - 5/2/ B2+ th2, + t2k2 + -+ 07T kP ds + C + O/t 4 - 4 C/tY%
St

3
+ 0, Y Pas(N kD) + a9 (9N kL) + -+ Pz (027N, 8071k

i=1

at the 3—point

3
SC+C/+ 0, Y a5 (N kD) + t1q0 (0N kigy) + -+ + taagpa (97777 9971k

i=1

at the 3—point

for some 6 < 1.

Integrating this inequality in time on [0, ¢] with ¢ < Tj; and taking into account Remark we
get

t2k? 7107 k|2

2 2 ss
/stk RS+ gt

< / k*ds + CTy +CTS %
So

3
+ > Has(N kL) + 190 (AN Kiyy) + -+ #2541 (97N 00
=1

at the 3—point
< /S K ds + C + 82 [1ps ([ks )l oo + t¥Ipo (hsss )l oe + -+ #[lpajsa (107 D poe -
0

Now we absorb all the polynomial terms, after interpolating each one of them between the cor-

responding “good” integral in the left member and some power of the L? norm of k, as we did
in showing Proposition 4.8 hence we finally obtain for every even j € N,

t2k2 7|09 k|2

/ k2+tk§+—”+~-~+M

ds < C;
Sy 2' J' J
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with ¢ € [0, Ty] and a constant C; depending only on the constants in assumption and the
bounds on fSo k2 ds and on the inverses of the lengths of the curves of the initial network Sp.
This family of inequalities clearly implies

;5!

|07K|? ds < for every even j € N. (4.10)

St
Then, passing as before from integral to L> estimates by means of inequalities (4.6), we have the
following proposition.

PROPOSITION 4.13. For every p > 0 the curvature and all its space derivatives of S are uniformly
bounded in the time interval [, Thr] (where Ty is given by Proposition[d.11) by some constants depending
only on yu, the constants in assumption (@.1) and the bounds on [; k* ds and on the inverses of the lengths
of the curves of the initial network Sy.

By means of these a priori estimates we can now work out some results about the smooth
flow of an initial regular geometrically smooth network Sy. Notice that these are examples of
how to use the previous estimates on special smooth flows in order to get conclusion on general
flows or even only C* flows, as we mentioned at the beginning of this section.

THEOREM 4.14. If [0,T') is the maximal time interval of existence of a C™ curvature flow of an
initial geometrically smooth network Sy, with T' < +o0, then
(1) either the inferior limit of the length of at least one curve of S; goes to zero whent — T,
(2) orlimsup,_,7 [5, k* ds = +oc.

Moreover, if the lengths of the n curves are uniformly positively bounded from below, then this superior
limit is actually a limit and there exists a positive constant C such that

C
k?ds > ——,
S, o= VT —t

forevery t € [0, 7).

PROOF. We can C'*° reparametrize the flow S; in order that it becomes a special smooth flow
St in [0, 7).
If the lengths of the curves of S, are uniformly bounded away from zero and the L? norm of
k is bounded, the same holds for the networks S;, then, by Proposition . and Ascoli-Arzela
Theorem, the network S; converges in C* to a smooth network Sy as t — T. Then, applying

Theorem to Sy we could restart the flow obtaining a C'*° special curvature flow in a longer
time interval. Reparametrizing back this last flow, we get a C*>° “extension” in time of the flow
S, hence contradicting the maximality of the interval [0, T').

Now, considering again the flow gt, by means of differential inequality , we have

3 3
i E2d5§0</ %st> +C§C(1+/%2ds> ,
dt Agt Agt gt

which, after integration between ¢, € [0,T) with ¢t < r, gives
1 1

(14 f Reas)” (14 fy Fds)”

Then, if case (1) does not hold, we can choose a sequence of times r; — T such that fg k2 ds —
T

<C(r—t).

+o00. Putting » = r; in the inequality above and passing to the limit r — T we get

<@
(14 J5, F2ds)

hence, for every ¢ € [0,7)

- c
K ds > —— ,
/gt =T VT —t
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for some positive constant C' and lim;_, 7 f's} k%2 ds = 4+o00.
By the invariance of the curvature by reparametrization, this last estimate implies the same esti-
mate for the flow S;. O

This theorem obviously implies the following corollary.

COROLLARY 4.15. If [0,T), with T < +o0, is the maximal time interval of existence of a C'*°
curvature flow of an initial geometrically smooth network Sy and the lengths of the curves are uniformly
bounded away from zero, then

max k? > . — 400, (4.11)

St vI—t

ast —T.

REMARK 4.16. In the case of the evolution v; of a single closed curve in the plane there exists
a constant C' > 0 such that if at time 7" > 0 a singularity develops, then
C
B> ———
=T
for every t € [0,T) (see [48]).
If this lower bound on the rate of blowing up of the curvature (which is clearly stronger than the
one in inequality (4.11)) holds also in the case of the evolution of a network is an open problem
(even if the network is a triod).

We conclude this section with following estimate from below on the maximal time of smooth
existence.

PROPOSITION 4.17. For every M > 0 there exists a positive time Ty such that if the L? norm of the
curvature and the inverses of the lengths of the geometrically smooth network Sy are bounded by M, then
the maximal time of existence T > 0 of a C*° curvature flow of Sy is larger than Ty;.

PROOF. As before, considering again the reparametrized special curvature flow S,, by Propo-
sition in the interval [0, min{T;, T}) the L? norm of k and the inverses of the lengths of the
curves of S; are bounded by 2M? + 6.

Then, by Theorem the value min{Ts, T} cannot coincide with the maximal time of existence
of S; (hence of S;), so it mustbe T > T);. O

The last part of the section is devoted to estimate the L°°—norm of the curvature of the net-
work trying to avoid as much as possible interpolation inequalities that introduce in the estimates
coefficients depending on the length of the curves of the network.

LEMMA 4.18. Let Q be a convex open regular set and Sy a tree with end—points P, P2, . .. , P* (not
necessarily fixed during its motion) on OS2. Let S; be a smooth evolution by curvature for t € [0,T) of the
network So such that the square of the curvature at the end—points of S, is uniformly bounded in time by
some constant C. Then,

1kl Zoe < 4"71C + Dl 2 ks 2 (4.12)

where n € N is such that for every point ) € Sy there is a path to get from Q) to an end—point passing by
at most n curves (clearly, n is smaller than the total number of curves of Sg) and the constant D,, depends
only on n.

PROOF. Let us first consider a network Sy with five curves, two triple junctions O, 0% and
four end—points P!, P2, P3 P%. In this case n is clearly equal to two. We call ¢, for i < 4, the
curve connecting P’ with one of the two triple junctions and ~° the curve connecting the two
triple junctions (see the following Figure ).
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FIGURE 5. A tree with five curves.

Fixed a time t € [0,T), let Q € 4 C S;, for some i < 4. We compute
. o Q@
(@) = [F(P)) + 2/ kksds < C+ 2|k 2 ||ks]| L2 ,
Pi
hence, for every Q € S; \ v* we have
(@))% < C + 2|kl g2 || Ks | 2 -

Assume now instead that Q € +°. Recalling that 2?:1 k' = 0 at each triple junction, by the
previous argument we have [k*(O1)]?, [k*(0?)]> < C + 2||k|| 2 ||ks|| 2, for all i € {1,2,3,4}, then
it follows that [k°(O1)]?, [k°(0?)]> < 4C + 8||k|| .2 ||ks|| 2. Hence, arguing as before, we get

Q Q
E>(Q))? = [K°(OM]? + 2/01 kksds < 4C + 8|k L2 || kslL2 + 2/01 kksds,

In conclusion, we get the uniform in time inequality for S;

1kl Zoe < 4C + 0]kl L2l s | 2

In the general case, since S; are all trees homeomorphic to Sy, we can argue similarly to get the
conclusion by induction on n. O

LEMMA 4.19. Let Q C R? be open, convex and regular, let Sy be a tree with end—points P*, P2, ... P!
on ON) that satisfy assumptions (.1) and let S, for t € [0,T) be a smooth evolution by curvature of the

network So. Then ||k||2. is uniformly bounded on [0, T) by v/2[||k(-,0)||2. + 1], where
T = min {T, 1/8C (|| (-, 0)[|22 + 1)2} .

Here the constant C' depends only on the number n € N of Lemma [4.18| and the constants in assump-

tions (4.1).
PROOF. By inequality (4.4) we have

m 3
d o
< ks < —2/ k:fds—&—/ Kds + 303w (k) +C
dt St St St p=1i=1 at the 3-point OP
< —2/ k2 ds+||k||%oo/ K2 ds + Cll|P o + C. 413)
St St

By estimate (4.12) and the Young inequality, we then obtain

Cn + CnllkHZ2||k8H12,2 <Cp+ EHkSHQL? + Cn,6| k”%? )

CullklZ2 + DullklZa ksl L2 < CullklZs + ellksll7e + CrellklZ:

1517

120 1117

<
<
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for every small € > 0 and a suitable constant C,, ..
Plugging these estimates into inequality (4.13) we get

d
i ). kds < = 2|kl + |kl K] + Cllk[ 7~ + C
< = 2|kl + Cullkl172 + llkslZ2 + CucllkllG2 + Cn +ellkallZz + CrcllElIG2 + Cn
3
sc(/ des) to, (4.14)
St

Where we chose ¢ = 1/2 and the constant C' depends only on the number n € N of Lemma
and the constants in conditions (4.1)).
Calling y(t) = J;, k*ds + 1, we can rewrite inequality (£.14) as the differential ODE

y'(t) < 2093(t),

hence, after integration, we get

1
y(t) < R
EORS 4Ct
and, choosing T as in the statement, the conclusion is straightforward. O

LEMMA 4.20. Let Q C R? be open, convex and reqular, let Sy be a tree with five curves, two triple
junctions O, 0% and four end—points P, P2, P3, P* on 0%, as in Figurelp| satisfying assumptions
and assume that Sy, for t € [0,T), is a smooth evolution by curvature of the network So such that ||k|| .2
is uniformly bounded on [0, T).

If the lengths of the curves of the network arriving at the end—points are uniformly bounded below by some
constant L > 0, then ||ks|| .2 is uniformly bounded on [0,T).

PROOF. We first estimate ||k ||% - in terms of ||ks||z2 and | kss]| 72
Fixed atime t € [0,T), let Q € 7' C S;, for some i < 4. We compute

) . Q
[kls(Q)P = [k;(Pl)]Z + 2/v kskssds < C + 2Hk8”L2Hk85HL2a
Pl
hence, in this case,
[k (Q)]? < C + 2|kl L2 | ksl 2

for every Q € S; \ 7.
Assume now instead that Q € ~°. Recalling that k2 + \'k* = kJ + M k7 at each triple junction, we

get
k2(01) = kL (OY) + A(OHE(OY) = A (0M)E° (01,
hence,
E2(ON)| < [KL(OM] + CIk|1F
< KO + Cllkll 2 |lsllz> + C
< RO+ C (1 + |lkllz2)

by Lemma Then,

[K2(OM)]? < 2[KL (0N + C (1 + |[ksll72) (4.15)
and it follows
Q
Q) = KON +2 [ kokgods
Ol
) Q
< 2[k;<01>12+0(1+nksu%2)+z/ ks ds
Ol
< C+COllksl3z + 20 ksl pe ks 2
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since, by the previous argument, we have [kl (O1)]2, [k1(0?)]? < C + 2||ks||p2|kss| 12, for all i €
{1,2,3,4}. Hence, we conclude

lksllZoe < C+ CllksllZz + 20s | e [[Kssl 2 - (4.16)

We now pass to estimate ||k;|| 2. Making computation {.2) explicit for j = 1, we have

O | k2ds < —2/ k2, ds+7/ k2k? ds — ZZkakm+/\’” (k?%)? +C. (417)

St St St p=1i=1 at the 3-point OP

Then, as in Sectlon@we work to lower the differentiation order of the boundary term Zl LKEKL
at each 3-point.
We claim that the following equality holds at each 3—point,

3 3
3) MKk =0, Y A (k) (4.18)
=1 i=1
Keeping in mind that, at every 3-point, we have 2% | k' = 0 and \' = Bk with the

convention that the superscripts are considered modulus three (see Section [2), we obtains

32)\% ki = Z (K" = B Kk
=1
3
kH—l (kz—l-l +k1 1) k kz 1 (kz-‘rl + kz 1) kz
i=1

23: [ k,z+1 ki 1) }ki,

and

3 3
V30, SN (k)7 = VB3N () + 2Nk K
i=1

i=1

3
(kz 1 kl-‘rl Z kz 1 k’L—l—l kzkz

|
\M“

&
Il
—

Il

@
Il
-

{(kiﬂ)? _ (kifl)Q Lokigil 2kiki+1} ki

I
\M“

&
Il
—

{(km-l)? . (ki—l)Q . 2(ki—1 + k_i+1)k_i—1 + Q(ki—l + ki+1)ki+1 ké

I

©
I
=

(1) = (1)) b

thus, equality (4.18) is proved.
Now we use such equality to lower the differentiation order of the term Zf 1 kL. Recalling
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the formula 0,k = ke + ko) + k2 and that Zle ki = 0, Zle k' =0, we get

3
SokK, = TRk - R - (K)]
i=1 =1

3 3

w

= SR NE - XNEYK - ST (K) + () K
i=1 i=1
3

= Z (kL 4+ Nk K} ZA Kkl — ZX k—l %
=1
_ _at Z )\1 /3 Z )\z kz kl (419)

at the triple junctions O' and O?, where we used the fact that k% + A’k is independent of i €
{1,2,3}.
Substituting this equality into estimate (4.17)), we obtain

2 3
O | klds< -2 | klds+7 [ Kklds+) > 2(k") TRE P (k) +C

St St St p=1i=1 at the 3-point OP
2 3 5
20 Y3 )
p=1i=1 at the 3—poir1t oP
3
< - 2/ k2, ds + C||k||2 2] ks]|2 < +ZZz (k7%)% ki AP (kP
St p=1i=1 at the 3—point O?
2 3 9
+200) D W (k)3 +C. (4.20)
at the 3—point OP

p=1i=1
Using the previous estimate on ||k;|| -, the hypothesis of uniform boundedness of ||k||.> and
Young inequality, we get
IkZz ksl T < € + CllksllTz + Cllksll 2 lFssl 2
< C+ CllkslZ + CellksllFs + ellkss|l7
= C+ CellkslZe + ellkssllze
for any small value € > 0 and a suitable constant C..

We deal now with the boundary term 3% 2 (k%)® ki + \i (k1)

By the fact that k7 + A\'k? = kI + Mk, for every pair 4, j, it follows that (ks + \k)* 32°_ A = 0,
hence,

3 3
SN =3 () () + 2 (V) kKL,
i=1 i=1

then, we can write

23:2 (K1) K+ N (k) = "2 (1) K — () () — 2 (X)) KK

3 3
=2k — (A KR - S0 (N
i=1 =1
3
2(ky + k) Z () k:UrZ (M) (6)% =207 (k)" . (4.21)
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At the triple junction O, where the curves 7!, 4% and 7° concur, there exists i € {1, 2} such that
[k'(0")] > &, where K := max;e 1 2,3} |/ (O')], hence at the 3—point O!

3
ks + M) (k)" = (X7) sz — 2N (k1)
=1
< CK® + C|kL(O")|K?
< CIK (0N + Clkg (0N (0N
SOHkillim o ClESN Lo (i) 1B 1 e ) -

We estimate now C|k|| ( ,ﬁ +Cllks| Lo ( ) via the Gagliardo-Nirenberg interpolation

inequalities in Proposition Letting u = k’ D= +oo, m = 2 and n = 0,1 in formula (.5), we
get

. 1
1Kl ey < CIKE, Hm By + 25 Wlian < Ol + o (422)

HkiHme) < C||kL

3
||Lz(fy>+ ssz”LQ ) S Clkl fagyy +Cry (423)

hence,

|5 i j i3 i3 i
Cllk’Hioow) +C||k ||3 SHL‘X’(’Yi) < C||kss||i2(7i) + C”ksst?(»yi) +CL < EHkssH2L2(—yi) +CL,6 :

Thus, finally,

3
2(ks+ k) Y (k)= (\) kzﬂ‘Z (M) (B9 =27 (k)" < ellkigl32 iy +Cre < ellksslF2+ClLe -

i=1

Coming back to computation (.20), we have

a(/ k2d szZZM” (k%)% /3

p=1i=1

at the 3—point O? >

<=2 [ k2ds+ Cllks|2e 4 el|kss |22 + Cpc
St

<=2 [ Kds+ CllhlEs + 26l = Crcllf s + Ciec
St

2 3

<CL,E</ k2ds —2) ) AP (k) ® /3

p=1i=1

) +CL,sa

at the 3-point OP

where we chose € < 1.

By Gronwall’s Lemma, it follows that k|2, — 2 2127:1 S AP (k;’”)2 /3 is uni-

at the 3—-point O”
formly bounded, for t € [0,T), by a constant depending on L and its value on the initial network

So. Then, applying Young inequality to estimate (#.12) of Lemma [4.18] there holds
Ikl < C + CIRIL s [72° < C + Cellkl B2 +ellk |22 < Ce +ellksllzs

as ||k||z2 is uniformly bounded in [0, 7). Choosing ¢ > 0 small enough, we conclude that also
lks| 2 is uniformly bounded in [0, T'). O

5. Short time existence II

First we consider a C* flow by curvature S; = [J;_, 7/([0, 1], t) and we discuss what happens
if we reparametrize every curve of the network proportionally to arclength.

If we consider smooth functions ¢ : [0,1] x [0,7) — [0,1] and the reparametrizations
Y (z,t) = (' (2,1),t), imposing that |7} | is constant, we must have that | % (¢" (2, 1), 1)|¢ (2, 1) =
L'(t), where L(t) is the length of the curve " at time ¢.
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It follows that ¢’ (z, ) can be obtained by integrating the ODE
o (@,1) = L'(8) /17, (¢ (. 1), 1)]

with initial data ?(0,¢) = 0, and that it is C*° as L* and ~* are C*°.

Being a reparametrization, 3 is still a C* curvature flow, that is, 3¢ = k%" + \i7:. We want
to determine the functions X = (3} |7*), differentiating this equation in arclength and keeping
into account that v, (z,t) = L'(t)7"(z,t), we get

<, e i 9, (LiF) | 7
%= Bl?) | gz _ UL

S

~ e~ O.L
+ <ktl/t + \iF | kzyz> _ Z (kz)

2l

This equation immediately says that A\ — (k%)2 is constant in space. Moreover, we know that
B Li(t) = N(1,1) — Xi(0,¢) — fw‘(-,t) (k')2 ds (see Proposition i and that the values of X at the
end—points or 3-points of the network are (uniformly) linearly related (hence, also bounded) to
the values of k‘; hence, we can conclude that X’ is bounded by L'(t) and a quadratic expression
i [[k( 0)]loo -

We show now that the geometrically unique solution starting from an initial C?72* network
which is geometrically 2-compatible (see Proposition [3.22) can be actually reparametrized to be
a C* curvature flow for every positive time (so that the geometric estimates of Section 4 can be
applied). This clearly can be seen as a (geometric) parabolic regularization property.

THEOREM 5.1. For any initial, reqular C*T2* network Sy = \J;—, o*([0,1]), with a € (0,1/2),
which is geometrically 2—compatible, the geometrically unique solution ~* found in Proposition can
be reparametrized to be a C> curvature flow on (0,T), that is, the networks S; = |J_, v*([0, 1], ¢) are
geometrically smooth for every positive time.

PROOF. We first assume that Sy is 2-compatible.

By inspecting the proof of Theorem [3.3] !m [19] one can see that the solution to system (3.3) ac-
tually depends continuously in C?t2®1+@ on the initial data ¢* in the C?T® norm. Then, we
approximate the network Sy = |J-_; 0%([0, 1]) in C?*2 with a family of smooth networks S; with
the same end-points, composed of C* curves ¢} — ¢*, as j — oc. Hence, for every ¢ > O the
smooth solutions of system (3.3) for these approximating initial networks, given by the curves
Yi(x,t) : [0,1] x [0,T — €] — €, converge as j — oo in C*T2* ([0, 1] x [0,T — €]) to the solu-
tion v* for the initial network Sy. By the C?T2* convergence, the inverses of the lengths of the
initial curves, the integrals fsj k% ds and |00’ (z)| (from above and away from zero) for all the
approximating networks are equibounded, thus Proposition [4.13gives uniform estimates on the
L> norms of the curvature and of all its derivatives in every rectangle [0, 1] x [u, Tas), with p > 0
and Ty < T.

We now reparametrize every curve (-, ¢) and v'(-, ¢) proportionally to arclength by some maps
¢’ and ' as above. Notice that, since 7} and 4" are uniformly bounded in C**2*!**, we have that
the maps 8957;. and 0,7 uniformly bounded C*+2®1/2+« Hence, by a standard ODE argument,
the reparametrizing maps ¢ and ¢’ above are also uniformly bounded in C**+2:1/2+ in particu-
lar, they are uniformly Holder continuous in space and time. This means that the reparametrlzed
maps 7} converge uniformly to 5* which is a (only continuous in t) reparametrization of the orig-
inal flow. It is easy to see that these latter gives a curvature flow of the arclength reparametrized
network Sy = U7, (6" 0 ¢(-,0))[0, 1] which then still belongs to C2+2,

As the curvature and all its arclength derivatives are invariant under reparametrization and
the equibounded lengths of the curves also, the above uniform estimates hold also for the repara-
metrized maps 7} in every rectangle [0, 1] x [, Ths). Moreover, by the discussion about reparame-
trizing these curves proportional to arclength, it follows that we have uniform estimates also on
X; and all their arclength derivatives for these flows in every rectangle [0, 1] x [u, Tas). Hence, the
curves 77, possibly passing to a subsequence, actually converge in C>([0, 1] x [, Tar)), for every
p > 0, to the limit flow 7° which then belongs to C*°([0, 1] x (0,7")) N C°([0,1] x [0,T)).
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If Sy were only geometrically 2—compatible, this procedure could have been done for the flow of
its 2-compatible reparametrization, giving the same resulting flow, as the arclength reparametri-
zed flow is the same for any two flows differing only for a reparametrization (the fact that the
flow of a C?72 geometrically 2-compatible initial network is a reparametrization of the flow of
a 2-compatible C?*2 initial network is stated in Remark [3.24).

The last step is to find extensions ¢° : [0,1] x [0,T) — [0, 1] of the arclength reparametrizing
maps ¢'(-,0) € C*T2* which are in C*°([0, 1] x (0, 7)) and satisfy 6*(x,0) = '(x,0), 6°(0,t) = 0,
0(1,t) = 1 and 0’ (z,t) # 0 for every x and t. This can be done, for instance, by means of time—
dependent convolutions with smooth kernels. Then, the maps 7'(-, ) = F([0°(-,t)] 7', t) give a
curvature flow of the network Sy = |J;_, %([0, 1]) which becomes immediately C* for every
positive time ¢ > 0. O

As for every positive time, the flow obtained by this theorem is C*°, hence, every network S;
is geometrically smooth, again by Remark this flow can be reparametrized, from any posi-
tive time on, to be a C™ special smooth flow.

This argument can clearly be applied to any C?*2®1+< curvature flow S, in a time interval (0, 7'),
being every network of this flow geometrically 2-compatible (Proposition [3.12), simply consid-
ering as initial network any S;, with ¢y > 0.

COROLLARY 5.2. Given any C?T2*:1%2 cyrvature flow in an interval of time (0, T'), for every pn > 0,
the restricted flow S, for t € [, T) can be reparametrized to be a C™ special curvature flow in [, T).
In particular, this applies to any C*T2%1% cyrvature flow of an initial, reqular C*T2* geometrically
2—compatible network So = |-, o*([0, 1]).

REMARK 5.3. Even if this theorem and the corollary are sufficient for our purpose to study the
singularity formation in the next sections, one would expect that by the usual standard parabolic
regularization, the unique solution v* of system for every initial C?72* network, at least if it
is 2-compatible, is actually C*° for every positive time, hence a special curvature flow. Another
question is whether any curvature flow, hence only in C*!, can be reparametrized to be a C*
(special) curvature flow in [u1, T'). These problem are actually open at the moment.

Also open is what is the largest class of initial networks admitting a special curvature flow.

OPEN PROBLEM 5.4. The unique solution 7' of system (3.3) for an initial C**2 network Sy,
at least if it is 2-compatible, is C'™° for every positive time?

OPEN PROBLEM 5.5. Every curvature flow of a regular network can be reparametrized to be
a C™ (special) curvature flow for every positive time?

OPEN PROBLEM 5.6. What are the minimal regularity hypotheses on an initial network Sy
such that it admits a special curvature flow?

A consequence of these “geometric” parabolic results is the extension of Theorem and
Corollaryto any C?T® 1@ curvature flow. As before, we apply such results to the reparame-
trized C*° special curvature flow given by Corollary[5.2} then it is clear that the conclusions holds
also for the original flow since they are concerned only with the curvature and the lengths of the
curves, which are invariant by reparametrization.

THEOREM 5.7. If T' < +o0 is the maximal time interval of existence of a C*T*1+* curvature flow
Sy, then

(1) either the inferior limit of the length of at least one curve of S; goes to zero whent — T,
(2) orlimsup,_,p fSt k% ds = +o0, hence, the curvature is not bounded ast — T.

Moreover, if the lengths of the n curves are uniformly positively bounded from below, then this superior
limit is actually a limit and there exists a positive constant C such that

and max k> > ¢

C
k*ds >
/St =Tt 5 T—

~

forevery t € [0,T).



5. SHORT TIME EXISTENCE II 68

Thanks to Proposition we can now improve Theorems and to show the exis-
tence of a curvature flow for a regular initial network Sy which is only C?.

THEOREM 5.8. For any initial C* regular network So = \J!-_, o*([0, 1]) there exists a solution v* of
Problem in a maximal time interval [0, T).
Such curvature flow S; = \J;—, v*([0,1],¢) is a smooth flow for every time t > 0, moreover, the unit
tangents ¢ are continuous in [0, 1] x [0, T), the functions k(-,t) converge weakly in L?(ds) to k(-,0), as
t — 0, and the function fst k2 ds is continuous on [0, T).

PROOF. We can approximate in W22(0,1) (hence in C* ([0, 1])) the network Sy = |J;-_, o*([0, 1])
with a family of smooth networks S;, composed of C*° curves o; — ¢*, as j — oo with the same
end-points and satisfying 9,073 (0) = 0,0'(1), 0,0;(1) = 9,0*(1).

By the convergence in W?? and in C*, the inverses of the lengths of the initial curves, the inte-
grals ij k? ds and |00 (x)| (from above and away from zero) for all the approximating networks

are equibounded, thus Proposition .17 assures the existence of a uniform interval [0, T') of exis-
tence of smooth evolutions given by the curves +(x,t) : [0,1] x [0,T) = Q.

Now, by the same reason, Proposition [4.13|gives uniform estimates on the L> norms of the cur-
vature and of all its derivatives in every rectangle [0, 1] x [u, Tar), with o > 0.

This means that if we reparametrize at every time all the curves 7 proportional to their arclength,
by means of a diagonal argument, we can find a subsequence of the family of reparametrized
flows 7} which converges in C%,([0,1] x (0,7)) to some flow, parametrized proportional to its
arclength, 7* in the time interval (0,7'). Moreover, by the hypotheses, the curves of the initial
networks &% converge in W?*2(0, 1) to * which are the reparametrizations, proportional to their
arclength, of the curves o’ of the initial network So. If we show that the maps 7' are continu-
ous up to the time ¢ = 0 we have a curvature flow for the network S, = Ui, 5%([0,1]) which
then gives a curvature flow for the original network Sy in C*°([0, 1] x (0,T")), reparametrizing it
back with some family of continuous maps 6% : [0,1] x [0,T) — [0, 1] with % # 0 everywhere,
9t € C>°([0,1] x (0,7)) and 7*(#*(-,0)) = o* (this can be easily done as the maps 6'(-,0) are of
class C?, since in general, the arclength reparametrization maps have the same regularity of the
network).

Hence, we deal with the continuity up to ¢ = 0 of the maps 7*. By the uniform L? bound on the
curvature and the parametrization proportional to the arclength, the theorem of Ascoli-Arzela
implies that for every sequence of times ¢; — 0, the curves ¥'(-, ¢;) have a converging subsequence
in C1([0,1]) to some family of limit curves ¢* : [0, 1] — €, still parametrized proportionally to ar-
clength, by the C! convergence. Moreover, we can also assume that k(-, ;) converge weakly in
L?(ds) to the curvature function associated to the family of curves ¢’. We want to see that actu-
ally ¢* = &%, hence showing that the flow 77 : [0,1] x [0,7) — Q is continuous and that the unit
tangent vector 7 : [0,1] x [0,7) — R? is a continuous map up to the time ¢ = 0 (this property is
stable under the above reparametrization so it then will hold also for the final curvature flow ~?).
We consider a function ¢ € C*(R?) and the time derivative of its integral on the evolving net-
works %i-, that is,

d -~ -~
G oeds= [ OByt [ (Volk+Dds
dt J5; ) 5 H0)

- f/ @%stf/ <w\%>de+/ (Voo |+ X ds
S;(t) S;(t) S;(t)

:—/ @Est—i-ﬁ <V@\E>ds,
S; () S; (%)

where we integrated by parts, passing from first to second line.

Let us consider now any sequence of times ¢; converging to zero as above, such that the curves
¥i(-,t;) converge in C([0,1]) to some family of limit curves ¢? : [0,1] — Q (still parametrized
proportionally to arclength) as above, describing some regular network S, and k(-, ;) converge
weakly in L?(ds) to the curvature function associated to the family of curves ¢*. Integrating this
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equality in the time interval [0, ;] we get

ty - t ~
/ @ds—/ @ds:—/ / <pk2d$dt—|—/ / (Vo |k)dsdt
S;(t) S;(0) 0 JS;) 0 JS;()

which clearly passes to the limit as j — oo, by the smooth convergence of the flows 7 to the flow
7% (and the uniform bound on 5,0 k2 ds) and of the initial networks S;(0) = (J"_, a:(10,1]) to
So = Ur, ([0,1]), hence,

t - t ~
/ godsf/ (pd,s:f/ / godesdtJr/ /<V<p|k>d5dt
S, So 0 JS 0 JS

By the uniform bound on the L? norm of the curvature, we then get

| et anas— [ o@)ds

St, So

gCtl?

where we made explicit the integrands, for sake of clarity. Sending | — oo we finally obtain

éwom—éwaw

[ pds = l pds
S So
for every function ¢ € C*°(R?).

Since, both the networks Sy = U/, ([0,1]) and S = [J;"_, ¢/([0, 1]) are regular, parametrized
proportionally to their arclength and of class C?, this equality for every ¢ € C*°(R?) implies that
o' = (%, which is what we wanted.

Notice that, the continuity of 7' and 7 also implies that the measures H! L S; weakly* con-
verge to H' L Sy, where H! is the Hausdorff one-dimensional measure, as t — 0.

Finally, integrating on [0, ¢) inequality (forgetting the absolute value and the contribu-
tions from the end—points), for the approximating flows 7%, and passing to the limit as j — oo, we
see that the function f§t k? ds is continuous on [0, T) (also at ¢t = 0), by the uniform bound on the
L? norm of the curvature of the networks. Being such integral invariant by reparametrization,
this also holds for the flow 7%. The same for the weak convergence in L?(ds) of the functions
k(- t) to k(-,0) ast — 0. O

:0,

that is,

REMARK 5.9.

(1) The relevance of this theorem is that the initial network is not required to satisfy any
compatibility condition, but only to have angles of 120 degrees between the concurring
curves at every 3—point, that is, to be regular. In particular, it is not necessary that the
sum of the three curvatures at a 3—point is zero.

(2) The geometric uniqueness of the solution 4" found in this theorem is an open problem.

(3) As for every positive time the flow obtained by this theorem is C*°, hence every net-
work S, is geometrically smooth, arguing as before (by means of Remark[3.24), the same
conclusions of Corollary 5.2 apply, that is, this flow can be reparametrized, from any
positive time on, to be a C'*° special smooth flow.

(4) It should be noticed that if the initial curves o° are C°, the flow S; is smooth till ¢t = 0
far from the 3—points, that is, in any closed rectangle included in (0,1) x [0,7") we can
locally reparametrize the curves v* to get a smooth flow up to t = 0. This follows from
the local estimates for the motion by curvature (see [31]).

(5) Itis easy to see that, pushing a little the argument in the proof of this theorem, one can
find a curvature flow with the same properties also if the initial network Sy is regular
and composed of regular curves of class W22(0, 1) only.

Arguing as for Theorem 5.7) we have the following corollary.
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COROLLARY 5.10. If T < 400 is the maximal time interval of existence of the curvature flow S; of
an initial reqular C* network given by the previous theorem, then
(1) either the inferior limit of the length of at least one curve of S; goes to zero whent — T,
(2) orlimsup,_,p fSt k% ds = +o0, hence, the curvature is not bounded as t — T.
Moreover, if the lengths of the n curves are uniformly positively bounded from below, then this superior
limit is actually a limit and there exists a positive constant C such that

and maxk?® > ¢

C
kKrds > —— —
/St STt s T—

~+

forevery t € [0, 7).

OPEN PROBLEM 5.11. Every curvature flow of a regular network, hence only C%!, shares the
properties stated in this corollary?
Notice that it would follow by a positive answer to Problem

5.1. Smooth flows are Brakke flows. We introduce now the concept of Brakke flow (with
equality) of a network.

DEFINITION 5.12. A regular Brakke flow is a family of W;>?> networks S; in (, satisfying the
inequality

— [ p(y,t)ds < —/ oy, t)k? ds+/ (Vo(v,t) | k) d8+/ wi(v,t)ds, (5.1)
dt Js, S, S, S,

for every non negative smooth function with compact support ¢ : 2 x [0,7) — Rand t € [0,T),

where 4 is the upper derivative (the lim of the incremental ratios).
If the time derivative at the left hand side exists and the inequality is an equality, for every
smooth function with compact support ¢ : 2 x [0,T) = Rand ¢t € [0,T), that s,

p(y,t)ds = —/S o(v, 1)k ds+/S (Vo(v,t) | k) d8+/ oi(v,t)ds, (5.2)

t

dt Js,
we say that S; is a regular Brakke flow with equality.

REMARK 5.13. Actually, the original definition of Brakke flow given in [18, Section 3.3] (in
any dimension and codimension) allows the networks S; to be simply one-dimensional count-
ably rectifiable subsets of R?, with possible integer multiplicity 6; : S; — N, and with a dis-
tributional notion of tangent space and (mean) curvature, called rectifiable varifolds (see [85]).
With such a general definition, the networks are identified with the associated Radon measures
He = 9157'[1 L St.

More precisely, the inequality

P ., o(x,1)0;(x) dH' (z) < — /St (@, )k?(x, )0 (x) dH' (x) + /St<V<p(a:,t) | k(z,1))0(z) d?—[(15(553))

+ /St oi(z,1)0, () dH (z),

must hold for every non negative smooth function with compact support ¢ : Q x [0,7') — R and
t € [0,T), where H! is the Hausdorff one-dimensional measure in R.

These weak conditions were introduced by Brakke in order to prove an existence result [18} Sec-
tion 4.13] for a family of initial sets much wider than networks of curves, but, on the other hand, it
lets open the possibility of instantaneous vanishing of some parts of the sets during the evolution.

A big difference between Brakke flows and the evolutions obtained as solutions of Prob-
lem is that the former networks are simply considered as subsets of R? without any mention
to their parametrization (that clearly is not unique). This means that actually a Brakke flow can
be a family of networks given by the maps v*(x, t) which are C? in space, but possibly do not
have absolutely any regularity with respect to the time variable .
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An open question is whether any Brakke flow with equality, possibly under some extra hy-
potheses, admits a reparametrization such that it becomes a solution of Problem (1.5).
This problem is clearly also related to the uniqueness of the Brakke flows with equality (maybe
further restricting the candidates to a special class with extra geometric properties).

PROPOSITION 5.14. Any solution of Problem ({L.B) in C**([0,1] x [0,T)) is a reqular Brakke flow
with equality.
In particular, for every curve v*(-, t) and for every time t € [0, T) we have

dL(®) _ N (1, ) — AH(0, 1) —/ k*ds (5.4)
dt ()
and
LL(t) =— | K%ds,
dt s,

that is, the total length L(t) is decreasing in time and it is uniformly bounded by the length of the initial
network Sg.

PROOF. If the flow ~* is in C°°([0, 1] x [0,7')), we have

dri(t)y d ', .
= — v d
2t =5 [ il
/1 ot 172) 4
0

Vel
%f >dx
Vel

1 .
0

1
- / (Oeri | 7) da
0

= (L) |7'(1,)) = (4 (0,1) | 7'(0,1)) —/O (Vi 0u7") da.

Then, approximating the maps ' with a family of maps ¢ € C* such that y** — 4% in C"! and
yie, — v, in C°, as € — 0, we see that we can pass to the limit in this formula and conclude that
it holds for the original flow which is only in C*!([0,1] x [0,7T')). Finally, since 9,7" = k'v'|v%|,
we get

dLi(t , ;
®) = \'(1,t) — \(0,1) —/ k* ds
dt Yi(t)

as i = k't + Nt
The formula for the derivative of the total length of the evolving network then follows by the
zero—sum property of the functions A\’ at every 3—point at the fact that all the A\ are zero at the
end-points.
A similar argument shows that formula defining a Brakke flow with equality also holds.
O

THEOREM 5.15. IfS; is a curvature flow of a C? initial network such that

o the unit tangents " are continuous in [0,1] x [0,T),
o the functions k(-,t) converge weakly in L* to k(-,0), as t — 0,
o the function fSt k% ds is continuous on [0, T),

then S, is a regular Brakke flow with equality.

PROOF. By the previous Theorem we only need to check Brakke equality (5.2) at ¢t = 0.
For every positive time and for every smooth test function ¢ : Q2 x [0,T) — R, we have

d
7/ sads:—/ <pk2d8+/<V<,0|E>d5d+/ prds,
dt S, S¢ St S
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hence, it suffices to show that the right member is continuous at ¢ = 0. By the hypotheses, the
only term that really need to be checked is fo ¢ k? ds, we separate it as the sum of fSt ¢t k?ds and
fSt ¢~ k? ds and we show the continuity of these two terms separately (here o™ = 9 A0 and p~ =
©V0). Thus, we assume that 0 < ¢ < 1, then, by the weak convergence in L?(ds) of k(-, t) to k(-,0),
the integral [; ¢ k? ds is lower semicontinuous in ¢, that is, fSo ¢ k?ds < liminf,, o fs, © k2 ds for
every t; — 0, but if this is not an equality for some sequence of times, it cannot happen that
fo k2 ds is continuous at t = 0, indeed, we would have

lim [ k*ds> liminf/ <pk2d5+liminf/ (1—p)kds
t;—0 S: t;—0 Ss t;—0 Ss

>/cpk2d$+/(1—<p)k2ds:/k2ds.
So So St
This concludes the proof. O

COROLLARY 5.16. The curvature flows whose short time existence is proved in Theorems [3.13]
and are Brakke flows with equality. The curvature flow of an initial C? regular network obtained
in Theorem |5.8|is also a Brakke flow with equality. Any curvature flow of a reqular network is a Brakke
flow with equality for every positive time.

We conclude this section with the following property of Brakke flows.

PROPOSITION 5.17. For any regular Brakke flow with equality (hence, for every curvature flow of a
reqular network) such that the curvature is uniformly bounded in a time interval [0,T), the lengths of the
curoves of the network L*(t) converge to some limit, as t — T.

In particular, if the flow satisfies the conclusion of Theorem |5.7|or Corollary at the maximal time of
existence T, there must be at least one curve such that L*(t) — 0,ast — T.

PROOF. If the curvature is bounded, by formula (5.4), any function L’ as a uniformly bounded
derivative, as k controls A at the end—points and 3—points of the network, thus the conclusion fol-
lows. O

6. The monotonicity formula and rescaling procedures

Let F : S x [0,T) — R? be the curvature flow of a regular network in its maximal time
interval of existence. As before, with a little abuse of notation, we will write 7(P",t) and \(P", )
respectively for the unit tangent vector and the tangential velocity at the end-point P" of the
curve of the network getting at such point, for any r € {1,2,...,1}.

A modified form of Huisken’s monotonicity formula for smooth hypersurfaces moving by
mean curvature (see [48]), holds. It can be proved starting by formula and with a slight
modification of the computation in the proof of Lemma 6.3 in [71].

Let 29 € R% ¢y € (0,00) and py, 1, : R? x [0, %) be the one-dimensional backward heat kernel in R?
relative to (zo, o), that is,
)2

_lz—=zql”
e Aot

Proto(T,1) = \/ﬁ .

We will often write p,,(x,t) to denote p,, 7(x,t) (or py, to denote p,, ), when T is the maximal
(singular) time of existence of a smooth curvature flow.

PROPOSITION 6.1 (Monotonicity formula). Assume to > 0. For every o € R? and for every
t € [0, min{to, T'}) the following identity holds
2

)L
Proto (T, 1) ds (6.1)

(x — xg
kSt =0

d
pﬂﬂo,to(x?t) ds = _/
St

i@ /s,

T(P",t) > - )\(Pr,t)} Paorto (P75 1)
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Integrating between t1 and to with 0 < t; <ty < to we get

A

xf:vo)l 2

2t — t) on,to(Lt) dsdt = / Pzo,to (z,t1)ds — / Pzo,to (z,t2) ds

Sty Sty

T(P",t) > - /\(P’”,t)} Pao.to (P, 1) dt.

L[/ pr—a
A Eoe
; t1 Z(to - t)
We need the following lemma in order to estimate the end—points contribution in this formula
(see Lemma 6.5 in [71]]).

LEMMA 6.2. Foreveryr € {1,2,...,1} and xo € R?, the following estimate holds

ol / P —x
/t [< 2(to =€)
where C'is a constant depending only on the constants C; in assumption (4.1).
As a consequence, for every point xo € R?, we have

= [T/ P
LmZ/ K 2000 —€)

As a consequence, the following definition is well posed.

T(PT,£>> - A(P’",é)] pnin(P"6) df‘ <c.

T(P",¢€) > - A(Pr,g)} Pao.to (P, €)dE = 0.

DEFINITION 6.3 (Gaussian densities). For every zy € R?,t; € (0,00) we define the Gaussian
density function O, 4, : [0, min{te, T}) — R as

O to (1) = /S Puo.to (T, 1) ds

and provided to < T, the limit density function © : R x (0,00) — R as

Oz, t0) = lim Oy, ¢, (1)

Moreover, we will often write ©,, (¢) to denote O(zo, T) and ©(z) for Oz, T).

The limit © exists and it is finite. Moreover, the map ©:R2 - Ris upper semicontinuous
(see [67, Proposition 2.12]).

6.1. Parabolic rescaling of the flow. For a fixed p > 0 the standard parabolic rescaling of a
curvature flow given by the map F' above, around a space-time point (¢, ), is defined as the
family of maps

Fl' = p(F(, p~*t + o) — o) , (6.2)

where t € [—u2ty, p?(T — to)). Note that this is again a curvature flow in the domain u(Q — o)
with new time parameter t.

Given a sequence p;  +o0o and a space-time point (z¢,?y), where 0 < t; < T, we then

consider the sequence of curvature flows F/** in the whole R? that we denote with S{.
Recall that the monotonicity formula implies

r—x
@Imto( ) antO //‘k‘i‘ to 70 ‘ pxo,to(v )deU

AT

T(P",0) > - )\(Pr,a)} Paorte (P o) do.
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Changing variables according to the parabolic rescaling, we obtain

xt 2
k— Z‘ po,0(,5)ds ds

0
@xo,to(to +luz_2t) - ®(I07t0) = / /l o
t Jshi

10 pr
i
2/l
r=1%
where P/ = p;(P" — xp).
Hence, sending i — oo, by Lemmal6.2} for every t € (—00,0) we get

0
lim
71— 00 t S;‘z

6.2. Huisken’s dynamical rescaling. Next we introduce the rescaling procedure of Huisken
in [48] at the maximal time 7.
Fixed zo € R?, let F;, : S x [—~1/2log T, +o0) — R? be the map

T(PZ-T,E) > + )\(PZ-T75):| poy()(PiT,ﬁ) d5,

xt 2
k— g’ poo(-,8)dsds =0.

A F(pu t) — X0 1
Fpo(p,t) = —F—=——= t(t) =—zlog (T —t
e = A L IGR
then, the rescaled networks are given by
~ S, —
Syt = 0 (6.3)
2T —t)

and they evolve according to the equation

&FID (pv t) = ﬁ(pv t) + ﬁzo (pv t)

where

0p, ) = V2T —t(t) - u(p, t() =k+A=kv+Ar  and () =T —e 2"
Notice that we did not put the sign over the unit tangent and normal, since they remain the same
after the rescaling.
We will write OP(t) = F,,(OP,t) for the 3—points of the rescaled network S, and P"(t) =
F.,(P",t) for the end—points, when there is no ambiguity on the point .
The rescaled curvature evolves according to the following equation,

OF = o + F X+ B — F

which can be obtained by means of the commutation law

00y = 0y + (k2 — Ao — 1)0,

where we denoted with o the arclength parameter for S, .
By a straightforward computation (see [48]) we have the following rescaled version of the
monotonicity formula.

PROPOSITION 6.4 (Rescaled monotonicity formula). Let xo € R? and set

=2

o) =%
For every t € [—1/2log T, +00) the following identity holds

d
- Nx)do = —
dt Js ple) do /g

zq,t

|k + o [2(e) do + i[@f(t) | 7P 1)) = X(P", 0] 5P (1)

zg,t
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where P (t) = —£=%o

2AT—t(1)"
Integrating between ¢ and ty with —1/2logT < t; <t < +oo we get
{2 .
/ ﬁ |k + 2t )?p(z) do dt = ﬁ p(x)do — ﬁ p(z) do (6.4)
t1 Szg,t Sz, Saq.ty

l to _ N ~
+ Z/ [< Prt) ‘T(P7’,t(t))> - A(Pr,t)} F(P (1) dt.
r=17t
We have also the analog of Lemma [6.2|(see Lemma 6.7 in [71]).
LEMMA 6.5. Foreveryr € {1,2,...,1} and zo € R?, the following estimate holds
o0 . .
[P o) - o) ae | < c.
t

where C'is a constant depending only on the constants C; in assumption (4.1).
As a consequence, for every point zo € R?, we have

tiiﬁéoi/tm (PP (P 1)) =X(P".)] dg = 0.

7. Classification of possible blow—up limits

In this section we want to discuss the possible limits of an evolving network at the maxi-
mal time of existence. When the curvature does not remain bounded, we are interested in the
possible blow—up limit networks after Huisken’s rescaling procedure, using the rescaled mono-
tonicity formula (see Section @ In some cases, such limit sets are no more regular networks, so
we introduce the following definition.

DEFINITION 7.1 (Degenerate regular network). Consider a couple (G, S) with the following
properties:

e G =J!_, E'is an oriented graph with possible unbounded edges E*, such that every
vertex has only one or three concurring edges (we call end—points of G the vertices with
order one);

¢ we have a family of C! curves o* : I' — R?, where I* is the interval (0, 1), [0,1), (0,1] or
[0, 1], and orientation preserving homeomorphisms ¢’ : E — I, then S is the union of
the images of I’ through the curves o', thatis, S = |J_, o*(I?) (notice that the interval
(0, 1) can only appear if it is associated to an unbounded edge E* without vertices, which
is clearly a single connected component of G);

e in the case that I’ is (0,1), [0,1) or (0,1], the map o' is a regular C! curve with unit
tangent vector field 7°;

e in the case that I = [0,1], the map o is either a regular C' curve with unit tangent
vector field 7%, or a constant map and in this case it is “assigned” also a constant unit
vector 7' : I' — R?, that we still call unit tangent vector of o (we call these maps o’
“degenerate curves”);

e for every degenerate curve ' : I' — R? with assigned unit vector 7 : I — R?, we call
“assigned exterior unit tangents” of the curve o* at the points 0 and 1 of I?, respectively
the unit vectors —7% and 7°.

e themap ' : G — R? givenby the union T = [ J_, (¢'0¢") is well defined and continuous;

e for every 3-point of the graph G, where the edges E‘, E7, E* concur, the exterior unit
tangent vectors (real or “assigned”) at the relative borders of the intervals I?, I, I* of
the concurring curves o?, 07 o* have zero sum (“degenerate 120 degrees condition”).

Then, we call S = J"_, o*(I") a degenerate reqular network.
If one or several edges E' of G are mapped under the map I' : G — R? to a single point
p € R?, we call this sub-network given by the union G’ of such edges E’, the core of S at p.
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We call multi-points of the degenerate regular network S, the images of the vertices of mul-
tiplicity three of the graph G, by the map I'.

We call end-points of the degenerate regular network S, the images of the vertices of multi-
plicity one of the graph G, by the map I'.

REMARK 7.2.

o A regular network is clearly a degenerate regular network.

o This definition will be useful to deal with the limit sets when at some time a curve of the
network “collapses”, that is, its length goes to zero (see Proposition 8.21).

o A degenerate regular network S with underlying graph G, seen as a subset in R?, isa C"*
network, not necessarily regular, that can have end—points and/or unbounded curves.
Moreover, self-intersections and curves with integer multiplicities can be present. Any-
way, by the degenerate 120 degrees condition at the last point of the definition, at every
image of a multi-point of G the sum (possibly with multiplicities) of the exterior unit
tangents (the “assigned” ones cancel each other in pairs) is zero. Notice that this implies
that every multiplicity—one 3-point must satisfy the 120 degrees condition.

LEMMA 7.3. Let S = |JI_, 0" (1;) a degenerate regular network in Q and X : R? — R? be a smooth
vector field with compact support. Then, there holds

l

/S 0,(X(0) |7y dH' = = S (X(P") [r(P")),

r=1
where PY, P2, ..., P! are the end—points of S, T7(P'), 7(P?),...,7(P') are the exterior unit tangents at
PrandH' is the 1-dimensional Hausdorff measure, counting multiplicities.

PROOF. This is a consequence of the degenerate 120 degrees condition, implying that the
sum of all the contribution at a multi-point given by the boundary terms after the integration
on each single curve, is zero (as the sum of the exterior unit tangents of the concurring curves).
Thus, the only remaining terms are due to the end—points of the degenerate regular network. O

n )

DEFINITION 7.4. We say that a sequence of regular networks S, = |JI_, o} (I}) converges in
C{ . to a degenerate regular network S = U§':1 ol (12,) with underlying graph G = Ué‘:1 E7 if:

e letting O',0%,...,0™ the multi-points of S, for every open set 2 C R? with compact
closure in R?\ {O',0?,...,0™}, the networks Sy, restricted to (2 are definitely described
by families of regular curves which, after possibly reparametrizing them, converge to
the family of regular curves given by the restriction of S to €2;

o for every multi-point O? of S, image of one or more vertices of the graph G (if a core is
present), there is a sufficiently small R > 0 and a graph G = U;_, F", with edges F"
associated to intervals J”, such that:

— the restriction of S to Bp is a regular degenerate network described by a family of
curves o%, : J" — R? with (possibly “assigned”, if the curve is degenerate) unit
tangent 7.,

— definitely for every k, the restriction of Sy, to B, is a regular network with underly-
ing graph G, described by the family of regular curves 5} : J" — R?,

— for every j, possibly after reparametrization of the curves, the sequence of maps
J" 3z (o5(x), 7 (x)) convergein CP_ to the maps J" > z — (7, (z), 75 (), for
everyr € {1,2,...,s}.

We will say that Sy, converges to S in C\

1o E, where E is some function space, if the above curves
also converge in the topology of E.

REMARK 7.5.

e It is easy to see that if a sequence of regular networks S converges in C}L . to a degen-
erate regular network S, the associated one-dimensional Hausdorff measures, counting
multiplicities, weakly—converge (as measures) to the one-dimensional Hausdorff mea-
sure associated to the set S seen as a subset of R2.
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o If a degenerate regular network S is the limit of a sequence of regular network as above,
being these embedded, it clearly can have only tangent self-intersections but not a “cross-
ing” of two of its curves.

o If Sis the limit of a sequence of “rescalings” of the networks of a curvature flow S; with
fixed end—points, it can have only one end—point at the origin of R? and only if the center
of the rescalings coincides with an end—point of S;, otherwise, it has no end—points at all
(they go to oo in the rescaling).

7.1. Self-similarly shrinking networks.

DEFINITION 7.6. A regular C? open network S = (J;_, 0%(I;) is called a regular shrinker if at
every point € S there holds
k+azt=0. (7.1)
This relation is called the shrinkers equation.

The name comes from the fact that if S = |J_, o([;) is a shrinker, then the evolution given

by S¢ = Ui, v*(;, t) where v'(z,t) = /1 — 2t ¢*(x) is a self-similarly shrinking curvature flow
in the time interval (—oco, 3) with S = Sy. Viceversa, if S, is a self-similarly shrinking curvature
flow in the maximal time interval (—oo, %), then Sy is a shrinker.

In general a shrinker is composed by lines through the origin, halfline pointing the origin or
pieces of the so—called Abresch-Langer curves [1]. The only embedded shrinking curves in R?
are the lines through the origin and the unit circle. The embedded, connected regular shrinkers
with one triple junction are exactly two (up to translation): the standard triod and the Brakke
spoon (see [23]).

FIGURE 6. Simple examples of regular shrinkers are a line for the origin, an un-
bounded triod composed of three halflines from the origin meeting at 120 de-
grees, that we call standard triod and the unit circle S*.

FIGURE 7. A less simple example of a regular shrinker: a Brakke spoon is a regular
shrinker composed by a halfline which intersects a closed curve, forming angles
of 120 degrees. It was first mentioned in [18] as an example of evolving network
with a loop shrinking down to a point, leaving a halfline (that then vanishes
instantaneously, in the contest of Brakke flows). Up to rotation, this particular
spoon-shaped network is unique (see [23]).

About shrinkers with two triple junctions, it is not difficult to show that there are only two
possible topological shapes for a complete embedded, regular shrinker: one is the “lens/fish”
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shape and the other is the shape of the Greek “Theta” letter (or “double cell”), as in the next

figure.
A1
O
e - 02
~3

FIGURE 8. A lens/fish-shaped and a ©-shaped network.

It is well known that there exist unique (up to a rotation) lens—shaped or fish-shaped, em-
bedded, regular shrinkers which are symmetric with respect to a line through the origin of R?
(see [23] 84]). Instead, there are no regular ©—shaped shrinkers (see [15]).

o SO

FIGURE 9. A lens—shaped and a fish-shaped shrinker.

DEFINITION 7.7. A standard triod is an unbounded shrinker triod composed of three halflines
from the origin meeting at 120 degrees (Figure 6).
A Brakke spoon is a shrinker composed by a halfline which intersects a closed curve, forming an-
gles of 120 degrees (first mentioned in [18], Figure[7).
A standard lens is a shrinker with two triple junctions symmetric with respect to two perpendicu-
lar axes, composed by two halflines pointing the origin, posed on a symmetry axis and opposite
with respect to the other. Each halfline intersects two equal curves forming an angle of 120 de-
grees (Figure[J).
A fish is a shrinker with the same topology of the standard lens, but symmetric with respect to
only one axis. The two halfines, pointing the origin, intersect two different curves, forming an-
gles of 120 degrees (Figure[J).

DEFINITION 7.8 (Degenerate shrinkers). We call a degenerate regular network S = | J;__, o%(I;)
a degenerate regular shrinker if at every point z € S there holds

k+zt=0.

Clearly, a regular shrinker is a degenerate regular shrinker and, as before, the maps v!(z,t) =
V=2t 0% (x) describe the self-similarly shrinking evolution of a degenerate regular network S; in
the time interval (—o0,0), with S = S.

REMARK 7.9. As every non—degenerate curve of a degenerate regular shrinker (or simply of
a regular shrinker) satisfies the equation k + = = 0, it must be a piece of a line though the origin
or of the so called Abresch-Langer curves. Their classification results in [1]] imply that any of these
non straight pieces is compact, hence any unbounded curve of a shrinker must be a line or an
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halfline “pointing” the origin. Moreover, it also follows that if a curve contains the origin, then it
is a straight line through the origin (if it is in the interior) or a halfline from the origin (if it is an
end—point of the curve).

An example, that plays a role in the sequel, is the union of four halflines from the origin that
form alternate angles of 120 and 60 degrees.

\ /

/ \

FIGURE 10. An example of degenerate regular shrinker: four halflines from the
origin forming angles in pair of 120/60 degrees.

For a degenerate regular shrinker S, in analogy with Definition [6.3| we denote with

Os = @0_]0(71/2) = /Sp()’()(',*l/?) ds

its Gaussian density (here ds denotes the integration with respect to the canonical measure on
S, counting multiplicities). Notice that the integral ¢ o(t) = fSt po,o(-,t)ds is constant for ¢t €

(—00,0), hence equal to ©(0) for the self-similarly shrinking curvature flow S; = /—2¢S gener-
ated by S, as above.

The Gaussian density of a straight line through the origin is 1, of a halfline from the origin is
1/2, of a standard triod T is 3/2. The Gaussian density of the unit circle S* can be easily computed

to be
Oc = ,/21 ~1,52.
e
Notice that O = 3/2 < Oq1 < 2.

We have the following two classification results for degenerate regular shrinkers, see [53,
Lemma 8.3, 8.4].

LEMMA 7.10. Let S = |J!'_, o*(I;) be a degenerate reqular shrinker which is C}. ~limit of reqular
networks homeomorphic to the underlying graph G of S (as in Definition and assume that G is a tree
without end—points. Then S consists of halflines from the origin, with possibly a core at the origin.
Moreover, if G is connected, without end—points and S is a network with unit multiplicity, this latter can
only be

e a line (no core),

e g standard triod (no core),

o two lines intersecting at the origin forming angles of 120/60 degrees (the core is a collapsed
segment in the origin with “assigned” unit tangent vector bisecting the angles of 120 degrees).

PROOF. We assume that G is connected, otherwise we argue on every single connected com-
ponent. By the hypothesis of approximation with regular (embedded) networks, G is a planar
graph.

As we said in Remark if a non—-degenerate curve contains the origin, then it is a piece of
a straight line. Otherwise, it is contained in a compact subset of R? and has a constant winding
direction with respect to the origin. Aside from the circle, any other solution has a countable,
non-vanishing number of self-intersections (all these facts were shown in [1]]).

Suppose that the network S has a core at some point P € S, then, at least an edge of G is
mapped into P.
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Being the graph G a tree, it can be seen easily by induction, that from P there must exit N + 2
(not necessarily distinct) non-collapsed curves, where N is the number (greater than one) of 3—-
points contained in the core. Moreover, considering the the longest simple “path” in G which is
mapped in the core at P of S, orienting it and “following” its edges, the assigned unit tangent
vector (possibly changed of sign on some edges in order to coincide with the orientation of the
path) cannot “turn” of an angle of 60 degrees in the same “direction” for two consecutive times,
otherwise, since G is a tree, the approximating networks must have definitely a self-intersection
(see Figure[1T|below).

< >‘< T<
e i | )
! The core of S
G

FIGURE 11. If the assigned unit tangent vector “turns” of an angle of 60 degrees
in the same direction for two consecutive times, G has self-intersections. An
example of such a pair (G, S).

Hence, the assigned unit tangent vector “turns” of an angle of 60 degrees then it must “turn”
back, in passing from an edge to another along such longest path. This means that at the ini-
tial/final point of such path, either the two assigned unit tangent vectors are the same (when
the number of edges is odd) or they differ of 60 degrees (when the number of edges is even).
By a simple check, we can then see that, in the first case the four curves images of the four non-
collapsed edges exiting from such initial/final points of the path, have four different exterior unit
tangent vectors at P (opposite in pairs), in the second case, they have three exterior unit tangent
vectors at P which are non-proportional each other.

7 1 2 B _ ! 1 B
i} 1 ) L \u
e S NG S

FIGURE 12. Examples of the edges at the initial /final points of the longest simple
path in G and of the relative curves in S, the numbers 1 and 2 denote their mul-
tiplicity.

If then there is a 3—point or a core at some point P # 0, since at most two of the four directions
in the first case above and at most one of the three directions in the second case, can belong to
the straight line for P and the origin, there are always at least two non-straight Abresch-Langer
curves arriving/starting at P. Clearly, this property holds also if there is no core at P, but P is
simply a 3—point.
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Let us consider S’ C S, which consists of S with the interior of all the pieces of straight lines
removed and let ¢* one of the two curves above. We follow ¢ till its other end—point Q. At this
end-point, even if there is a core at @, there is always another different non-straight curve o7
to continue moving in S avoiding the pieces of straight lines (hence staying far from the origin).
Actually, either the underlying intervals I; and I; are concurrent at the vertex corresponding to
@ in the graph G or there is a path in G (“collapsed” in the core at @) joining I; and I;. We
then go on with this path on S (and on G) till, looking at things on the graph G, we arrive at an
already considered vertex, which happens since the number of vertices of G is finite, obtaining a
closed loop, hence, a contradiction. Thus, S’ cannot contain 3-points or cores outside the origin.
If anyway S contains a non-straight Abresch-Langer curve, we can repeat this argument getting
again a contradiction, hence, we are done with the first part of the lemma, since then S can only
consist of halflines from the origin.

Now we assume that G is connected and S is a network with multiplicity one, composed of
halflines from the origin.

If there is no core, S is homeomorphic to G and composed only by halflines for the origin, hence
G has at most one vertex, by connectedness. If G has no vertices, then S must be a line, if it has a
3—point, S is a standard triod.

If there is a core in the origin, by the definition of degenerate regular network it follows that
the halflines of S can only have six possible directions, by the 120 degrees condition, hence, by
the unit multiplicity hypothesis, the graph G is a tree in the plane with at most six unbounded
edges. Arguing as in the first part of the lemma, if N denotes the number (greater than one) of
3—points contained in the core, it follows that /N can only assume the values 2, 3, 4. Repeating the
argument of the “longest path”, we immediately also exclude the case N = 3, since there would
be a pair of coincident halflines in S, against the multiplicity-one hypothesis, while for N = 4 we
have only two possible situations, described at the bottom of the following figure.

HX &*M

N\ The core of S The core of S
:§: \ }& The longest
\ simple path

v G S The core of S in the core of S

FIGURE 13. The possible local structure of the graphs G, with relative networks
S and cores, for N = 2, 3, 4.

Hence, if N = 4, in both two situations above there is in S at least one halfline with multiplicity
two, thus such case is also excluded.

Then, we conclude that the only possible network with a core is when N = 2 and S is given by
two lines intersecting at the origin forming angles of 120/60 degrees and the core consists of a
collapsed segment which must have an “assigned” unit tangent vector bisecting the two angles
of 120 degrees formed by the four halflines. O
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LEMMA 7.11. Let S = |J!'_, o*(I;) be a degenerate reqular shrinker which is C}. ~limit of reqular
networks homeomorphic to the underlying graph G of S (as in Definition and assume that ©g < Og.
Then, the graph G of S is a tree. Thus, S is either a multiplicity—one line or a standard triod.

PROOF. By the hypotheses, we see that G is a planar graph. We assume that G is not a tree,
that is, it contains a loop, then we can find a (possibly smaller) loop bounding a region. If such
loop is in a core at some point P, it is easy to see, by the degenerate 120 degrees condition,
that such region has six edges and, arguing as in Lemma that there must always be at
least two non—collapsed, non-straight Abresch-Langer curves arriving/starting at P in different
directions.

Then, if we assume that the complement of S in R? contains no bounded components, re-
peating the argument in the proof of the previous lemma, it follows that S consists of a union of
halflines for the origin and the loops of G are all collapsed in the core. Then, by what we said
above, there must be at least six halflines emanating from (the core at) the origin. This implies
that ©s > 3, which is a contradiction.

Let now B be a bounded component of the complement of S and v a connected component of
the sub-network of S which bounds B, counted with unit multiplicity. Since  is an embedded,
closed curve, smooth with corners and no triple junctions, we can evolve it by “classical” curve
shortening flow ~;, for t € [~1/2,1y) where we set v_; /5 = 7, until it shrinks at some tq > —1/2
to a “round” point 2y € R? (by the works of Angenent, Gage, Grayson, Hamilton [10} 11} 12} 37,
36,38, [41], see Remark [1.2).

By the monotonicity formula, we have

/on,to(‘a —1/2)ds > Ox:
.

and, by the work of Colding—Minicozzi [26] Section 7.2], there holds

Os = /po,o(', —1/2)ds = sup /plmt(,(-7 —1/2)ds. (7.2)
S 10€R27t0>71/2 S
Then,
052 [ parto=1/2) 5= [ paygc-1/2)ds > 651
S ¥
which is a contradiction and we are done. O

7.2. Some geometric properties of the network flow. Before proceeding, we show some
geometric properties of the curvature flow of a network that we will need in the sequel.

PROPOSITION 7.12. Let S; be the curvature flow of a reqular network in a smooth, convex, bounded,
open set Q, with fixed end—points on the boundary of Q, for t € [0,T). Then, for every time ¢t € [0,T), the
network S, intersects the boundary of Q only at the end—points and such intersections are transversal for
every positive time. Moreover, S, remains embedded.

PROOF. By continuity, the 3—points cannot hit the boundary of Q2 at least for some time 7" >
0. The convexity of 2 and the strong maximum principle (see [82]) imply that the network cannot
intersect the boundary for the first time at an inner regular point. As a consequence, if ¢, > 0 is
the “first time” when the S; intersects the boundary at an inner point, this latter has to be a 3
point. The minimality of ¢, is then easily contradicted by the convexity of (2, the 120 degrees
condition and the nonzero length of the curves of Sy, .
Even if some of the curves of the initial network are tangent to J<) at the end-points, by the strong
maximum principle, as 2 is convex, the intersections become immediately transversal, and stay
so for every subsequent time.
Finally, if the evolution S, loses embeddedness for the first time, this cannot happen neither at a
boundary point, by the argument above, nor at a 3—point, by the 120 degrees condition. Hence it
must happen at interior regular points, but this contradicts the strong maximum principle. [



7. CLASSIFICATION OF POSSIBLE BLOW-UP LIMITS 83

PROPOSITION 7.13. In the same hypotheses of the previous proposition, if the smooth, bounded, open
set € is strictly convex, for every fixed end—point P" on the boundary of Q, for r € {1,2,...,1}, thereis a
time t, € (0,T) and an angle c,. smaller than /2 such that the curve of the network arriving at P form
an angle less that o, with the inner normal to the boundary of , for every time t € (¢,,T).

PROOF. We observe that the evolving network S; is contained in the convex set {2y C €,
obtained by letting 02 (which is a finite set of smooth curves with end—points P") move by cur-
vature keeping fixed the end—points P" (see [49,[88),89]). By the strict convexity of {} and strong
maximum principle, for every positive ¢ > 0, the two curves of the boundary of € concurring
at P" form an angle smaller that 7 which is not increasing in time. Hence, the statement of the
proposition follows. O

We briefly discuss now the behavior of the area of regions enclosed by the evolving regular
network S;. Let us suppose that a (moving) region A(¢) is bounded by some curves ', 72, ...,7™
and let A(t) its area. Possibly reparametrizing these curves which form the loop ¢ = |J", 7' in
the network, we can assume that ¢ is parametrized counterclockwise, hence, the curvature & is
positive at the convexity points of the boundary of A(t). Then, we have

A'(t):—i/ (lw|1/)ds:—i/ kds:—iAQi
i=177" i=177" i=1

where A is the difference in the angle between the unit tangent vector 7 and the unit coordinate
vector e; € R? at the final and initial point of the curve +*, indeed (supposing the unit tangent
vector of the curve 7" “lives” in the second quadrant of R? — the other cases are analogous) there

holds
<Ts | €1>

0s0; = Os arccos(T |e)) = ———— "L
1—(r]e1)?

:k7

SO
m

A==y [ abids == a0,
=177 i=1
Being ¢ a closed loop and considering that at all the end—points of the curves ' the angle of the
unit tangent vector “jumps” of 120 degrees, we have

m
mn/3 + ZA& =27,
i=1
hence,
Alt)y==(2-m/3)r. (7.3)
An immediate consequence is that the area of every region fully bounded by the curves of the
network evolves linearly and, more precisely, it increases if the region has more than six edges,
it is constant with six edges and it decreases if the edges are less than six. Moreover, this implies
that if a region with less than six edges is present, with area Ay at time ¢ = 0, the maximal time T’
of existence of a smooth flow is finite and
A 34 .
2-m/3)r — =«

REMARK 7.14. Since every bounded region contained in a shrinker must decrease its area
during the curvature flow of such shrinker (since it is homothetically contracting), another con-
sequence is that the only compact regions that can be present in a regular shrinker are bounded
by less than six curves (actually, this conclusion also holds for the “visible” regions — not the cores
- of any degenerate regular shrinker).

Moreover, letting a shrinker evolve, since every bounded region must collapse after a time inter-
val of 1/2, the area of such region is only dependent by the number m of its edges (less than 6),
by equation (7.3), indeed

T < (7.4)

1/2 1/2
A(0) = A(0) — A(1/2) = — ; A'(t)dt = /o (2—-m/3)mdt=(2—m/3)7/2.
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This implies that the possible structures (topology) of the shrinkers with equibounded diameter
are finite.

It is actually conjectured in [46, Conjecture 3.26] that there is an upper bound for the pos-
sible number of bounded regions of a shrinker. This would imply that the possible topological
structures of shrinkers are finite.

7.3. Limits of Huisken’s dynamical procedure. We deal now with the possible blow—up
limits arising from Huisken’s dynamical procedure. We recall that

DEFINITION 7.15. We say that a (possibly degenerate and with multiplicity) network S has
bounded length ratios by the constant C' > 0, if

H' (SN Br(@)) < CR, (7.5)

foreveryz € R*and R > 0 (ﬁl is the 1-dimensional Hausdorff measure counting multiplicities).

Notice that this is a scaling invariant property, with the same constant C.

LEMMA 7.16. Let S, ( be the family of rescaled networks , obtained via Huisken’s dynamical proce-
dure around some xo € R?, as defined in formula (6.3).

(1) There exists a constant C = C(Sy) such that, for every T,zo € R?, t € [f% log T, +oo) and
R > 0 there holds

H(S4y N Br(z)) < CR. (7.6)

(2) Forany e > 0 there is a uniform radius R = R(e) such that

/~ e_‘$‘2/2ds§€,
Seo,\Br(Z)

that is, the family of measures e~171*/2 {1 S, , is tight (see [29]).

PROOF. By Definition if Sy is an open network, the number of unbounded curves (C*-
asymptotic to straight lines) is finite. Then, it is easy to see that, open or not, Sy has bounded
length ratios, that is, there exists a constant C' > 0 such that

H'(So N Br(z)) < C'R, (7.7)

for all 7 € R? and R > 0. This implies that the entropy of Sy (see [26,66]) is bounded, i.e.

_le—7?

e Ir
E(Sg) = sup / ds = sup pz-(-,0)ds < C".
TER2,7>0 JS, 4T TER2,7>0JS,
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Indeed, for any Z € R? and 7 > 0, changing variable as y = (z — ) /27, we have

e e
ds = / ds
/So AmT So-= /27

e 2
_ ds
o/So—me(O)\Bn(O)) var
RS - So -7
1 —n2/24,1(20 — T
gﬁn;e H( 5 (1Ben0)
1 o0

—-n 1
\/TT Z */2qy1 (So N Bar(n+1)(T)) = oy

1 & e
<—=> e " 2n+1)C
\/QWTLZ:%

since the series converges (in the last inequality we applied estimate (7.7)).
Then, by the monotonicity formula (6.1), for any z € R? , ¢t € [0,T) and R > 0, by setting
T =1+ R? we have

|lz—=|2

e arZ
————ds = - ot dsg/ —en2(-,0)ds <O,
o, VinR 5, pzt+r2 (5 t) 5 pz+R2(+ 0)
hence,
|w TP
HY (S, N Br(T)) < \/47T6R/ SR <V4rC"eR.
StﬂBR(a:) Vv 7T

Since this conclusion is scaling invariant, it also holds for all the rescaled networks gmt and the
first point of the lemma follows with C' = v/47C"e. The second point is a consequence of the first
one, indeed, we have

ﬁ e_% ds = Z/~ e_llﬁl ds
Seg,t\Br(T) —17820,eN(Bnt1)r(@)\Brr(T))

n=1

< €_n2R2/2H1 (§w07t n B(n+1)R(E))
n=1
o

<CY e R+ R

f(R
)

n=1

\/

O

and the function f satisfies limp_, 1o f(R

PROPOSITION 7.17. Let S; = Ui, 7*([0, 1], ¢) be a C** curvature flow of regular networks in the
time interval [0, T, then, for every zo € R? and for every subset T of [—1/2log T, +00) with infinite
Lebesgue measure, there exists a sequence of rescaled times t; — +oo, with t; € I, such that the sequence
of rescaled networks gmo,t , (obtained via Huisken's dynamical procedure) converges in CLr N w22, for

loc loc”
any o € (0,1/2), to a (possibly empty) limit degenerate regular shrinker So. (possibly with multiplicity).
Moreover, we have

lim

1 ~
JE— = — ndo = O =06 . 7.8
j—oo /21 /m G do V2or /é'm pae Seo (o) (7.8)
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where do denotes the integration with respect to the canonical measure on Seor counting multiplicities.

PROOF. Letting t; = —1/2log T and t; — +o0 in the rescaled monotonicity formula (6.4), by

Lemma 6.5 we get
+oo
/ / |k + 2t *pdodt < 400,

—1/2 longac0 ¢

which implies
//\E+$L|2ﬁdadt<+oo.

s
z(o,t
Being the last integral finite and being the integrand a nonnegative function on a set of infinite
Lebesgue measure, we can extract within 7 a sequence of times t; — 400, such that

lim / |k+a'>pdo=0. (7.9)
Jj—+oo
Sag.0;
It follows that, for every ball of radius R in R2, the networks gmg,tj have curvature uniformly
bounded in L?(Bg). Moreover, by the first point of Lemma for every ball By centered at the
origin of R? we have the uniform bound H*(S;,, N Br) < CR, for some constant C' indepen-

dent of j € N. Then, reparametrizing the rescaled networks by arclength, we obtain curves with

uniformly bounded first derivatives and with second derivatives in LlOC

By a standard compactness argument (see [48, 60]), the sequence STO ¢, of reparametrized net-

works admits a subsequence S, ¢;, which converges, weakly in W2 and strongly in %, to a

(possibly empty) limit regular degenerate C* network S, (possibly with multiplicity).
Since the integral functional

gH/\E—&-xHQﬁdU

is lower semicontinuous with respect to this convergence (see [85], for instance), the limit gm
satisfies k_ + 2 = 0 in the sense of distributions.

A priori, the limit network is composed by curves in W2, but from the relation ko + a2t =0,it
follows that the curvature k__ is continuous. By a bootstrap argument, it is then easy to see that

Seo is actually composed by C*° curves.
By means of the second point of Lemma we can pass to the limit in the Gaussian integral
and we get

llm d S
Jj—ro0 \/727 / 0 U \/72” / p 7=

1 5 — . . s = . Q T
L pte= [ ot ds = 0nit)) — B

as j — oo, equality (7.8) follows
The convergence in W22 is implied by the weak convergence in ;> and equation (7.9). [

REMARK 7.18.

(1) In the case of a special rate of blow—up of the curvature, the so called Type I singularities,
when there exists a constant C' such that
C
max k? < ——
s ST
forevery t € [0,T), the proof of this proposition gets easier and we get a stronger conver-
gence to the limit network. This is due to the uniform pointwise bound on the curvature
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(consequently on its derivatives) that we get after the rescaling by the Type I estimate,
see [71}, Section 6, Proposition 6.16], for instance.
(2) It can be shown, by the arguments in [67, Proposition 3.2 and Theorem 2.4], that the

convergence of the rescaled networks Sxo ¢, to Soo is locally smooth far from the cores
and non multiplicity—one curves of S,

Notice that the blow—up limit shrinker S, obtained by this proposition a priori depends on
the chosen sequence of rescaled times t;. If such a limit is a multiplicity—one line (or a halfline
if ¢ is an end—point of the network), by White’s local regularity theorem for mean curvature

flow in [91]], hence O(zo) = 1 (O(z0) = 1/2 in the case of a halfline), then locally around zg the
curvature is bounded and the limit is unique. In general, the uniqueness of such limit is actually
unknown.

OPEN PROBLEM 7.19 (Uniqueness of the Blow-up Assumption — U). The limit degenerate

regular shrinker Soo is independent of the chosen converging sequence of rescaled networks Sxo ¢
in Propos1t1onu The full family Sio ¢ converges to Soo, ast — +o00?

REMARK 7.20. The above uniqueness assumption, in case the limit degenerate regular shrinker
Se is actually a multiplicity—one regular shrinker (or the same for the limit degenerate regular
self-similarly shrinking flow S¢°), that is, there are no cores and multiplicities, implies that the

singularity is of Type L. Indeed, by Lemma the convergence of the rescaled networks to S, is
smooth, which implies that the curvature is locally uniformly bounded by C/+/T —t.

It is then natural in view of this remarks to state also the following open problem.

OPEN PROBLEM 7.21 (Type I Conjecture). Every singularity if of Type I?

7.4. Blow—up limits under hypotheses on the lengths of the curves of the network.

PROPOSITION 7.22. Let Sy = |J;_; v*([0, 1], ¢) be the curvature flow of a reqular network with fixed
end—points in a smooth, convex, bounded open set Q C R?, such that three end—points of the network are
never aligned. Assume that the lengths L(t) of the curoves of the networks satisfy

L L)
lim
t—T /T —t
foreveryi € {1,2,...,n}. Then, any limit degenerate regular shrinker S.,, obtained by Proposition

if non—empty, is one of the following networks.
If the rescaling point belongs to €):

= +o0, (7.10)

o a straight line through the origin with multiplicity m € N (in this case O(x0) = m);
o a standard triod centered at the origin with multiplicity 1 (in this case O(x0) = 3/2).
If the rescaling point is a fixed end—point of the evolving network (on the boundary of Q):
o a halfline from the origin with multiplicity 1 (in this case O () = 1/2).
Moreover, we have

1 ~
| _ 5do = 0= = O(xy). 7.11
75;@/,0‘ “ \/ﬁ/@f 7= 05, = Ol i

and the L? norm of the curvature of Szo,t_j goes to zero in every ball B C R?, as j — oo.

PROOF. We assume, by Proposition that the sequence gwo ., of reparametrized networks
converges in CL_ N W22 to the limit regular shrinker network Seo composed by C> curves
(with possibly multiplicity), which are actually non-degenerate as the bound from below on
their lengths prevents any “collapsing” along the rescaled sequence.

If the point 2o € R? is distinct from all the end-points P7, then goc has no end-points, since
they go to infinity along the rescaled sequence. If xo = P" for some r, the set S has a single
end—point at the origin of R%.
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Moreover, from the lower bound on the length of the curves it follows that all the curves of goo
have infinite length, hence, by Remark they must be pieces of straight lines from the origin,
because of the uniform bound H!(S{'" N Br) < Ck, for every ball Bg.

This implies that every connected component of the graph underlying See can contain at most
one 3—-point and in such case such component must be mapped to a standard triod (the 120 de-
grees condition must satisfied) with multiplicity one since the sequence of converging networks
are all embedded (to get in the C{}_~limit a triod with multiplicity higher than one it is necessary
that the approximating networks have self-intersections). Moreover, again since the converging
networks are all embedded, if a standard triod is present, a straight line or another triod cannot
be there, since they would intersect transversally (see Remark . Viceversa, if a straight line is
present, a triod cannot be present.

If an end—point is not present, that is, we are rescaling around a point in €2 (not on its bound-
ary), if a 3-point is not present, the only other possibility is a straight line (possibly with multi-
plicity) for through the origin of R?.

If an end—point is present, we are rescaling around an end—point of the evolving network,
hence, by the convexity of €2 (which contains all the networks) the limit S,, must be contained in
a halfplane with boundary a straight line H for the origin. This exclude the presence of a standard
triod since it cannot be contained in any halfplane. Another halfline is obviously excluded, since
they “come” only from end-points and they are all distinct. In order to exclude the presence
of a straight line, we observe that the argument of Proposition implies that, if Q, C € is the
evolution by curvature of 02 keeping fixed the end—points P", the blow—up of €, at an end—point
must be a cone spanning angle strictly less then m (here we use the fact that three end—points are
not aligned), and S, is contained in such a cone. It follows that S, cannot contain a straight line.

In every case the curvature of S, is zero everywhere and the last statement follows by the
Wli’f—convergence.

Finally, formula is a special case of equation (7.8). a

REMARK 7.23. If the two curves describing the boundary of € around an end—point P" are
actually segments of the same line, that is, the three end-points are P"~!, P", P"*! aligned, the
argument of Proposition[7.13|does not work and we cannot conclude that taking a blow—up at P"
we only get a halfline with unit multiplicity. It could also be possible that a straight line (possibly
with multiplicity) for the origin is present, coinciding with /. Moreover, in such special case,
it forces also the halfline to be contained in H, since the only way to get a line, without self-
intersections in the sequence of converging networks contained in €2, is that the curves that are
converging to the straight line “pushes” the curve getting to the end—point of the network, toward
the boundary of (2.

OPEN PROBLEM 7.24. Is it possible to classify in general all the possible limit degenerate
shrinkers S, obtained by Huisken’s dynamical procedure?

REMARK 7.25. If the evolving network is a tree, every connected component of a limit de-
generate regular shrinker (possibly with multiplicities) is still a tree, hence, by Lemma and
the same argument of the proof of Proposition such network has zero curvature and it is a
union of halflines from the origin, possibly with multiplicity and a core.

REMARK 7.26. In Section |8 we will discuss under what hypotheses, the (unscaled) evolving
networks S; converge to some limit (well-behaved) set Sy C R2, as t — T, and what are the

relations between such Sy and any limit degenerate shrinker S,

8. The behavior of the flow at a singular time

By means of the tools of the previous sections, we want to discuss now the behavior of the
network approaching the singular time 7.

We have seen in Corollary5.10|(Theorem[5.7) that at the maximal time 7" < +oc of existence of
the curvature flow S; of an initial regular C* network with fixed end-points in a smooth, convex,
bounded open set Q2 C R?, given by Theorem 5.8} either the curvature is not bounded, as t — T,
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or the inferior limit of the length Lt (t) of at least one curve of S; goes to zero when ¢t — T'. Hence,
if all the lengths of the curves of the network are uniformly positively bounded from below, the
maximum of the modulus of the curvature goes to +oo, as t — 1. By Proposition we also
know that if the curvature is uniformly bounded, all the lengths of the curves convergeast — T,
thus at least some L‘(t) must go to zero, as t — T

We will then divide our analysis in the following three cases:

o all the lengths of the curves of the network are uniformly positively bounded from be-
low and the maximum of the curvature goes to +o00,ast — T';

e the curvature is uniformly bounded along the flow and the length L’(t) of at least one
curve of S; goes to zero whent — T

e the curvature is not bounded and the length of at least one curve of the network is not
positively bounded from below, as ¢t — T..

In all the three cases, the possible blow—up limits will play a key role, with the obvious conse-
quence that the fewer possibilities we have, the easier we can get conclusions. In particular, like
when studying the evolution of a single smooth closed curve along the analogous line (see [49],
for instance), it is fundamental to exclude to get blow—up limits of multiplicity larger than one,
in particular “multiple lines”. For curves this can be done by means of some “embeddedness” or
“non-collapsing” quantities, for instance as in [44} 49] that actually inspired the analogous one
that we will discuss in Section [0l
Unfortunately, for a general regular network, this is still conjectural and possibly the major open
problem in the subject.

OPEN PROBLEM 8.1 (Multiplicity—-One Conjecture — M1). Every possible C|. —limit of rescal-
ings of networks of the flow is an embedded network with multiplicity one.

This conjecture obviously implies the following one, but actually they are equivalent.

OPEN PROBLEM 8.2 (No Double-Line Conjecture — L1). A straight line with multiplicity
larger than one cannot be obtained as a C}} —limit of rescalings of networks of the flow.

Indeed, if M1 does not hold, since the networks of the flow are all embedded, any limit of
rescalings S; can lose embeddedness only if two curves in the limit network “touch” each other
at some point zp € R? with a common tangent (or they locally coincide, if they “produce” a
piece of curve with multiplicity larger than one). Then, “slowly” dilating the networks S; around
zo, in order that the distance between such two curves and zy still go to zero, we would get a
multiplicity—two line, contradicting L1.

We will see in Section [J] some cases in which we are able to show that the multiplicity—one
conjecture holds, that is,

o If during the flow the triple junctions stay uniformly far each other, then M1 is true.
o If the initial network has at most two triple junctions, then M1 is true.

REMARK 8.3. If M1 holds, the limit network goo in Proposition is composed of embed-
ded, multiplicity—one networks. In particular, under the hypotheses of Proposition any
blow—up limit network at a point =y and singular time 7', obtained by Huisken’s procedure, or
self-similarly shrinking network flow, obtained by the parabolic rescaling procedure, is (if not
empty) a “static” straight line through the origin (then @(xo) = 1) or a standard triod (then
O(z9) = 3/2), if the rescaling point belongs to . If the rescaling point is instead a fixed end—
point of the evolving network on the boundary of 2, then such limit can only be a single halfline

from the origin (and O(z) = 1/2).

Before analyzing the three situations above, we set some notation and we show some general
properties of the flow at the singular time.

Welet F: Sx[0,T) — Q, with T' < +o0, represent the curvature flow S; of a regular network
moving by curvature in its maximal time interval of smooth existence. We let O', 0% ..., O™ the
3—points of S.
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We define the set of reachable points of the flow as follows:
R={z¢ R? | there exist p; € Sand ¢; /T such that lim F(p;,t;) =z} .
11— 00

Such a set is easily seen to be closed, contained in  (hence compact as 2 is bounded) and the
following lemma holds.

LEMMA 8.4. A point x € R? belongs to R if and only if for every time t € [0,T) the closed ball with
center x and radius \/2(T — t) intersects S;.

PROOF. One of the two implications is trivial. We have to prove that if z € R, then F'(S,t) N

B m(az) # . If x is one of the end—points, the result is obvious, otherwise we define the

function d,(t) = inf,es |F'(p,t) — x|, where, due to the compactness of S the infimum is actually
a minimum and definitely, as t — T, let us say for t > t,, it cannot be taken definitely at an
end-point, by the assumption € R and z is different from an end—point and it is not taken at a
3—point, by the 120 degrees angle condition. Since the function d,, : [0,T) — Rislocally Lipschitz,
we can use Hamilton’s trick (see [43] or [68, Lemma 2.1.3]), to compute its time derivative and
get (for any point g, different by an end—point, where at time ¢ the minimum of |F(p,t) — z| is
attained)

(k(q,t)v(q,t) + Mg, 1)7(q, 1), F(g,t) — )

|F(Q7t) - .CL‘|
— <k(Q7t)V(q7t)7F(q;t) —x) > _ 1
[F(q,t) — | = dy(t)’
F(g,t)—=

since at a point of minimum distance the vector (74— is parallel to v(g, t). Integrating this
inequality over time, we get

d2(t) — d3(s) < 2(s —1) fors >t >t,.
We now use the hypothesis that z is reachable (i.e. lim¢, 7 d;(¢;) = 0) and we conclude
d2(t) = lim [d2(t) — d2(t;)] < 2 lim (t; —t) = 2(T — t),
11— 00 71— 00
for every t > t,. O

As a consequence, when we consider the blow—up limit by the Huisken’s procedure of the
evolving networks around points of , we have a dichotomy among these latter. Either the limit
of any sequence of rescaled networks is not empty and we are rescaling around a point in R, or
the blow-up limit is empty, since the distance of the evolving network from the point of blow—up
is too large. Conversely, if the blow—up point belongs to R, the above lemma ensures that any
rescaled network contains at least one point of the closed unit ball of R?, so it cannot be empty.

We now show that, assuming the multiplicity—one conjecture, as ¢ — T, all the 3—points of
the network S, converge.

LEMMA 8.5. There exists a radius R = R(S;) > 0, such that if a blow—up limit regular shrinker S,

(or S, ,5) has no triple junctions in the ball Br(0), then it is a line for the origin of R? or the unit circle.

PROOF. Assume that the conclusion is false, then there is a sequence R; — +oo and blow—up
limit regular shrinkers S;, all different by a line or circle, such that each S; has no triple junctions
in Bg,(0), for every i € N.

As we said in the discussion above, any shrinker S; must intersect the unit circle, hence, by
the shrinkers equation (7.I), we can extract a subsequence of S; locally converging in C* to a non
empty limit shrinker S without triple junctions at all. By the work of Abresch and Langer [1], then
S must be a line for the origin or the unit circle and this latter case is excluded, since, definitely,
also S; would be a circle, which is a contradiction. If the limit S is a line, by the multiplicity—one
conjecture, its multiplicity must be one, being any limit of blow—up limits again a blow-up limit.
Then, since the “topological complexity” of all S; is uniformly bounded (the number of possible
halflines going to infinity, regions, curves, triple junctions), as they are all blow—up limits of the
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same flow S;, the contribution of S; \ Bz(0) to the Gaussian density of the whole S; is uniformly
small as we want, if we choose a value R large enough, while the contribution of S; N Bx(0)
is smaller than one, as S; — S, which is a multiplicity—one line, in Bz(0). Hence, we conclude
that the Gaussian density of S; is definitely close to one, then, Lemmaimplies that S; is also
definitely a line for the origin, which is again a contradiction and we are done. O

LEMMA 8.6. If M1 holds, there exist the limits x; = lim;_,7 O%(t), for i € {1,2,...,m} and the
set {z; = lim;—,7 O'(t) | i = 1,2,...,m} coincides with the union of the set of the points x in Q where

©(x) > 1 with the set of the end—points of S; such that the curve getting there “collapses” ast — T.

PROOF. LetD = {z € Q|O(z) > 1}, 0(t) = {O}(t),0%(t),...,0™(t)} and P = {P', P2,... P'}.
Let R > 0 be given by the previous lemma and consider a finite subset D C D, supposing that
the set

Iy = {te [-1/2log T, +o0) | maxd(z, O(t(t))) > R\/2(T —t(t)) }

z€D
has infinite Lebesgue measure, there must be zo € D such that

To, = {t€[-1/2l0g T, +00) | d(wo, O(t(1))) = RV/2(T — t(t)) },

Hence, by rescaling with Huisken’s procedure around x(, by Proposition we can extract a
sequence of times t; € 7, such that the rescaled networks ASimO,tj converge in the C{. _ to a line for
the origin of R?, since in any ball centered in the origin there cannot be 3-points, by construction
of 7,, and we assumed M1. This clearly implies that O(x) = 1, contradicting the hypothesis
zo € D, hence, 75 must have finite Lebesgue measure. It is easy to see that this implies that the
points of D, and thus of D, cannot be more than the number m of the 3—points of the evolving
network S;.
If now we consider a small § > 0, every point z in the open set

Q5 =Q\ {zeQ|dz,DUP) <5}

satisfies ©(z) = 1, hence, by compactness and White’s local regularity theorem implies the cur-
vature of the evolving network is uniformly bounded in such set. Then, definitely, as t — 1" every
3-point O'(t), for every i € {1,2,...,m}, has to “choose” a point of DU P to stay close (4 is small
and D U P is finite), otherwise it would be possible to find a subsequence of times ¢; — 1 such
that the networks S;, restricted to the set (25, converge (because of bounded curvature, see the
proof of Proposition|8.21]for more details) to a network in 5 with a multi-point 2o € s and this
is not possible since it would imply that O(z0) > 3/2 > 1 which is a contradiction with the fact
that the function O is equal to one at every reachable point of 5.

This argument clearly implies that for every i € {1,2,...,m}, O%(t) converge to some x; €
DUP.

Finally, if € D, there must be a multi-point in any blow-up limit shrinker, otherwise we
can only have a line that would imply o) = 1, against the assumption. Hence, for some
i€{1,2,...,m}andt, — T there must hold O(t,,) — =, that forces lim; ,7 O%(t) = x;.

If the curve of S; getting to an end—point P collapses, clearly, as before, for some k € {1,2,...,m}
and t; — T there must hold O%(t;) — P" = x, and we have the same conclusion lim;_,7 O (t) =
P’ = . O

The following lemma is helpful in strengthening the convergence in Proposition

LEMMA 8.7. Given a sequence of smooth curvature flows of networks S in a time interval (t1,t)
with uniformly bounded length ratios, if in a dense subset of times t € (t1,t2) the networks S; converge
inaball B C R? in Cl_, as i — oo, to a multiplicity—one, embedded, C>°—curve , moving by curvature
in B' O B, fort € (t1,t2] (hence, the curvature of ~; is uniformly bounded), then for every (xo,to) €
B X (t1, t2], the curvature of S;, is uniformly bounded in a neighborhood of (zo, to) in space—time. It follows
that, for every (zo,to) € B x (t1,t2], we have S — ~y, smoothly around (zq, to) in space—time (possibly,
up to local reparametrizations of the networks S¢).
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PROOF. Being <; a smooth flow of an embedded curve in B, for (z,t) in a suitably small
neighborhood of (z¢,ty) € B x (t1,t2] we have that ©, (1) < 1+ ¢/2 < 3/2, for every 7 € (19, 1)
and some 79 > 0, where ¢ > 0 is smaller than the “universal” constant given by White’s local
regularity theorem in [91]. Then, in a possibly smaller space-time neighborhood of (zo, ¢), for
a fixed time 7 € (79,t) where the C\ —convergence of the networks SL — ~5 holds (such a
subset of times is dense), definitely the Gaussian density functions of SL satisfy ©% ,(7) < 1 +
£ < 3/2 (the Gaussian density functions are clearly continuous under the C}. . convergence with
uniform length ratios estimate, by the exponential decay of backward heat kernel). Hence, by the
monotonicity formula this also holds for every T € (7, t). In other words, ©F, ,(t—1?) < 1+ < 3/2,
for every (z,t) in a space-time neighborhood of (z¢,%y), 0 < r < 79 and ¢ > iy, for some ry > 0.
Notice that this “forbids” the presence of a 3—point of Si in such space-time neighborhood.
Then, White’s theorem (see Theorem 3.5 in [91]) gives a uniform local (in space-time) estimate on
the curvature of all S}, which actually implies uniform bounds on all its higher derivatives (for
instance, by Ecker and Huisken interior estimates in [30]), around (zo, o). Hence, the statement
of the lemma follows. O

We conclude this section with a geometric construction that we will use several times in the

following.
We consider the curvature flow of network S; in a strictly convex set €2, with fixed end—points
{P1,P?,..., P'} on 09, in a maximal time interval [0, T'). We recall that as the curves composing

the network are at least C? and the boundary points are fixed, at each P" both the velocity and
the curvature are zero, namely, the compatibility conditions of order two (see definition 3.6) are
satisfied.

For every end—point P?, we define the “symmetrized” networks H! each one obtained as the
union of S; with its reflection Sf‘i with respect to Pt. As the domain 2 is strictly convex and S; is
inside €, this operation clearly does not introduce self-intersections in the union Hi = S, U S
and the number of triple junctions of H; is exactly twice the number of S;. Every network H is a

FIGURE 14. A network S; with the associated networks H.

regular network and the flow is still in C*!, thanks to the compatibility conditions of order two
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satisfied at P*. The evolution is clearly symmetric with respect to P*. If we have that the flow S,
is smooth then also all the flows H are smooth (see Definition 3.15).

8.1. Regularity without “vanishing” of curves. We assume that the lengths of all the curves
of the network are uniformly positively bounded from below, hence the maximum of the cur-
vature goes to +o0o, as t — 1. We are going to show that if M1 holds, 7" cannot be a singular
time, hence we conclude that this case simply cannot happen. This conclusion justifies the title
of this section: to have a singularity (assuming the multiplicity—one conjecture) some curve must
disappear.

Performing a Huisken’s rescaling at any reachable, interior point = € € (at the other interior
points of 2 the blow—up limits are empty), since we assumed that the multiplicity—one conjecture
holds, by the discussion in Remark we obtain as blow—up limit only a straight line with unit
multiplicity or a standard triod. If we instead rescale at an end—point P” we get a halfline.

THEOREM 8.8. Let S, be a smooth flow in the maximal time interval [0, T) for the initial network Sg.

Let x be a reachable point for the flow such that the sequence of rescaled networks gzo,tj (introduced in
Proposition converges, s j — 0o, in Cllo’f N W12O’C2, forany o € (0,1/2), to a limit Seo that is one of
the following:

o a straight line trough the origin;

o 1 halfline from the origin;

o a standard triod.
Then,

|k(z,t)] < C < +o0

for all x in a neighborhood of o and t € [0,T).

Thanks Theorem 8.8} we conclude that the curvature is uniformly locally bounded along the
flow, around every point z; € R. By the compactness of the set of reachable points R, this
argument clearly implies that the curvature of S; is uniformly bounded, as ¢ — 7', which is a
contradiction. Then,

PROPOSITION 8.9. Assuming M1, if T < +oo is the maximal time interval of existence of the
curvature flow of a regular network with fixed end—points, given by Theorem 5.8} then the inferior limit of
the length of at least one curve must go to zero, ast — T.

REMARK 8.10. As we conjecture (Problem the general validity of Corollary we
expect that the conclusion of this proposition actually holds for every curvature flow of a regular
network.

Obviously, it would follow by a positive answer to Problem [5.11}

REMARK 8.11. Proposition[8.9can be seen as the global (in space) version of the result in [67],
dealing with the situation of a single 3—point. Usually, in analytic problems local and global (in
space) regularity coincide, actually in this case the tool to pass from one to the other is the validity
of the multiplicity—one conjecture.

PROPOSITION 8.12. Let S; be a tree. Suppose that M1 holds and that T = oo. Then for every
sequence of times t; — oo, it exists a subsequence (not relabeled) such that the evolving network Sy,
converges in C* N W22, for every a € (0,1/2) to a possibly degenerate regular network with zero
curvature (hence “stationary” for the length functional) as i — oo.

PROOF. If Sy is a tree and T' = +oo, then S; converges, as t — 400, to a regular network
with zero curvature (a stationary point for the length functional). Indeed, as the total length of
the network decreases, we have the estimate

+oo
/ / k*dsdt < L(0) < +o0, (8.1)
0 St

by the first equation in Proposition Then, suppose by contradiction that for a sequence of
times t; /* +oo we have [, k®ds > § for some § > 0. By the following estimate, which is
J
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inequality (#.14) in Lemma[4.19

i/sthdsgC(lJr(/Stkz))?’,

holding (in the case of fixed end—points) with a uniform constant C' independent of time, we
would have fS{ k*ds > 3, for every ¢ in a uniform neighborhood of every ¢;. This is clearly in
contradiction with the estimate (8.1). Hence, lim;_, ;o fSt k*ds = 0 and, consequently, for every
sequence of times t; — 400, there exists a subsequence (not relabeled) such that the evolving
networks S, converge in C1® N W22, for every a € (0,1/2), to a possibly degenerate regular
network with zero curvature (hence, “stationary” for the length functional), as i — oc. O

REMARK 8.13. We underline that, in taking the limit of S;,, as t;, = T' = 400, one or more
curves could collapse (possibly to an end—point).

8.2. Proof of Theorem Without loss of generality we restrict to the case of a triod. We
start considering the case when the blow—up limit is a straight line.

PROPOSITION 8.14. If the sequence of rescaled triods Tmo,tj converges to a straight line, then the
curvature of the evolving triod is uniformly bounded for t € [0,T) in a ball around the point x.

PROOF. Assume that there is a straight line L through the origin of R? such that the sequence

of rescaled triods ']Afwo,tj converges to L as j — oo.
Recalling Lemma 8.6 this implies that the distance [O(t) — o] is uniformly bounded from below,

so that there exists ¢ € {1, 2,3} such that the rescaled curves \/% converge to L as j — oo.
—Y

In particular, for all M > 1 there exists jis € ‘N such that the c;urve ”ytijM N B\, m(xo) isa

graph over the line 7 + L. By Corollary(8.17|it follows thatv; N B, W(Jco) is also a graph
IM

over the line 2 + L for all t € [t;,,,tj,, + M*(T —t;,,)) D [tju,T), and its slope v’ (with respect

to the line x¢ + L) is uniformly bounded by a constant independent of M and ¢. Therefore, if

M > 2, from Proposition (applied with § = 1/2) it follows that the curvature of the curve
Y NB,, W(xo) and all its derivatives are bounded for ¢ € [t;,,,T) and we are done. [
IM

We then consider the case of a halfline.

PROPOSITION 8.15. If the sequence of rescaled triods 1~I‘£0,tj converges to a halfline, then the curva-
ture of the evolving triod is uniformly bounded for t € [0,T) in a ball around the point x.

PROOEF. By the C}l . convergence of the rescaled flow to the halfline, we can see that the point
xo must be one of the endpoints of the triod, which we will denote with P. We now perform a
reflexion with center P of the triod and we consider the motion by curvature of the union of the
two (mutually reflected through P) triods which is still a motion by curvature, now of a network of
curves (see [71] for more details). Since at the endpoint P the curvature vanishes by construction,
the point P stays fixed during the motion of the network and the sequence of rescaled networks
around P = z, converges in the Cj, . topology to a straight line. We can now repeat the proof of
Proposition to conclude. O

We introduce some preliminary lemmas useful to prove Proposition In the following,
given T € R? and R > 0, we denote by Qz(T) the square

QR(E) = {.’L’ eR?: |.’131 —fll <R, |.’172 —fgl < R}
PROPOSITION 8.16. Suppose that the curve ~yq is a graph over {(e1) in the square Qar(x¢), and
assume that the curve v, N Qa2 (o) is contained in the horizontal strip {|x2| < 0} forany ¢ € [0, ), with

T>0and0 <0 < R.
Then v N Q2r(xo) is a graph over {(e1) forall t € [0, 7).

PROOF. See [67, Proposition 2.21] O
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COROLLARY 8.17. Assume that o N Bzr(xo) is a graph over (e1), contained in the horizontal strip
{|z2| < R}. Then ~; N Bar(z0) is a graph over (e1) forall t € [0, 1), with 7 = R?/2. Moreover, letting
v=(v]es)"!, we have

sup sup v<C sup v
t€[0,7) v+NBr (z0) YoNBar (z0)

for some C' > 0 independent of R.
PROOF. See [67, Corollary 2.22] O
We recall the following result [31) Corollary 3.2 and Corollary 3.5].

PROPOSITION 8.18. Suppose that -y, is a graph over (e1) in Br(xo) for all t € [0, 7). Then letting
6 € (0,1) and m > 0, we have
sup tm+1|3;nk‘2 S Cm,v
%ﬂB\/m (z0)

forall't € [0, 7), where the constant C., , depends only on m, 0 and sup,¢(y -y Sup,,np - (w0) V-

PROPOSITION 8.19. Let ~y; be as in Proposition Forall 6 € (0,1) we have

v 1

sup k]2 < G (L +  sup |k (8.2)
nB P (1-0)>\ r? NBg (z

YNB ora—g; (%0) YoNBr (w0)

forall t € [0,7), where the constant C,, depends only on sup,co, ) SUP~, (B, (z0) V-
PROOF. See [67, Proposition 2.24] O

PROPOSITION 8.20. If the sequence of rescaled triods ?ng,tj converges to a standard triod, then the
curvature of the evolving triod is uniformly bounded for t € [0,T) in a ball around the point x.

PROOF. Since the subset Z of [-1/2log T', +oc) defined by 7 = U2, (t; +log V/3/2,t;+log v/3)
has obviously infinite Lebesgue measure, by Proposition we can assume that there exists
another sequence of rescaled triods Tzo@' with t; € (t; +log /3/2,t; + logV/3) for every j € N,
which is also C., converging to a flat triod (a priori not necessarily the same one) centered at the
origin of R2 as j — oc. Indeed, even if the two blow—up limits are different, they both must be a
flat triod, as equality must hold for both of them. Moreover, the L? norm of the curvature
of the modified sequence of rescaled triods, as well as the one of the original sequence of rescaled
triods, converges to zero on every compact subset of R?.

Finally, passing to a subsequence, we can also assume that t; and t; (hence, also t; and ) are
increasing sequences.

Notice that, by means of the rescaling relation t(t) = —3log (T — t), the condition o€ (4 +
log 1/3/2,t; + log v/3) reads, for the original time parameter, as ¢; € (2t;,, + 1T, 1t;,, + 27).

Repeating the argument in the proof of Proposition[8.14} for any M large enough there exists
Ju such that for all ¢ € {1,2,3} the curve v} N BSMM(:CO) \ BJW\/W(QC()) is a graph
over zg + L' for all t € [t;,,,T), with slope (with respect to the line z¢ + L?) uniformly bounded
by a constant C,, independent of M and t € [t;,,,T) (here and in the sequel we denote by C, a
generic constant, depending on v, which may vary from line to line). Moreover, by Lemma
we can also assume that the 3—point O(¢) in this time interval does not get into the annulus
By, a7 @0) \ By, g,y (@0)-

By Proposition with § < 1/2 < 9/16 + 51, it follows that the subsequent evolution of the
curves

’%M N (B4M, /2(T7tjM)(‘T0) \B2M /Q(T,tjM)(CCO)) )

that, with an abuse of notation as we cannot exclude that other parts of T; get into the annulus

B4M\/m(xo) \ BQMm(xo), we still denote by
Y N <B4]V[\/M($O) \ BQMM(:UO)) ,
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for i € {1,2, 3}, are smooth evolutions for all t € [t;,,,T") and the following estimate holds
KR e G o 9
(t - tjM) (tjM - tjM)Q (T - tjM)
for all t € [t;,,,T), where the constant C,, depends only on the slope with respect to the line
o + L. ~
Since, by Proposition the L? norm of the curvature (in the rescaled ball Bs;;(0)) of the
sequence of rescaled triods T which is given by

(8.3)

xo,t;”/

\/2(T—'t})/ k2 ds,
Tz, NBy /2(T—tj]w)(w0)
converges to zero as j — oo, the above estimate (8.3) on the derivative of the curvature, which

for the sequence of rescaled triods becomes ki (t;)] < 3v/C, implies that the L norm of the
curvature of the rescalings of the curves

%% N (B4M, /2(T—tjM)(x0) \BQZM,/Q(T—tjM)(xO)> J
which is given by

Q(T*tj) sup k| |,
T{jO(B4M\/W($O)\lewm(mo))

converges to zero as j — oo.
Since the above argument holds not only for j,s but for every j > ju, fixed any € € (0,1/2), first
considering an M > 2 large enough and then choosing a suitably large js, we can assume that

o M > max{1/\/e,Cy/c'/?}, where the constant C, is the one appearing in Lemma

-/ fans < Ve »
Teing Poae 75 5 ) Var =) VATl
) Sup < - (8.5)

= < .
2T —t;,,) — 2(T'—1;
sz]um(B4NI\/W(IO)\B2NI\/W(‘TO)) ( JM) ( JM)
By Proposition as M > 2, at the points

0 (Byas 300\ Byar iz @)

we have the estimate

i i 1
K () < C, sup |K*[? + MET 1)
T ”(BW\/W(W\BW\/W(W) o

forall ¢ € [t;,,,T), with a constant C, depending only on the slope of the curve with respect to
the line 2o + L?, which is uniformly bounded. Thus, by the above estimate (8.5) we get

CU‘ (54— 1 )S 2C,¢e

i2 < L
(1) ) St

— Tt

(8.6)
Jm Jm
as we already chose M? > 1/e above, for all the points of the curve v} N (BZ Y \/2(T*—t7’)($0) \

B s m(xo)) and times ¢ € [t;,,,T). We want to underline once more that the constant C

depends only on the slope of the curve with respect to the line zo + L*.
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It follows that for every t € [t;,,,T), all the triods T, determined by “cutting” T; at the new
(moving in time) endpoints Q*(t) = v/NIB,,, m(xo) have the lengths of their three curves

uniformly bounded away from zero from below and unit tangent vectors at the endpoints Q*(t)
which form angles with the respective velocity vectors 9;Q°(t) which are also bounded away
from zero, uniformly in time, because of the uniform control on the slope of the curves with
respect to the line 2o + L'. This implies that the norm of the curvature |k*(Q%(t))| at any endpoint
Q'(t) controls the norm of the tangential velocity |A\*(Q(t))|, up to a multiplicative constant C,
(depending only on the slope), uniformly bounded in time for ¢ € [t;,,,T).

Then, from estimates (8.3), (8.6), we conclude

iy iy Cpe'/?
HQERQO)| < 7
i) 2yi (i iy 3 Cye/?
QPN @] salr@of < s

for every t € [t;,,,T), where the constant C,, depends only on the slope of the curve with respect
to the line z¢ + L. Moreover, we can clearly always increase j)s as we like without affecting C,
(this is actually true for every constant depends only on the slope of the curve with respect to the
line zy + L?), since, by Proposition as j — oo, the three curves

Yy 0 Bssryair=,5 (@00 \ By =5 (%0)

converge to a smooth limit. Hence, we can also assume that 2C,e/¢ < 1and 2(C; +C, +1)e'/? <
1.

At this point we observe that the length of every curve of the triod (being all the curves
graphs in the annulus B, , m(xo) \ B,,, m(xo)) is bounded from below by a uni-
form factor (depending only on the slope v) times M /T — t;,,. Then, by means of Lemma
we now prove an inequality for the time derivative of the L? norm of the curvature of the triods
T; which are determined by the three (moving in time) endpoints Q*(t), for ¢ € [t;,,,T). Notice
that here the constants C; and C5 are “universal”, C, depends only on the slope of the curve with
respect to the line zo + L’ and we use the two previous inequalities to estimate the terms coming
from the endpoints:

d/ 2 / 2 3 C2Cy / 2 2
— k*ds <(C} k“ds) + ———xn k*ds| + ——4mMm—
dt T, ( T, ) M\/T_tjl\/l( T, ) (TitjM)%
3 % 2
§01</ k2ds> +i(/ kzds) +CL3
3 £t 2 C,el/2
<C k*d . — k2 d e
> 1(/ft S) + T— 1. (/T\t S) +(T—t )%7
as we chose M > Cy/e% and 2C,e!/¢ < 1.

Then, letting
A(t) :== max / k*ds, L ,
T, T— 237,

A'(t) < C,A3(t)

for almost every ¢ € [t;,,, T), where the constant C, is given by C; + C,, + 1.
Integrating this differential inequality and recalling estimate (8.4), implying that

\/38 E% < Eé
\/2(T - tjM) ’ \/T - tjM B Tr—t

it follows

b
Jm

A(ty,,) < max {
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ase < 1/2, we get
1

A(t) < :
\/A(F{JM )_2 - 261} (t - EM)

hence,

o=

A(t) < °

)

\/T — i — 261}5% (t - %va)

for every t € [t;,,,T).
As (t —t;,,) < (T —t;,,), it follows that the function A(t) is uniformly bounded on [t
soon as 2C,¢5 < 1, which is satisfied by our previous assumption on & > 0.

We now notice that the three curves of the triod T;, connecting respectively the points P*
and Q° (determined by T; \ Tt) cannot get too close to the point zy = lim;_,7 O(t) along the flow.

Indeed, the parts of these curves in the annulus

By, /2(T—t;,,) (0) \ Byyy, /2(T—t;,,) (o)

are graphs for every t € [t;,,,T), while the remaining pieces “outside” at time t = {;,,, by
maximum principle, during their subsequent evolution can never get into the circle of radius
R(t) = \/16M?(T — t;,,) — 2(t — t;,,) and center z, also moving by mean curvature in the time

interval [t;,,,T) and, as ¢ — T, converging to the circle of radius

VIBM(T —1,,) = 2T — 1;,,) = /(16M2 — 2)(T ~ 1;,,).

which is clearly positive as M? > 2, hence far from the point z.

Consequently, since the closed subset of the set of reachable points obtained as possible limit
points of these three curves as t — T'is contained in a closed set far from z, by Propositions|[8.14]
and we can cover such a set by a finite number of balls where the curvature of the evolving
triod is uniformly bounded during the flow. Being also the total length of the evolving triods
uniformly bounded and being the L? norm of the curvature of the “subtriods” T,, given by the
square root of the uniformly bounded function A(t), we conclude that the full L? norm of the
curvature of the evolving triods T, is bounded, in contradiction with Proposition This con-
cludes the proof. O

T) as

Jm>

8.3. Limit networks with bounded curvature. The analysis in this case consists in under-
standing the possible limit networks that can arise, as t — 7', under the assumption that the
curvature is uniformly bounded along the flow. This in order to find out how to continue the
flow (if possible), which will be the argument of the next section.

As we said, at least one curve of the network S, has to “vanish”, approaching the singular
time T. Anyway, we are going to show that, as ¢ — T, there is a unique limit degenerate regular
network in , which can be non-regular seen as a subset of R? since a priori multi-points can
appear, but anyway the sum of the unit tangent vectors of the concurring curves at every multi—
point must be zero, see Remark[7.2](we recall that this implies that every “genuine” triple junction
which is present still satisfies the 120 degrees condition).

PROPOSITION 8.21. IfS; = JI-, v*([0, 1], t) is the curvature flow of a reqular network in  with
fixed end—points in a maximal time interval [0, T') such that the curvature is uniformly bounded along the
flow, the networks Sy, up to reparametrization proportional to arclength, converge in C* to some degenerate
regular network St = \JI_, 75([0,1]) in Q, as t — T.

Moreover, the non—degenerate curves of Sr belong to C* N W2 and they are smooth outside the multi—
points.

PROOF. As we said at the beginning of this section, by Proposition since S; is the cur-
vature flow of a regular network, there exist the limits of the lengths of the curves L(T) =
lim; 7 L(t), for every i € {1,2,...,n}. Moreover, every limit of S; is a connected, bounded sub-
set of R2.
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As the curvature and the total length are bounded by some constant C, after reparametrizing the
curves " proportional to arclength getting the maps 7°, these latter are a family of uniformly
Lipschitz maps such that 5} and 7%, are uniformly bounded in space and time by some constant
D.

Then, it is easy to see that, uniformly for « € [0, 1], we have

T
7, t) — 7 (. B)| s/ Ri(x, 6 dé < DIt — 1,
t

which clearly means that 3(-, ¢) : [0, 1] — R? is a Cauchy sequence in C°([0, 1]), hence the flow of
reparametrized regular networks converges in C' to a limit family of C'! curves 3% : [0,1] — R?,
as t — T, composing the degenerate regular network Sr= U, 7%([0,1]). Clearly, by the bound
on the curvature, these curves either are “constant” or belong to W?2:°° moreover, by Lemma
they are smooth outside the multi-points.

About the convergence of the unit tangent vectors, we observe that

o7 (z,1) B ot (s, 1)
ox - 0s

‘L’i(t) = |k(s,t)|Li(t) < CL'(t) < C?, (8.7)

hence, every sequence of times ¢t; — 1" have a — not relabeled — subsequence such that the maps
7¢(-, t;) converge uniformly to some maps 7.

If the curve 7% is a regular curve (that is, L*(t) does not go to zero), it is easy to see that the
limit maps 7% must coincide with the unit tangent vector field 74 to the curve %, hence, the full
sequence 7' (-, t) converges.

If L(t) converges to zero, as t — T, by inequality (8.7), the maps 7(-, t;) converge to a constant
unit vector 74 which, if independent of the subsequence ¢;, will be the “assigned” constant unit
vector to the degenerate constant curve 7% of the degenerate regular network S, as in Defini-
tion ~

We claim that Sy contains at least one regular non—degenerate curve, otherwise, as ¢ — T, the
whole network S, is contracting at a single point, this clearly can happen only if the network has
no end-points and the radius of the smallest ball containing it is going to zero as t — T'. Being
this ball tangent to the network S; at some interior point of a curve, at such point the curvature
of the network must be larger or equal to the inverse of the radius of such ball and this is a con-
tradiction, by the uniform bound on the curvature.

If now we consider the set of the regular non—-degenerate curves of Sr, their end—points contain
all the constant images of the degenerate curves and the Herring condition determines the “unit
tangent vectors” of the (one or two) degenerate curves concurring there (the mutual position, if
these are two, is uniquely determined by the embeddedness of the converging regular networks).
This argument can be iterated, considering now the degenerate concurring curves with respect
to the previous degenerate curves and so on, to determine uniquely the unit tangent vectors at all
the 3—points of the limit degenerate regular network Sr. Hence, the limit degenerate unit tangent
vectors of 74 are independent of the chosen sequence of times ¢; — 7" and we are done. O

REMARK 8.22. In the special situation that no curves collapse, as t — T (we actually conjec-
ture that this cannot happen, that is, that Problem has a positive answer and Corollary
applies), the limit network Srisa regular network in W2, hence, one can use the extension
of Theorem [5.8 mentioned at point 5 of Remark in order to continue the flow after the time
T. In this very “strange” case, one should investigate if this “extended” curvature flow, which
is C%! with the exception of time ¢ = T, is actually always C?!, getting a contradiction by the
maximality of the interval of C*! existence [0, 7.

If we consider the family of the non-degenerate curves of S, they describe a C! network,
that we call Sy, which is not necessarily a regular network (it can have multi-points), but by
Remark([7.2} the sum of the exterior unit tangent vectors of the concurring curves at every multi-
point in © must still be zero.
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REMARK 8.23. Notice that, even if St is smooth outside its multi-points and W2 we can-
not set that its curves are actually of class C2.

PROPOSITION 8.24. If M1 is true, every vertex of the network Sy is either a regular triple junction
or an end—point of S, or
o a 4—point where the four concurring curves have opposite unit tangents in pairs and form angles
of 120/60 degrees between them — collapse of a curve in the “interior” of S;,
o a 2—point at an end—point of the network S, where the two concurring curves form an angle of
120 degrees among them — collapse of the curve getting to such end—point of S;.

\

FIGURE 15. Collapse of a curve in the interior and at an end-point of S;.

PROOF. Since the curvature is bounded, no regions can collapse, by the computations in
Section [7.2} hence, around every point the network is definitely locally a tree, as t — T. Assum-
ing that the vertex belongs to (2, we can follow the argument in the proof of the second part of
Lemma to show that the core of Sy must be a single curve and we have in Sra 4-point
where the four concurring curves have opposite unit tangents in pairs and form angles of 120/60
degrees between them. The only extra fact we have to show is that St cannot have a multi-
point O7 with two concurring curves with the same inner unit tangent vector. Indeed, in such
case, by embeddedness they must form a cusp and “slowly” dilating the networks S; at suitable
times around Oy, in order that the distance between such two curves and O still go to zero, we
would get a multiplicity—two halfline, contradicting the multiplicity—one conjecture M1, that we
assumed to hold. R
In the case the vertex of St coincides with an end-point P" of S;, we get the statement, by con-
sidering the network H, obtained by the union of S; with its reflection with respect to the point
P (see the discussion just before Section[8.1) and applying the previous conclusion to such net-
work. O

REMARK 8.25. It follows that every core (there could be more than one) of St is composed
by a single collapsed curve.

REMARK 8.26. Notice that if at an end-point the two curves of the boundary of the convex set
(2 form an angle (or the whole network is contained in an angle whose vertex is such end-point)
with amplitude less than 120 degrees, then the collapse situation described in Proposition
cannot happen at such end-point. This is, for instance, the case of an initial triod contained in a
triangle with angles less than 120 degrees and fixed end-points in the vertices.
The same conclusion holds, by the argument in the proof of Proposition[7.13 calling Q; C €2 the
evolution by curvature of 0f2, keeping fixed the end-points of S;, if the angle formed by €, at
such end—point, becomes smaller than 120 degrees.

COROLLARY 8.27. If M1 holds and the curvature of S, is uniformly bounded during the flow, the

networks Sy, up to reparametrization, converge in C* to some degenerate regular network S, whose non—
degenerate curves form a C* network Sy, having all its multi—points which are among the ones described
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in Proposition

Moreover, the curves of St belong to C* N W2 and are smooth outside the multi—points.
All the previous arguments can be easily localized and we have the following conclusion.

PROPOSITION 8.28. If M1 holds and the curvature of S, is locally uniformly bounded around a point
xo € Q, ast — T, the networks S, up to reparametrization, converge in C. _ locally around x to some
degenerate regular network St whose non—degenerate curves form a C* network St, having a possibly
non—regular multi—point at xo which is among the ones described in Proposition [8.24]

Moreover, the curves of St belong to C* N W2, in a neighborhood of zo, and are smooth outside the
multi—point.

REMARK 8.29. We can call these singularities with bounded curvature Type 0 singularities.
They are peculiar of the network flow, as they cannot appear in the motion by curvature of a
single curve.

8.4. Vanishing of curves with unbounded curvature. The last case, when the curvature is
not bounded and the length of at least one curve of the evolving network §S; is not positively
bounded from below, as ¢ — T, is the most delicate. Performing, as before, the blow—up proce-
dure, even assuming the multiplicity—one conjecture, there can be several shrinkers as possible
blow—up limits given by Proposition and we need to classify them in order to understand
the behavior of the flow S; approaching the singular time T'. In doing that the (local) structure
(topology) of the evolving network plays an important role in the analysis, since it restricts the
family of possible shrinkers obtained as blow—up limits of S;.

A very relevant case is when the evolving network is a tree, that is, it has no loops.

PROPOSITION 8.30. If M1 holds and the evolving regular network S, is definitely locally a tree

around some xq € ), ast — T, then the curvature of S, is locally uniformly bounded around x, during
the flow.

PROOF. Let S; be a smooth flow in the maximal time interval [0, T") of the initial network Sy
and let 2y € Q be a reachable point for the flow in B (we clearly only need to consider reachable
points).

Let us consider the sequence of rescaled networks gzo,t_w obtained via Huisken’s dynamical pro-
cedure, as in Proposition Then, as j — oo, it converges in C% N W22, for any a € (0,1/2),
to a limit degenerate regular shrinker S.,. Thanks to the multiplicity one hypothesis M1 and to
the topology of the network (locally a tree, see Lemma , if we suppose that z¢ ¢ 952, then gm
can only be:

o astraight line;

e a standard triod;

o four concurring halflines with opposite unit tangent vectors in pairs, forming angles of

120/60 degrees between them.

By White’s local regularity theorem in [91] (or by Proposition[8.14), if the sequence of rescaled net-
works converges to a straight line, the curvature of the evolving network is uniformly bounded
for t € [0,T) in a ball around the point zy. Thanks to Proposition [8.20|the same holds in the case
of the standard triod. Hence, the only situation we have to deal with to complete the proof in this
case is the collapse of two triple junctions at a point of €2, when the limit is the degenerate regu-
lar network composed by four concurring halflines with opposite unit tangents in pairs forming
angles of 120/60 degrees between them. We claim that also in this case the curvature is locally
uniformly bounded during the flow, around the point x4 (the next proposition and lemmas are
devoted to prove this fact).

If instead o € AQ, the only two possibilities for S, are:

e a halfline;

o two concurring halflines forming an angle of 120 degrees.
For both these situation the thesis is obtained by going back to the case in which z € 2, with the
“reflection construction” we described just before Section 8.1} O
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PROPOSITION 8.31. Let S; be a smooth flow in the maximal time interval [0, T') for the initial network
So. Let xq be a reachable point for the flow such that the sequence of rescaled networks S, , (introduced
in Proposition converges, as j — oo, in Ciu% N W22, for any o € (0,1/2), to a limit degenerate

reqular shrinker S, composed by four concurring halflines with opposite unit tangent vectors in pairs,
forming angles of 120/60 degrees between them. Then,

|k(z,t)] < C < 400
for all x in a neighborhood of xo and t € [0,T).

PROOF. By hypothesis, the sequence of rescaled networks vazo_,tj converges, as j — 00, in
Ch* N W22, for any a € (0,1/2), to Sy, as in the statement of the proposition. By arguing

loc
as in [67, Theorem 2.4], we can assume that for B > 0 large enough there exists j, € N, such
the flow S; has equibounded curvature, no 3—points and an uniform bound from below on the

lengths of the four curves in the annulus B, , 5T—1)) (z0) \ B 2(T_tj)(ar;o), forevery t € [t;,T)
and j > jo. We can thus introduce four “artificial” moving boundary points P"(t) € S; with
|P7(t) — xo| = 2R\/2(T —t;), withr € {1,2,3,4} and ¢ € [t;, T) such that the estimates are
satisfied, that is, the hypotheses about the end—points P*(¢) of Lemmas4.18} 4.19|and |4.20|

. . 2.2 . . =~
As the sequence of rescaled networks S, ¢, converges, as j — oo, in Wi_'7, to a limit network S
with zero curvature, we have

. 7 ~ o . 72 ]
]1;1’1010 HkHLz(BsR(O)ﬂSmO,tj) =0, that is, /BgR(O)ﬂ§ ) k= do < €
2ty

for a sequence £; — 0 as j — oo. Rewriting this condition for the non-rescaled networks, we
have

/ s < ot (8.8)
B3Rm($o)ﬂstj 2(T — tj)
Applying now Lemma to the flow of networks S; in the ball B, , m(g;o) in the time

interval [t;, T'), we have that ||k| 125 is uniformly bounded, up to time

2R /3Tt (20)NSt)

Tj = tj + min {T, 1/80 (Hk||2LQ(B2R 2(T—tj)(w0)ﬂst_7) + 1) } .

We want to see that actually 7; > T definitely, hence, | k|| 12(B, (z)ns,) 1S uniformly bounded for
t € [0,T). If this is not true, we have

1

Tj =t + 5
8C (HkH%?(BZR\/m(zo)ﬂStj) +1)

1
=bTse (e;// 2T —1;) +1)°
2T — t;)
8C (g5 +/2(T—t,))?

2
=T+ (2(T—tj))(8c (; + 2(T*tj))2 ) 1> |

which is clearly definitely larger than T', as ¢; — 0, when j — oc.
Choosing then j; > jo large enough, since ||k||2( B,,

,m(wo)ﬂgt)

for all times [t;,,7") and the length of the four curves that connect the junctions with the “arti-
ficial” boundary points P (t) are bounded below by a uniform constant, Lemma applies,
hence, thanks to Lemma 4.18, we have a uniform bound on ||&|| B,,, M(wom&) for every

telo,7). O

is uniformly bounded
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Proposition[8.31|clearly implies Theorem[8.30} An obvious consequence is that evolving trees
do not develop this kind of singularities, hence, their curvature flow is smooth till a curve col-
lapses with uniformly bounded curvature. Moreover, it is easy to see that if no regions collapse,
the network is locally a tree around every point of €2, so Theorem applies.

COROLLARY 8.32. If M1 holds and Sy is a tree, the curvature of S; is uniformly bounded during the
flow (hence, we are in the case of Corollary[8.27)in the previous section).

Combining Propositions and we have the following local conclusion.

THEOREM 8.33. If M1 holds and S, is definitely locally a tree around a point xo € €, either the flow
St is locally smooth, or up to reparametrization proportional to arclength, converge in C{. locally around
xo, as t — T, to some degenerate regular network St whose non—degenerate curves form a C network
St with a possibly non—regular multi-point which is among the ones described in Proposition [8.24}
Moreover, the curves of St belong to C' N W2°°, in a neighborhood of x¢, and are smooth outside the
multi—point.

REMARK 8.34. Bounded curvature is not actually the case in general if some loops are present,
indeed we have seen that a region bounded by less than six curves possibly collapses and in such
case the curvature cannot stay bounded.

St ST

FIGURE 16. Homothetic collapse of a (symmetric) pentagonal region

PROPOSITION 8.35. Let Sy be a network with a loop € of length L, composed by less than six curves,
enclosing a region of area A and let S, be a smooth evolution by curvature of such network in the maximal
time interval [0, T). Then, T is finite and if lim, .o L(t) = 0, there holds lim,_,p fSt k% ds = +oo.

PROOF. If a loop composed of m curves, with m < 6, is present, integrating in time equa-
tion (7.3), we have

A(t) - A(0) = (~27 +m (g)) t,

340)_  otherwise a region of the network collapses before the maximal time,

therefore, T < Gom)m
which is impossible.

If L(t) — 0ast — T, also the area A(t) of the region enclosed in the loop must go to zero and

— _34(0)
T= (6—m)m

. Then, combining equation (7.3) and Holder inequality, one gets

\_2w+m(§)|:]dfl§“|:]/&kds\<<L<t>>5 (Akd)

)2 2
/desz/deszM.
S, ‘ 9L(t)

hence,
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Then clearly, when ¢t — T, as L(t) — 0, the L2-norm of the curvature goes to infinity. O

Determining what happens in the generic case can be quite complicated, because of the dif-
ficulty in classifying the shrinkers with loops, anyway, some special cases with “few” triple junc-
tions can be fully understood. We will show some examples of this analysis in Section[10} consid-
ering networks with only one triple junction or with two 3—points. We underline that the interest
in this latter case is due to the fact that the multiplicity—one conjecture holds for such networks

(Corollary [9.17).

9. A geometric quantity

Given the smooth flow S, = F'(S, t), we take two points p = F(z,t) and ¢ = F(y, t) belonging

to S;. A couple (p = F(z,t),q = F(y,t)) is in the class 2 of the admissible ones if the segment
joining p and ¢ does not intersect the network S; in other points. Moreover if the network S,
has more than one connected component, we take the two points p and ¢ in the same connected
component.
Given an admissible pair (p = F(z,t),q = F(y,t)) we consider the set of the embedded curves
I’y 4 contained in S; connecting p and ¢, forming with the segment pg a Jordan curve. Thus, it is
well defined the area of the open region A, ;, enclosed by any Jordan curve constructed in this
way and, for any pair (p, q), we call A, , the smallest area of all such possible regions A, ;. If p
and ¢ are both points of a set of curves forming a loop, we define (A4, ,) as

V(Apq) = %sin (%Ap,q> )

where A = A(t) is the area of the connected component of Q\'S; which contains the open segment
joining p and g¢.
We consider the function ®; : S x S — RU {400} as

1)}‘{;:‘;) if x # y and z, y are points of a loop;

®,(z,y) = % if z # y and z, y are not both points of a loop; |
43 if z and y coincide with one of the 3—points O* of S;
+00 ifr=y+#0%

where p = F(xz,t) and ¢ = F(y,t).

REMARK 9.1. Following the argument of Huisken in [49], in the definition of the function ®,
we introduce the function (A4, ), when the two points belong to a loop, because we want to
maintain the function smooth also when A4, , is equal to A/2.

REMARK 9.2. As we have already said, if the network S; has more than one connected com-
ponent, we consider couple of points (p,q) belonging both to the same connected component.
Indeed, if we take the points in two different connected component, the Jordan curve and the
area enclosed in it are not defined and the function ®; has no meaning.

In the following, with a little abuse of notation, we consider the function ®; defined on S, xS,
and we speak of admissible pair for the couple of points (p, ¢) € S; x S; instead of (z,y) € S x S.

We define E(t) as the infimum of ®; between all admissible couple of points p = F(x,t) and
q=F(y,1):

E(t)= inf & 9.1
(t) (oL, 9.1)

forevery t € [0,T).
We call E(t) “embeddedness measure”. We underline that similar geometric quantities have
already been applied to similar problems in [25} 44, 49].

The following lemma holds, for its proof in the case of a compact network see [25, Theo-
rem 2.1].
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LEMMA 9.3. The infimum of the function ®, between all admissible couples (p, q) is actually a min-
imum. Moreover, assuming that 0 < E(t) < 44/3, for any minimizing pair (p, q) we have p # q and
neither p nor q coincides with one of the 3—points O (t) of S;.

REMARK 9.4. In the case of an open network without end—points, since the network is asymp-
totically C'—close to a family of halflines (and during its curvature motion such halflines are
fixed), there holds that if the infimum of ®, is less than a “structural” constant depending only
on such halflines, then it is a minimum. By means of such modification to this lemma, all the rest
of the analysis of this chapter also holds for the evolution of open networks, we let the details
and the easy modifications of the arguments to the reader.

Notice that it follows that the network S; is embedded if and only if E(t) > 0. Moreover,
E(t) < 44/3 always holds, thus when E(t) > 0 the two points (p, ¢) of a minimizing pair can
coincide if and only if p = ¢ = O'(%).

Finally, since the evolution is smooth, it is easy to see that the function E : [0,T) — R is locally
Lipschitz, in particular, dlflgt) > 0 exists for almost every time ¢ € [0, ).

If the network flow S; has fixed end—points {P!, P2,... P!} on the boundary of a strictly
convex set ), we consider the flows H! each obtained as the union of S, with its reflection S’
with respect to the end-point P?, as we described in the discussion just before Section
We recall that this is still a smooth flow without self-intersections, where P* is no more and
end-point and the number of triple junctions of H: is exactly twice the number of S;.

FIGURE 17. A tree-shaped network S; with the associated networks H:.

We define for the networks H{ the functions E* : [0,7) — R, analogous to the function
E :]0,T) — R of S; and, for every t € [0,T), we call II(¢) the minimum of the values E’(t). The
function IT : [0,T") — R is still a locally Lipschitz function (hence, differentiable for almost every
time), clearly satisfying I1(t) < E*(t) < E(t) for all t € [0,T). Moreover, as there are no self—
intersections, by construction, we have II(0) > 0. If we prove that II(¢t) > C > O forall ¢ € [0,T),
form some constant C' € R, then, we can conclude that also F(t) > C > 0, forall ¢ € [0, T).

THEOREM 9.5. Let ) be a open, bounded, strictly convex subset of R?. Let Sy be an initial reqular
network with at most two triple junctions and let the S, be a smooth evolution by curvature of Sy, defined
in a maximal time interval [0, T).

Then, there exists a constant C' > 0 depending only on Sy such that E(t) > C > 0, for every t € [0,T).
In particular, the networks S; remain embedded during the flow.

To prove this theorem we first show the next proposition and lemma.
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FIGURE 18. The situation considered in the following computations.

b

PROPOSITION 9.6. At every point t € [0,T) such that 0 < E(t) < 1/4 and for at least one
minimizing pair (p,q) of ¥, the curve I, , contains at most two triple junction and neither p nor q

coincides with one of the end—points P*, if the derivative diit) exists, it is positive.

PROOF. By simplicity, we consider in detail only the case shown in Figure 18 The computa-
tions in the other situations are analogous. Let 0 < E(t) < 1/4 and let (p, ¢) a minimizing pair
for @, such that the two points are both distinct from the end—-points P*. We choose a value € > 0
smaller than the “geodesic” distances of p and ¢ from the 3—point O of S; and between them,
moreover if p and ¢ both belong to the same curve we can also suppose that ¢ is the closest to O.
Possibly taking a smaller ¢ > 0, we fix an arclength coordinate s € (—¢, ) and a local parametriza-
tion p(s) of the curve containing p such that p(0) = p, with the same orientation of the original
one. Let n(s) = |p(s) — q|, since

. 1°(s) "
E — =
(t) SEI(n*l?,E) w(Ap(s),q) w(AP;Q) ’

if we differentiate in s we obtain

2
dndio)w(Apm),q) =, (0. 9.2)

We underline that we are considering the function v because we are doing all the compu-
tation for the case shown in Figure [18] where there is a loop. For a network without loops the
computations are simpler: instead of formula (9.2), one has

dn?(0) dAp ),
ds Ap(O)yq = 25 q772(0)a

see [71, Page 281], for instance.
As the intersection of the segment pg with the network is transversal, we have an angle
a(p) € (0, 7) determined by the unit tangent 7(p) and the vector ¢ — p.
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We compute

dn;(S) = —2(r(p)[q — p) = —2|p — q| cos a(p)
S ls=0

T -0 31700 A =) = 3w g —p) = glp —alsina()
W » = % cos (%Ap,q>

1 . T
= 5lp—alsina() cos (5 4,,) -

Putting these derivatives in equation and recalling that n%(0)/¢(4,,,) = E(t), we get

_ |2 E
cota(p) = _ZMZZ(AZL) cos (%Anq) = —% cos (%AWJ . (9.3)

Since 0 < E(t) < 1 < 4(2 — v/3), we have v/3 — 2 < cot a(p) < 0, which implies

<alp) < —. 9.4)

The same argument clearly holds for the point ¢, hence defining a(g) € (0,7) to be the angle
determined by the unit tangent 7(¢) and the vector p — ¢, by equation it follows that a(p) =
a(q) and we simply write « for both.

We consider now a different variation, moving at the same time the points p and ¢, in such a way
that 2 — 7(p(s)) and 242 = 7(4(s)).

As above, letting n(s) = [p(s) — ¢(s)|, by minimality we have

dn?(0) dip(Ap(s) q(s))
ds V(Ap(s).a()] =g = T ds

d*n?(0) *Y(Ap(s)a(s))
T VApera)| o 2 (dsz

) 7°(0). 9.5)
s=0
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Computing as before,

2 S
dnTs() = 2(p—ql|7(p) —7(q)) = —4|p — q|cosa
s=0
% o *%@ —q|v(p) +v(q)) = +[p — g|sina
2,2 s
T = 2e) =) |70 = )+ 2o = a [ KElo) ~ kla)ela)
= 2|7(p) — 7(q)]* + 2(p — q | k(p)v(p) — k(q)v(q))
= 8cos’a+2(p — q| k(p)v(p) — k(q)v(q))
d*Ap(s),as) 1 1
—Q2 | = —5(1(0) = 7(@) [v(p) + () + 5{p — a| k(p)7(p) + k(9)7(q))
s=0

= =3 @) (@) + 5@ | ¥

—_

+ 5 —alk(p)7(p) + k(@)T(a))

= —2sinacosa — 1/2|p — q|(k(p) — k(q)) cos «

d [ dAp(s)q(s) m
= ds{ s COS(ZAp(sm(s)) »

. 1 T
= (—2sinacosa — i\p — q|(k(p) — k(q)) cos «) cos (ZA”’Q>

*Y(Ap(s).a(s))
ds?

s=0

7r , . (T
- Z|p — ¢|? sin® asin (ZAW]) .

Substituting the last two relations in inequality (9.5), we get
(8cos”a+ 2(p — q | k(P)v(p) — k(@)v(a)))1(Ap,q)

. 1 T
> |p— q|2 {(—2 sinacos o — i\p — q|(k(p) — k(q)) cos @) cos (—Ap7q>

A
—%|p — q|?*sin® asin (%Ap,q) } :
—4
E(t) cos( § Ap(s).a(s)

2(Ap.g)(p — q| k(p)v(p) — k(q)v(q)) + 1/2|p — q*(k(p) — k(q)) cos a cos (%Am)

hence, keeping in mind that tana =

ik we obtain

> — 2sinacosalp — q|? cos (%Ap’q)

— 8Y(Ap,q) cos® a + [p — ¢|*sin® « {_% sin (EAW)}

A
= — (A, ,) cos® a (tanalf(;l q|2) cos (%AIW) + 4)
Py
+ |p — ¢|*sin® a [—% sin (%Apyq)}
=|p—q|*sin? [f% sin (%Apyq)] . 9.6)

dE(t)

We now compute the derivative —

Lemma 2.1.3]), that is,

by means of the Hamilton’s trick (see [43] or [68]

dE(t) 9

i ot (D, ) s
. N . dE(t —q/?
for any minimizing pair (p,q) for ®,. In particular, di ) = %@t (p,q) and, we recall, 1))1() AZ,‘q) =

E(t).
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Notice that by minimality of the pair (p, ¢), we are free to choose the “motion” of the points p(s),
q(s) “inside” the networks I'; in computing such partial derivative, that is,

%t) _ %q,t(p,q) _ %«pt(p(s»q(s))

s=t

Since locally the networks are moving by curvature and we know that neither p nor ¢ coincides
with the 3-point, we can find ¢ > 0 and two smooth curves p(s), ¢(s) € I'; forevery s € (t—¢, t+¢)
such that

dp(s
=p and P ps).5) vips). ).
d
q(t) = q and Zf) = k(q(s),s) v(q(s), s)
Then,
dE(t) 9 1 dp(s) —a(s)* 2 dU(Aps)a(s)
0 = ppa) = WA, 1 (w(Ap,q)dS p—d s . 9.7)
With a straightforward computation, we get the following equalities,
d _ 2
W) IO g — g ko) - ka)w(@)
s=t
dA(s) _ A
ds |, 3
dA S), S 1
T [ h(s) I, ) ds + 1o~ al P [KBIVE) + k@)
s=t Tpyq
ar 1
=20 — 5 — 5|p—dl(k(p) - k(g)) cosa
W (Aps)as) | A [l Apg (T
ds 3 Lr s (ZAW) D (AA’W)}

+ (205 = o= allk(0) — k@) cosa) cos (§4,)

where we wrote v¢, , and v, 4 for the exterior unit normals to the region A, ;, respectively at the
points of the geodesic ¢, , and of the segment pg.

We remind that in general d‘?iit) = —(2 — m/3)m where m is the number of triple junctions of the
loop (see formula (7.3)), hence, we have d‘zgt) = —%’“, since we are referring to the situation in

Figure (18] where there is a loop with exactly two triple junctions.
Substituting these derivatives in equation (9.7) we get

dE(t)  2(p—q|k@)v(p) — k(g)v(q9))

di V(Apq)
lp—qf? dm [1 . m Apy (T
e {5 [ () - e ()

+ (20 5= Sl = ki) — ko) cosar ) cos (5 4,0) |
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and, by equation (9.6),

dE(t) Ip — q|? 4 7 4 Ay 4 ™
st SV SO A L B S il il 1 RPN
at = WA L 3" (AAM) T3Ta (AAM)

4m T ™ . . (T
+ (Qa — 3) cos (ZAp,q) + Z|p — q[*sin?(a) sin (AAM)} :

It remains to prove that the quantity

%sin (%Ap}q) — %Aj’q coS (%Anq) + (4; — 2a) cos (%A,,,q)

s . LT
— Z\p — q|2 51n2(a) sin (ZAp’q)

is positive.

_ p—a® _ _ |p—af? :
As E(t) = P(Apa) = Eein(z 4, Wecan write

gsin (%Apﬂ) — %AZ’Q cos <%Ap7q> + (4; — 2a> cos (%Anq)

T . LT
— Z|1U — q|2 s1n2(a) sin (ZA,,(I)

4 m 4 A, T 4 ™
= 3 sin (ZAp’q) .y zq cos (ZAWJ) + <3 - 2a> cos (ZAp’q)
— B(t)sin?() sin® (%Ap,q) .
Notice that using inequality (9.4), we can evaluate 4T —2a € (/6,7/3), in particular, it is positive.

We finally conclude the estimate of ‘“flgt) and the proof of this proposition by separating the

- . A
analysis in two cases, depending on the value of —5.

If0 < % < %, we have
) b () - 5 (0
+ 4% — 2a> CoS (—Apyq) — E(t)sin*(a) sin? (%Apyq)
> <4; — 2a) cos (%Ap7q> — E(t) sin*(a) sin? (%Ap,q)
> (%) cos (g) — E(t) sin? ( ) >0
If L < Apa <1 we get
S () St ()
+ (4; - 2a> cos (S Apa) = E(t)sin(a) sin? (Z:A,.,)
> % sin (%Ap,q) - 4% Aiq cos (%Ap,q) — E(t)sin*(a) sin® (%Ap,q)
2% (sin (g) - gcos (g)) —E(t)>0.

0

REMARK 9.7. We want to stress here the reason why we are able to prove Proposition[9.6/only
when I'), ;, contains at most two triple junctions and so Theorem [9.5| only for networks with at
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most two 3—points. If we try to repeat the computations of the final part of this proof considering
dA(t

i
> — (instead of being equal

a situation such that I', ; contains more than two triple junctions, as the value of
d‘;‘lit) = —(2—m/3)m, when m > 3, we only have dgit)

to —4m/3), which is not sufficient to get to the inequality dggt) > 0.

changes
according to

LEMMA 9.8. Let Q be a open, bounded, strictly convex subset of R?. Let Sy be an initial reqular
network with two triple junctions, and let the S; be the evolution by curvature of Sy defined in a maximal
time interval [0, T). Then, there cannot be a sequence of times t; — T such that, along such sequence, the
two triple junctions converge to the same end—point of the network.

PROOF. Let O'(t) and O?(t) be the two triple junctions of S; and P the end-points on 9.
Suppose, by contradiction, that lim; ., O’(t;) = P!, for j € {1,2}. Notice that if S; is not a tree,
then it has the structure either of a “lens/fish-shaped” network (see Figure |8 or of an “island—
shaped” network (see Figure . If we consider the sequence of rescaled networks ﬁ-vll}ml , ob-
tained via Huisken’s dynamical procedure applied to Hj}, as in Proposition centered in P!, it
converges in C\o% N W22, for any o € (0,1/2) to a (not empty) limit degenerate regular shrinker
Hoo. We analyze the possible H., without using the multiplicity—one conjecture M1, to avoid
a “circular argument”. If the blow up limit H., is a line for the origin or four halflines form-
ing angles of 120/60 degrees, then, in both cases the curvature of the non-rescaled networks H;
(hence, of S;) is locally uniformly bounded around P! (by White’s regularity theorem in [91] and
Proposition 8.31} which are both independent of M1) and they (in the second case, by arguing as
in Lemma “forbid” the presence of another 3—point of S; in a space-time neighborhood of
(P, T), clearly contradicting the hypotheses.

If S; contains a loop, it cannot vanish in the rescaling procedure, going to infinity (its curves
would converge to two distinct halflines) or collapsing to a core (for instance in the origin), since
the area of the region bounded by the rescaled loop in S p1,¢ is constant in t (see Section .
Hence, such loop would be present in H., and actually could only have the structure of a “Brakke
spoon” (see Figure[/) or of a “lens/fish-shaped” network (see Figure[J). It is then easy to see that,
being part of a shrinker, it must contains the origin of R? in its inside, which is clearly not possible
in our situation. The last case we have to deal with is when S, is a tree. It follows that also goo
and so H are trees and the same for the underlying graph is tree, then H, is a symmetric family
of halflines from the origin, by Lemma

The cases when H,, has no core or the core is a single segment are the ones described above
(we concluded that the other 3—points cannot tend to P!, a contradiction). The remaining case
is when the (symmetric) core of H,, is given by three collapsed curves (and four 3—points) at
the origin. In this case it is straightforward to see that See contains a straight line for the origin,
which is not possible since S,, must be contained in an angle with opening less than =, by the
strict convexity of €, as it is shown in Proposition [/.13] 0

REMARK 9.9. We remark that the strictly convexity hypothesis on {2 can actually be weak-
ened asking that 2 is convex and that there not exists three aligned end—points of the initial
network Sy on 9f).

PROOF OF THEOREM[0.5] If S; is the evolution of a network with only one triple junction,
any of the evolving networks H has exactly two 3-points. Let ¢ € [0,T) a time such that
0 < II(t) < 1/4 and II and all embeddedness measures E, associated to the networks H, are
differentiable st ¢ (this clearly holds for almost every time).

Let F'(t) = II(t) < 1/4 and E‘(t) is realized by a pair of points p and ¢ in Hi, we separate the
analysis in the following cases:

o If the points p and ¢ of the minimizing pair are both end-points of H, by construction

Ip — q| > € > 0. Moreover, the area enclosed in the Jordan curve formed by the segment

pq and by the geodesic curve I';, ; can be uniformly bounded by above by a constant

C > 0, for instance, the area of a ball containing all the networks ]HI,E Since e > 0 and C
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depend only on €2 and on the structure of the initial network Sy (more precisely on the
position of the end-points on the boundary of {2, that stay fixed during the evolution

2 2

and that do not coincide), the ratio J)’(’;‘” 5 (or "i‘_ql , if p, ¢ do not belong to a loop) is
p,q P,q

greater of equal than some constant C, = % > 0 uniformly, hence the same holds for

I1(¢%).

o If one point is internal and the other is an end-point of H:, we consider the following

two situations. If one of the two point p and ¢ is in S; C H! and the other is in the
reflected network Sfi, then, we obtain, by construction, a uniform bound from below
on I1(¢) as in the case in which p and ¢ are both boundary points of H.
Otherwise, if p and q are both in S; and one of them coincides with P’/ with j # i, either
the other point coincides with P’ and we have again a uniform bound from below on
I1(¢), as before, or both p and ¢ are points of H both not coinciding with its end—points
and F7(t) = F'(t) = II(t) < 1/4, so we can apply the argument at the next point.

e If p and ¢ are both “inside” H:, by Hamilton’s trick (see [43] or [68, Lemma 2.1.3]), we

have dljlgt) = dETit(t) and, by Proposition db:t(t) > 0, hence dljh(f) > 0.

All this discussion implies that at almost every point ¢t € [0,7') such that II(¢) is smaller than
some uniform constant depending only on 2 and on the structure of the initial network Sy, then
d%gt) > 0, which clearly proves the theorem in the case a network with a single triple junction
(see also [71} Section 4]).

Let now S; be a flow of regular networks with two triple junctions. If there are no end—points,
the conclusion follows immediately from Proposition Hence, we assume that S; has two or
four end—points (in the first case there is a loop, in the second S; is a tree), which are the only
possibilities.

The analysis is the same as above, with only a delicate point to be addressed, that is, in the
last case, when the two points p and ¢ of the minimizing pair are “inside” H: and we apply
Proposition Indeed, since H has four 3—points it can happen that the geodesic curve T, ,
contains more than two 3—points, hence this case requires a special treatment. Notice that if the
points p and ¢ are both “inside” S; C H, then Proposition pplies and we are done. We then
assume thatp € S;, ¢ € S/, and T, , contains more than two triple junctions.

We want to show that there exists a uniform positive constant ¢ such that |p — ¢| > ¢ > 0, which
implies a uniform positive estimate from below on E*(t), as above. This will conclude the proof.
Assume by contradiction that such a bound is not possible, then, for a sequence of times t; — T,
the Euclidean distance between the two points p; and ¢; of the associated minimizing pair of
®;, goes to zero, as j — oo, and this can happen only if p;, ¢; — P?. Tt follows, by the maximum
principle that the two 3—points O (¢) and O?(t) converge to P’ on some sequence of times t, — T
(possibly different from ¢;), which is forbidden by Lemma [9.8|and we are done. O

REMARK 9.10. Notice, by inspecting the previous proof, that in the case that S; has a single
3—point, the strict convexity of 2 is not necessary, convexity is sufficient.

9.1. Consequences for the multiplicity-one conjecture. The quantity E(t) considered in
the previous section is clearly, by definition, dilation and translation invariant, moreover it is
continuous under C},_—convergence of networks. Hence, if E(t) > C' > 0 for every ¢ € [0,T), the
same holds for every C}L _-limit of rescalings of networks of the flow S;. This clearly implies the
multiplicity—one conjecture M1.

COROLLARY 9.11. If Q is strictly convex and the initial network Sy has at most two triple junctions,
then the multiplicity—one conjecture M1 is true for the flow S;.

A by-product of the proofs of Proposition[9.6/and Theorem [0.5]is actually that also the func-
tion II(¢) is positively uniformly bounded from below during the flow.

COROLLARY 9.12. If Q is strictly convex and the initial network Sy has at most two triple junctions,
then the multiplicity—one conjecture M1 is true for all the “symmetrized” flows HL.
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REMARK 9.13. Actually, in general, if we are able to show the multiplicity—one conjecture for
a curvature flow S, in a strictly convex open set €2, then, by construction and Proposition [7.13}
it also holds for all the “symmetrized” flows Hj. This remark is in order since in the analysis of
the flow S; in the previous sections, we used the “reflection” argument at the end—points of the
network S, then we argued applying M1 to the resulting networks H: (to be precise, in Section
and in the proofs of Proposition and of Theorem [8.30).

Another situation that can be analyzed by means of the ideas of this section is the following.

PROPOSITION 9.14. If during the curvature flow of a tree S, the triple junctions stay uniformly far
from each other and from the end—points, then M1 is true for the flows S; and all HE. As a consequence,
the evolution of S; does not develop singularities at all.

PROOF. We divide all the pairs of curves of the evolving tree S; in two families, depending
if the curve of a pair have a common 3—point or not. In the second case, by means of maximum
principle and the assumption on the 3—points, there is a uniform constant C' > 0 such that any
couple of points, one on each curve of such pair, have distance bounded below by C. Then, if the
pair of points of S; realizing the quantity E(t) stay on such curves it follows E(t) > C" > 0 for
some uniform constant C’. In case E(t) < C’, it follows that such pair of points either stay on the
same curve or on two curves with a common 3-point. Hence, the “geodesic” curve I',, , contains

at most one 3—-point, being S; a tree. This implies that d}figt) > 0, by Proposition[9.3| Then, the
multiplicity—one conjecture follows for S, and for all the “symmetrized” flows Hj}, by the same
argument in the proof of Theorem[9.5} taking into account the hypothesis that the triple junctions
stay uniformly far also from the end—points.

Then, the only possible singularities of the flow are given by the collapse of a curve of the net-

work, but this is excluded by the hypotheses, hence the flow is smooth for all times. O

10. Examples

In this section we collect all the example of network for which either we are able to establish
global existence or we have a complete characterization of the appearance of the first singularity.
They are all the regular networks with at most two triple junctions in a regular, open and (strictly)
convex set (2 C R2.

As we have already seen in the previous sections a key point in the analysis of the onset of the
singularities is the classification of the possible shrinkers. For networks with two triple junction
the classification is complete thanks to the paper by Chen and Guo [23] and by the recent work by
Baldi, Haus and Mantegazza [15], but unfortunately for more complicated topological structure
(networks with more than two triple junctions) a classification of the possible shrinkers lacks.

Another great difficulty is to show the multiplicity—one conjecture (M1) (see Open Prob-
lem and related discussions). In Section@ borrowing ideas of Hamilton [43] and Huisken [49],
we have introduced a geometric quantity which we used to prove M1 for regular networks with
at most two triple junctions in a strictly convex subset of R%. Indeed, thanks to the monotonicity
of such quantity, we have excluded the presence of curves with multiplicity greater than one in
the blow-up limits. Unfortunately, this line of proof cannot be extended to networks with more
that two triple junctions, as this quantity is not monotone anymore.

In [71}[67] the authors study the evolution by curvature of a triod, that is, a network of three
planar curves meeting at a triple junction. They prove that if the lengths of the three curves
are bounded away from zero during the evolution, then the triod tends to the unique Steiner
configuration connecting the three fixed end—points on 0f2.

The simplest case of a network with a loop (a region bounded by one or more curves) is
treat in [81]: consider a spoon, that is a network composed by two curves, one of them closed,
meeting only at one triple junction; then in finite time either the closed curve shrinks to a point
approaching the shape of a Brakke spoon (Figure [7) or the non—closed curve vanishes and the
3—point hit the boundary forming an angle of 120 degrees.
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In [69] we consider networks with exactly two triple junctions and we obtain a complete
description of the evolution till the appearance of the first singularity.

At the moment the triod and a tree-shaped network with two triple junctions are the only
cases in which we are able to pass from local to global existence without requiring extra hypothe-
ses.

10.1. Classification. If we consider the possible (topological) structures of regular networks
with only one triple junction, we see that there are only two: the triod or the spoon. As the triod
is the simplest configuration of an “essentially” singular one-dimensional set to let evolve by
curvature, a spoon is the simplest case with a loop.

FIGURE 19. Networks with only one triple junction: the triod and the “spoon” network.

DEFINITION 10.1. Fixed a smooth, open, convex set {2 C R?, a triod is a network (a tree) T
composed only of three regular, embedded C* curves v’ : [0,1] — Q. These curves intersects each
other forming an angle of 120 degrees at a single 3—point O, that is, 7' (0) = 7' (0) = v'(0) = O,
and have the other three end-points P!, P?, P? are fixed on the boundary of Q with 7/(1) = P*,
fori € {1,2,3}.

DEFINITION 10.2. A spoon I' = ([0, 1]) U~2([0, 1]) is the union of two regular, embedded
C* curves y!, 4% : [0, 1] — Q which intersect each other forming an angle of 120 degrees at a triple
junction O, that is, 71 (0) = v!(1) = +%(0) = O € Q and 7?(1) = P € 99Q. We call v! the “closed”
curve and 2 the “open” curve of the spoon and we denote with A the area of the region enclosed
in the loop given by .

We consider now regular networks with exactly two triple junctions and we focus on their
topological classification.

We parametrize the curves composing the network with 4* : [0,1] — R?. In each 3—point
either concur three different not closed curves (for instance O! = ~(0) = 72(0) = 43(0)) or
two curves, one of which closed (that is O' = 41(0) = 4!(1) = ~%(0)). As now we do not
consider open networks (networks with branches that go to infinity asymptotic to half-lines, see
Definition, if a curve is not closed (hence 7' (0) # ~'(1)) there are only two possibilities for
its end—point not concurring in O': either to be an end—point on the boundary of 2, or to be in
the other triple junction O%. If we repeat the above reasoning for every end—point, we obtain all
cases shown in Figure

When we say that a network presents a loop ¢ in its structure, we mean that there is a Jordan
curve in S that encloses an area A. For networks with two triple junctions, there are two cases

(see Figure[20):
e the loop / is composed by a single curve 7 : [0, 1] — R?, v(0) = (1) and at this junction
we have an angle of 120 degrees. The length L of ¢ coincides with the length of ~.
e the loop ¢ is composed by two curves v!, 4% : [0, 1] — R?, that meet each other at their
end-points and at both junctions there is an angle of 120 degrees. The length L of ¢ is
the sum of the lengths of the two curves.
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FIGURE 20. Networks with two triple junctions.

10.2. The triod. Suppose that 7' < +oo, then, by Proposition the lengths of the three
curves cannot be uniformly positively bounded from below. Hence, as (2 is strictly convex, Corol-
lary [8.32)imply that the curvature of T, is uniformly bounded and there must be a “collapse” of
a curve to a fixed end—point on 992, when ¢t — T, as depicted in the right side of Figure

Suppose instead that T' = +oo. Then, by Proposition for every sequence of times ¢; —
oo, there exists a (not relabeled) subsequence such that the evolving triod T;, converge in C* to
a possibly degenerate regular network with zero curvature, as i — oo, that is, a Steiner network
connecting the three fixed points P’ on 92 (which possibly have a zero-length degenerate curve,
for instance if the three end-points are the vertices of a triangle with and angle of 120 degrees).
Moreover, as the Steiner network connecting three points (and length minimizing) is unique, if it
exists, for every subsequence of times we have the same limit network, hence, the full sequence
of triods T, converge to such limit, as t — +o0.

THEOREM 10.3. For any smooth, embedded, reqular initial triod Ty in a smooth, strictly convex open
set Q C R?, with fixed end—points P', P?, P? € 09, there exists a unique smooth evolution by curvature
of Ty which at every time is a smooth embedded reqular triod in Q, in a maximal time interval [0, T).

If T is finite, then a curve collapses to an end—point, when t — T while the curvature remains bounded.
If T = 400, then the triods T, tend, as t — +oo, to the unique Steiner (length minimizing) triod (possibly
degenerate) connecting the three fixed end—points.

We notice that there is an obvious example where the length of one curve goes to zero in
finite time: consider an initial triod T with the boundary points P’ on 9 such that one angle
of the triangle with vertices P!, P?, P3 is greater than 120 degrees. In this case the Steiner triod
does not exist, hence the maximal time of a smooth evolution must be finite. Instead if the angles
of the triangle with vertices P!, P2, P3 are smaller than 120 degrees and the initial triod Ty is
contained in the convex envelop of P!, P2, P3, then no lengths go to zero during the evolution,
the maximal time of existence in co and the the triods Ty tend, as ¢ — +o0, to the unique Steiner
configuration.

In the case that T is finite and a curve collapses to an end-point at the moment we are not
able to restart the flow, even if the curvature is bounded.
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10.3. The spoon. In Section[/.2Jwe discussed the behavior of the area of the bounded regions
enclosed by an evolving regular network. In the case of the spoon, the loop is formed by only
one curve and there is only one triple junction. Equation (7.3) then gives

o

Al(t) = 3 (10.1)
This implies that the maximal time 7" of existence of a smooth flow of a spoon is finite and
T< 34 , (10.2)
om

where Ay is the initial area enclosed in the loop (see Proposition 8.35).
As t — T, the only possible limit regular shrinkers I',, arising from Huisken’s rescaling
procedure at a reachable point zo € (2 are given by

o a halfline from the origin,

o a straight line through the origin,
e astandard triod,

e a Brakke spoon (see Figure[7).

This follows by the simple topological structure of I'; and the uniqueness (up to rotation) of the
Brakke spoon among the shrinkers in its topological class (see Section [7.6). We remind that all
the possible blow—up limits are non-degenerate networks with multiplicity one, thank to Corol-
lary0.11}

We first notice that, if the curve y' shrinks, then the curvature clearly cannot be bounded,
hence, it is not possible that both lengths of 4! and 72 go to zero, as t — T'.

Suppose that the length of the “open” curve 72 is uniformly positively bounded from below,
then the curve ! must shrink and the maximum of the curvature goes to +occ as t — 7T (indeed,
limy_s7 fSt k* ds = o0, by Proposition . Then, if zy = lim;_,p O(t), taking a blow—up foo at
zo €  we can only get a Brakke spoon, since in the other cases (a halfline is obviously excluded)
the curvature would be locally bounded and the flow regular. Hence, as t — T, the length of the
closed curve 7! goes to zero, the area A(t) enclosed in the loop goes to zero at T = 222 indeed
A(t) = Ap — 5mt/3 and I'; converges to a limit network composed only by the limit C* curve 2.
connecting P with z (and curvature going as o(1/d,, ), for more details see [70]).

If instead the length of the curve 2 is not positively bounded from below for hypothesis,
then, as ¢ — T, such curve collapses to the end—point P, the curvature stays bounded and the
network I'; islocally a tree around every point, uniformly in¢ € [0, T'). Hence, the region enclosed
by the curve 7! does not vanishes and the triple junction O has collapsed onto the boundary
point P, maintaining the 120 degrees condition and bounded curvature (see Proposition [8.31).
The networks I'; converge in C 1 ast — T, to a limit network I'7.

THEOREM 10.4. Consider a smooth, embedded, initial spoon Iy in a smooth, strictly convex and
open set Q C R?, with a fixed end—point P € 09, with initial area enclosed in the closed curve equal to
Ao. Then there exists a smooth evolution by curvature T'y of Ty in a maximal time interval [0,T) with
T < 3o which at every time is a smooth embedded regular spoon in Q.

Moreover,

o cither the limit of the length of the curve that connects the 3—point the end—point P goes to zero,

ast —T,T < %, the curvature remains bounded and T, converges to a limit C network;

e or the lengths of the curve composing the loop goes to zero, as t — T, in this case T = 322 the
area A(t) of the bounded region goes to zero, lim;_,p fSt k% ds = +o0, the limit network T'; is
composed by a single open C* curve 2.

In the second case, at the “free” end—point xo = limy_,7 O(t) € Q of the limit curve v2., for a subsequence

of rescaled times t; — o0 the associate rescaled networks ft]. around x tend in CL_ N W2 to a Brakke
spoon, as j — oo.

At the moment we do not have a way to restart the flow in the first situation. In the second
one, a natural “choice” is to assume that the flow ends and the whole network vanishes for ¢t > T..
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We conclude this example with a couple of open questions.

OPEN PROBLEM 10.5 (Special case of Problem [7.19). The limit Brakke spoon obtained in
the previous theorem (in the second situation) is independent of the chosen sequence of times
t, — +o00? That is, the direction of its unbounded halfline is unique?

OPEN PROBLEM 10.6. Having in mind the “convexification” result for simple closed curves
by Grayson (see [41]), a natural question is: if we consider an initial spoon moving by curva-
ture with the length of the non-closed curve uniformly positively bounded below during the
evolution, the closed curve becomes eventually convex and then remains convex?

These two open problems above are connected each other, since the uniqueness of the blow—
up limit (which is a Brakke spoon, hence with a convex region) would imply that the region
is definitely convex, by the smooth convergence of the rescaled networks to the Brakke spoon
(this follows by the argument of Lemma 8.6 in [53], see the discussion just after the proof of

Lemma8.7).

10.4. Analysis of singularities of networks with two triple junctions. In this section we
first analyze the possible blow-up at a singular time of the evolution of a networks with two
triple junctions of general topological type, then we discuss in detail the specific networks, case
by case.

We consider the possible limits Soo arising from Huisken’s rescaling procedure. An impor-
tant fact is that all the possible limits S, are embedded network with multiplicity—one by Corol-

lary in Section 9}

PROPOSITION 10.7. If the rescaling point xq belongs to 2, then the blow-up limit network Seo (if
not empty) is one of the following:

o a straight line through the origin;

o a standard triod centered at the origin;

o 1 Brakke spoon;

o four halflines from the origin forming angles in pair of 120/60 degrees;

e g standard lens;

o afish.
If the rescaling point x is a fixed end—point of the evolving network (on the boundary of 2), then the
blow-up limit network Seo ( if not empty) is one of the following:

o 1 halfline from the origin;
o two halflines from the origin forming an angle of 120 degrees.

PROOF. The limit (possibly degenerate) network S, has to satisfy the shrinkers equation
koo + 2+ = 0 for all z € S, (see the proof of Proposition .

If we assume that g@@ is a degenerate regular shrinkers, that is, a core is present, since there
are only two 3-points, the only possibility is that a single curve (connecting the two triple junc-
tions or a triple junction with an end—point, by Lemma “collapses” in the limit forming such
a core of S, which then must be composed by four halflines from the origin forming angles in
pair of 120/60 degrees, if o € Q, or by two halflines from the origin forming an angle of 120
degrees, when o € €.

If S, is not degenerate and the curvature ko, is constantly zero, the network is composed
only by halflines or straight lines. Then, the possible flat regular shrinkers are either a straight
line through the origin or a standard triod, if zo € €2, or a halfline, if o € 0.

If instead the curvature is not constantly zero and the network gm is not degenerate, by the
classification of regular shrinkers with two triple junctions that we discussed in Section we
can only have either Brakke spoon, the standard lens or the fish. In all these three cases the center
of the homothety is inside the enclosed region, hence z cannot be an end—point on the boundary
of Q. O
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PROPOSITION 10.8. Let Sy be a network with two triple junctions and with a loop ¢ of length L,
enclosing a region of area A and let S, be a smooth evolution by curvature of such network in the maximal
time interval [0, T). Then, T is finite and if lim, .o L(t) = 0, there holds lim;_,p fSt k% ds = +o0.

PROOF. If a loop is present, by the classification of topological structures of the networks
with two triple junctions, it must be composed of m curves, with m < 6, hence, Proposition|[8.35
applies. O

THEOREM 10.9. Let Q C R? be a smooth, strictly convex, open set. Let So be a compact initial
network with two triple junctions and with possibly fixed end—points on 0SY, and let S; be the smooth
evolution by curvature of Sy in a maximal time interval [0, T).

Then, if the network Sy has at least one loop, then the maximal time of existence T is finite and one of
the following situations occurs:

(1) the limit of the length of a curve that connects the two 3—points goes to zero as t — T, and the
curvature remains bounded;

(2) the limit of the length of a curve that connects the 3—point with an end—point goes to zero as
t — T, and the curvature remains bounded;

(3) the lengths of the curves composing the loop go to zero as t — T, and lim;_, ¢ fgt k?ds = +o0.

If the network is a tree and T is finite, the curvature is uniformly bounded and only the first two
situations listed above can happen. If instead T = +oo0, for every sequence of times t; — oo, there
exists a subsequence (not relabeled) such that the evolving networks S, converge in C*NW?22, for every
a € (0,1/2), to a possibly degenerate (see Definition regular network with zero curvature (hence,
“stationary” for the length functional), as i — oc.

PROOF. Let S; be a smooth evolution by curvature of a network with two triple junctions
and (possibly) fixed end—points on 91, with  regular, open and strictly convex subset of R?, in
a maximal time interval [0, T').

If a loop is present, by Proposition [8.35} the maximal time of smooth existence T is finite. If
such time T is smaller than the “natural” time that the loop shrinks (depending on the number of
curves composing the loop, as in Proposition|[8.35), the network is locally a tree, uniformly for ¢ €
[0, T). Hence, every blow—up limit at any point 2, € ) cannot contain loops, then Proposition
shows that it must have zero curvature, thus, by Theorem|[8.8]and Proposition[8.31]the curvature
of S; is uniformly bounded along the flow and (see Proposition converges, as t — T, to
a degenerate regular network Sy with vertices that are either a regular triple junction, an end-
point, or

e a 4-point where the four concurring curves have opposite unit tangents in pairs and
form angles of 120/60 degrees between them (collapse of the curve joining the two triple
junctions of S;);

e a 2—point at an end—point of the network S; where the two concurring curves form an
angle of 120 degrees among them (collapse of the curve joining a triple junction to such
end-point of S;).

The same conclusion clearly holds if Sy is a tree and 7" is finite.

If instead the time T coincides with the vanishing time of a loop of the network, by Proposi-
tion the curvature is unbounded and there must exists a reachable point for the flow zy €
and a sequence of times ¢t; — 1" such that, the associate sequence of rescaled networks §x07tj, as

in Proposition converges in C:* N W22, for any o € (0,1/2), to a limit degenerate regular
shrinker §w which is either a Brakke spoon, or a standard lens or a fish.

If T = 400, hence Sy is a tree, then S; converges, as ¢t — +00, to a regular network with zero
curvature (a stationary point for the length functional). Indeed, as the total length of the network

decreases, we have the estimate

+o0
/ / k*dsdt < L(0) < +o0, (10.3)
0 S
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by the first equation in Proposition Then, suppose by contradiction that for a sequence of
times ¢; ,* 400 we have fst' k*ds > & for some § > 0. By the following estimate, which is

inequality 10.4 in Lemma 10.17 of [70],

i/sthdsgC(lJr(/Stkz))?’,

holding (in the case of fixed end-points) with a uniform constant C' independent of time, we
would have [, k*ds > 2, for every ¢ in a uniform neighborhood of every t;. This is clearly in

contradiction with the estimate (10.3). Hence, lim;_, fSt k% ds = 0 and, consequently, for every
sequence of times t; — 400, there exists a subsequence (not relabeled) such that the evolving
networks S;, converge in C1* N W22, for every a € (0,1/2), to a possibly degenerate regular
network with zero curvature (hence, “stationary” for the length functional), as i — oc. O

PROPOSITION 10.10. Let Sy be a network with two triple junctions and without end—points on 05}
and S, an evolution by curvature in [0,T), with T < +oo. Then, as t — T, the total length of the network
L(t) cannot go to zero.

PROOF. The network Sy can only be a ©—shaped or an eyeglasses—shaped network, as in the
following figure, indeed, if some end—points are present, clearly the total length cannot go to

zero.
~
0, 3
02
02 ,YQ

FIGURE 21. A ©-shaped network and two different embeddings in R? of
eyeglasses—shaped networks (type A and type B).

—

Consider first the case of a ©—shaped network. For both regions the equation of the evolution

of the area is 4
A =-3,

as shown in equation (7.3). If A'(¢) # A?(t), then a loop shrinks before the other and lim;_,7 L(t) #
0. Hence, A'(t) = A%(t) = 4w (T — t)/3, for every ¢ € [0,T). Taking a blow—up limit Sec ata hy-
pothetical vanishing point xy € §2, such limit also must contain two loops with equal finite area,
since every rescaled network of the sequence FSV:L,M, converging to goo, contains two regions with
area equal to 27/3 (the rescaling factor is 1/1/2(T — t), see Section and the two loops cannot
vanish, going to infinity (neither collapsing to a core by the constant area), because they are con-
tiguous and at least one is present in the possible limit shrinker (Brakke spoon, lens or fish). Then,
gm cannot be a Brakke spoon, a standard lens or a fish, but the curvature must be unbounded,
by Proposition [8.35] hence, this situation is not possible.

We now analyse an eyeglasses—shaped network of “type B” (see Figure 21). We call A! the
area enclosed in the curve 7!, A? the area between ~! and 4% and A3 the sum of A! and A2
Arguing, as before, by means of equation and Gauss—Bonnet theorem, we get that it must be

AY(t) =5m(T —t)/3,  A*(t)=2n(T —t)/3,  A3(t) =Tn(T —1)/3.

Again, the two loops cannot vanish in the rescaling procedure by the same argument of the
previous case and we exclude also this situation by the lack of a shrinker with two regions.
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Arguing as before, in the case of a eyeglasses—shaped network of “type A” as in Figure
the evolution equation for the area of the regions is

om

3 )
but, in this situation, we cannot exclude a priori that one of the two loops goes to infinity along
the converging sequence of rescaled networks, getting a Brakke spoon as blow—up limit (lens and
fish are clearly not possible because of the eyeglasses topology). Anyway, following the proof of
Proposition [8.31} when the blow-up limit around a point z, € €2 is a Brakke spoon, there exists
a small annulus around z( and a time ¢y € [0,7T) such that, for every ¢ € (¢¢,T'), the network S,
in such annulus is a graph over a (piece of a) halfline through the point x. In particular, S; does
not collapse to the point z, and we have a contradiction. Hence, also this case is impossible. [

Al(t) =

To conclude the analysis of the long time behavior of the flows of network with two triple
junctions it is more convenient to consider each topological type of network separately.

10.5. The theta. We call A' the area enclosed by the curves ' and 72 and, respectively, A?
the area enclosed by v? and +?, as one can see in Figure

FIGURE 22. Theta.

Let x( be a reachable point of the flow, from Proposition we know that the sequence of

rescaled networks gmo,tj converges in CL* W22, for any « € (0,1/2), to a limit Seo- The possible
Sw are:

a straight line through the origin;

a standard triod;

two lines that cross each other forming angles of 120 and 60 degrees;

a standard lens;

a fish.

We know from Proposition[8.35|that the maximal time T of existence of a smooth flow is finite
and bounded by -% min{A’(0), A*(0)} Moreover from Equation (7.3) we know that the areas in
the two loops are linearly in time decreasing.

If T < 2 min{A'(0), A%(0)}, then Seo is the degenerate regular network composed by four
halflines forming alternate angles of 60 and 120 degrees, both areas are not gone to zero, the
length of only one curve has gone to zero and the two triple junctions have collapsed in a 4-point
and the curvature stays bounded during all the evolution (Proposition [8.31).

If T = % min{A4'(0), A%(0)}, then See is a standard lens or a fish, lim,_, 7 A*() — 0 (Where A
has the smallest area between the two at ¢ = 0), if the length of the curves bordering A’ goes to
zero, then the L2-norm of the curvature is unbounded (Proposition [8.35).

We notice that no other phenomena ( all the lengths go to zero as ¢ — T') are possible because
of the lack of “suitable” blow up limit (Proposition [10.10). This fact says also to us that in a
special symmetry situation (A'(0) = A%(0)) the only possible first singularity onset is a 4-point
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FIGURE 23. Eyeglasses: “type A” and “type B”.

formation: the limit of the length of a curve that connects the two 3—points goes to zeroast — T,
and the curvature remains bounded.

PROPOSITION 10.11. Let S; be a theta-shaped network evolving by curvature. Then, T < +oo and
as t — T the following behavior are possible:
o If T = 2 min{A'(0), A%(0)} an area shrinks and if the length of two curves that bound the
area goes to zero we have lim sup,_, 1 fSt k? ds = +oo.
o If T < 2 min{A'(0), A%(0)} the length of only one curve goes to zero, the curvature remains
bounded.

If AY(0) = A2(0) the first case is not possible.

10.6. The eyeglasses. We analyze the two different embedding in R? of this network (see
Figure[23). We remind that for an eyeglasses “type B”, calling A' the area of the internal loop, A*
the area between the inner and the outer closed curve and A? the sum of the two areas we have
the following evolution equations:

AlY(t) =5m(T —t)/3,  A%(t) =2m(T —t)/3, A3(t) = Tn(T — t)/3.

Moreover A3(t) > Al(t) for every t € [0,T).

Consider a reachable point for the flow zy € R?, then the possible limits gm that arise as
t — T in the sequence of rescaled networks gzo,tj (we know that the limit exists and that the
convergence is C' from Proposition are:
a straight line through the origin;
a standard triod;

[ ]
o four halflines concurring in the origin that form angles of 120 and 60 degrees;
o a Brakke spoon.

We notice that there is no other possible candidates for S.., indeed the shrinkers with two triple
junctions (standard lens and fish) are not topological compatible with the eyeglasses shape. If
one tries to construct a shrinker that is topological compatible with the eyeglasses shape simply
attaching together pieces of Abresch-Langer curves and satisfying the 120 degrees condition at
the junctions, one violates the embeddedness of the network or the convexity of the closed region
of the shrinker (see [1]] and [15] for a deeper study on the properties of the Abresch-Langer curve
and of the shrinkers).

In the case of the eyeglasses some loop are present, hence T’ is finite.

We first analyze the behavior of a “type A” eyeglasses network: the bound for the maximal
time of existence 7" is:

T < 5% min{A'(0), 42(0)} . (10.4)

If T < 2 min{A'(0), A%(0)}, then the sequence of the rescaled gwo,tj converges as j — oo to
four halflines concurring in the origin that form angles of 120 and 60 degrees, and by Proposi-
tion the curvature is bounded, only the length of the curve 7% goes to zero, the two triple
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FIGURE 24. An eyeglasses shape shrinker does not exist.

junctions collapse in a 4-point.

If 7 = &2 min{A'(0), A%(0)}, then the limit S, is a Brakke spoon, lim; 7 A'(t) = 0 or
limy_, 7 A%(t ) = 0 (also both) and if lim inf; 7 L (t) = 0 or lim inf; .7 L?(t) = 0, then lim sup, - fSt k2ds =
coand T = 2 min{A'(0), A%(0)}. We underline that, differently from the case of the theta, also
both areas could shrink down to a point as ¢t — T, provided that the length of 7> stay positive
during all the evolution, if this is the case then A'(0) = A2(0).
We can avoid the case in which the lengths of all the curves go to zero because of lack of
“good” shrinkers (Proposition [10.10). Reasoning as in Proposition one also gets that the
case in which L? — 0, but also another length goes to zero is not possible.

For the “type B”, the situation is more complicated since the two areas have different evolu-
0)

tion equat10ns The maximal time of existence in bounded by 4
A0 5
AZ(0) >

, and could be attain only if

Indeed if T' < 3’%177(0), then S, is composed by four halflines concurring in the origin that
form angles of 120 and 60 degrees and the curvature is bounded.

T = 3A (0) (hence the initial areas satisfy AQEgg < 3, otherwise the maximal time of ex-

2/
istence should be ‘3‘27750) < ‘3‘4 (0 , the time in which A2 should vanish) then the limit S is a

Brakke spoon and if lim;_,7 A ( ) = 0, liminf; .7 L'(t) = 0, the curvature is not bounded and
T — SA (O)

As for ‘type A” we can can avoid the case in which the lengths of all the curves go to zero
and the case in which L?* — 0, but also another length goes to zero (Proposition [10. 10. This

implies that if ’22(83 > 2 the only possible singularity is a 4-point formation.

PROPOSITION 10.12. Let Sy be an initial eyeglasses network and let S; be its smooth evolution by
curvature, in a maximal time interval [0,T). Then T < +oc and there are these possibilities:

o only the length of the curve that do not form the loop goes to zero and the curvature stays bounded
(both for “type A” and “type B”);
o for “type A” at least one area goes to zero, T = = min{A*(0), A%(0)} and if the length of the

curves composing the loops (one or both) goes to zero the curvature is unbounded;

o for “type B” the internal area goes to zero, T' = 0)

area goes to zero the curvature is unbounded.

and the length of the curve enclosing this

10.7. The lens. The main difference with respect to the theta and the eyeglasses in that the
lens presents two boundary points P! and P?, that increase the list of the possible limits See, that
could be:

If xg € Q:

e astraight line through the origin;
e a standard triod;
o four halflines from the origin that form angles of 120/60 degrees;
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FIGURE 25. Lens.

e astandard lens;
e a fish.

IfLL’() € 0N

o a halfline from the origin;
o two halflines from the origin that form an angle of 120 degrees.

One obtains this list, having in mind the topology of the lens network, reasoning as for the
previous cases.

Because of the presence of a loop in the structure of the network, we know that the maximal
time of existence T'is finite and is less or equal than T = %ﬁo).

If7T = %ﬁro) the sequence §x07tj converges to a standard lens or to a fish, then the area en-
closed in the loop disappears. Moreover we know from Proposition [8.35| that if lim,_, L(t) = 0
and lim;_,7 L*(t) = 0, then the L?-norm of curvature in not bounded.

If instead T < %ETO) the degenerate regular network Swo is composed by four halflines, the
curvature stays bounded (Proposition[8.31), and only one length between L? and L* goes to zero.
The blow up limit is centered in P! or in P? and is composed by two halflines forming an angle
of 120 degrees, then by Proposition the curvature do not go to infinity, lim,_,7 L'(t) = 0 or
limy_,7 L3(t) = 0 (or even both) .

The contemporary collapse of the two triple junctions onto an end-point on 912 is avoided

by Lemma

PROPOSITION 10.13. Let Q C R? be an open,regular and strictly convex set. Let Sy an initial lens-
shaped network with fixed end—points on O and S,, with t € [0,T) a smooth evolution by curvature.

Then the maximal time of existence T is bounded by % and as t — T we can have the following cases:

o the area enclosed in the loop goes to zero, the lengths of the two curves bounding the loop go to

zero, the curvature is unbounded and T = Sif) ;

o the length of only one curve bounding the loop goes to zero, there is a 4—point formation and the
curvature remains bounded;

o the length of at least one of the curves connecting the triple junctions with the end—points on the

boundary of ) goes to zero, there is a 2—point formation and the curvature remains bounded.

10.8. The island. As for all the previous networks, that present one loop, the finite maximal
time of existence 7" of a smooth flow in bounded by

3A(0)

5
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FIGURE 26. Island.

If we apply Proposition[5.7]in the case of the island-shaped network, we can have the follow-

ing degenerate regular networks S..:
If zo € Q)

a straight line through the origin;

a standard triod;

a Brakke spoon;

four halflines from the origin forming angles of 120/60 degrees.

If xg € 00

o a halfline from the origin;
o two halflines forming an angle of 120 degrees.

If Tis SQT(FO), then goc is a Brakke spoon, the area enclosed in the loop goes to zero, if

lim; 7 L'(¢) = 0, the curvature unbounded (Proposition applies).

T < 3‘25:)) , the degenerate regular limit network S, is composed by four halflines from the
origin forming angles in pair of 120/60 degrees, there is the collapse of O! and O? into a 4-point,
from Proposition[8.31| we know that the curvature stays bounded during the evolution.

Another possibility is that we have lim;_,7 L3(t) = 0 (or respectively lim;_,7 L*(¢) = 0, both
together is not possible as P! # P?) and the triple junction O? hit the boundary in P! (or respec-
tively P?2), forming a 2-point. In this case S, is being composed by two halflines with an angle
of 120 degrees between them. Also in this case from Proposition[8.3T|we know that the curvature

locally stays bounded during the evolution.

Instead Lemmaexcluded that, ast — T, both O' and O? collapses onto a boundary point.
We can reason similarly to the case of the eyeglasses to exclude that both liminf; .7 L'(t) = 0
and liminf; 7 L?(t) = 0, so it cannot be that the area disappear and also there is a multi-point
formation.

We notice that instead can happen that liminf, ,7 L'(t) = 0 and liminf, .7 L3(t) = 0 (or
respectively liminf; .7 L*(t) = 0): concurrently the area shrinks and a 3—point collapses to an
end-point.

PROPOSITION 10.14. Let Q C R? be a reqular, open and strictly convex set and let Sy be a network
with two triple junctions, with the shape of an island and with two end—points P* and P? fixed on 69).
Then, if Sy is the smooth evolution by curvature of Sy in a maximal time interval [0,T), T is finite and, as
t—1T:

o the area A shrinks down to a point, if the length of the curve that bound the area goes to zero the
curvature is unbounded and T = 40

5m 7
o the triple junction O? collapses onto an end—point on 9, the curvature remains bounded and
T < 3A(0).

57 7
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3A(0)
57 °

o the lengths of the curve v* goes to zero, the curvature remains bounded and T <

10.9. The tree. We conclude with the analysis of the long time behavior of the only network
with two triple junctions which does not present loops. Consequently it is the only case where
we could expect global existence.

FIGURE 27. Tree.

Consider the sequence of rescaled networks gmo,tj and its C]. ~limit S, that can be only:
If xg € Q

e a straight line through the origin;
e a standard triod;
o four halflines from the origin forming angles in pair of 120/60 degrees.

Ifxo € 00

e a halfline;
o two halflines from the origin forming an angle of 120 degrees.

If T is finite, then either S, is composed by four halflines from the origin forming angles in
pair of 120/60 degrees (L(7°) goes to zero as t — T, the two triple junctions collapse but the cur-
vature remains bounded) or S, is composed by two halflines from the origin forming an angle
of 120 degrees (the length of one or two curves between v! , 7%, v3 and v* goes to zero as t — T
a triple junction touches the boundary and the curvature remains bounded).

The case in which the length of both one between the four curves with fixed end-points on
9 and L(+°) goes to zero is excluded by Proposition[9.8|

Otherwise if T' = oo no lengths go to zero during all the evolution, and the network tends to
the configuration of minimal length, that is the Steiner configuration (possibly degenerate) that
connects the four fixed end—points.

We underline that in all the possible scenarios the curvature remains bounded.

PROPOSITION 10.15. Given a smooth embedded tree network Sy with two triple junctions evolving
by curvature in a strictly convex, open regular domain Q C R? with fixed end—point on 95, then either the
inferior limit of the length of a curve goes to zero as t — T (either two triple junctions collapse producing a
4—point where the four concurring curves have opposite unit tangents in pairs and form angles of 120/60
degrees between them or a triple junctions collapses onto a boundary point and the unit tangents of two
curves concurring at such end—point form angle of 120 degrees), or T = 400 and S; tends, as t — oo
to the generalized Steiner configuration connecting the fixed end—points. In all cases the curvature stays
bounded during all the smooth evolution.

REMARK 10.16. In the case of the triod we can show an easy example that explain why we
cannot exclude the situation in which the triple junction collapses on a boundary point. If the
end-points P!, P? and P? are fixed in such a way that the triangle with that points for vertices
does not admit the Steiner configuration, then one of the three lengths goes to zero. This happens
if an angle between the three points P’ is greater than 120 degrees. Something similar could also
happen for the tree. For instance if (2 is a circle and the four points P!, P?, P3 and P* are all in
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the same quarter the generalized Steiner configuration that connect the P’ and the O* (keeping
them distinct) does not exist.

11. Restarting the flow after a singularity

We resume in the following propositions the behavior of the evolving regular network at a
singular time, assuming the multiplicity—one conjecture[8.1]and the uniqueness assumption[7.19]

PROPOSITION 11.1. If M1 is true and the evolving reqular network is a tree (no loops) or no regions
are collapsing, then the only “singularities” are given by either the collapse of a curve with the two triple
junctions at its end—points (only) going to coincide, producing a 4—point where the four concurring curves
have opposite unit tangents in pairs and form angles of 120/60 degrees between them, or the collapse of a
curve getting to an end—point of the network letting two curves concurring at such end—point forming an
angle of 120 degrees between them.

PROPOSITION 11.2. If M1 is true and the uniqueness assumption U holds, then the only “singular-
ities” are given by the situations described above in the case of a tree or

o the collapse of a region (loop) with more than one and less than six boundary curves, creating
a multi-point (that can coincide with an end—point of the evolving network if also the curve
getting to such end—point collapses), hence a non—regular network,

o the collapse of a region bounded by a single curve which if it happens at a point of Q produce a
curve with an end—point which is a 1-point of the limit network, or if it happens at an end—point
of the network, such region and the curve connecting it to the end—point both collapse to such
end—point.

The next step, after this description, is to understand how the flow can continue after a sin-
gular time. There are clear situations where the flow simply ends, for instance if all the network
collapses to a single point (inside §2 since this cannot happen to an end—point on the boundary,
which means that the network S; is actually without end—points at all), like a circle shrinks down
to a point in the evolution of a closed embedded single curve, see, for instance, the following
example.

S: ' ' Sr

FIGURE 28. A clover shrinker collapsing to a single point.

In other situations, how the flow should continue is easy to guess or define, for instance if a
part of the network collapses forming a 2—point, that can be also seen simply as an interior corner
point of a single curve (see the following figure).
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St ST
A1
/ Ol \ o' =02 \
t—T \
0? 3
3
Y

FIGURE 29. Collapse of both the curves 7!, 42 and the region they enclose point
O! = 0? leaving a closed curve 2 with a corner at O! = O? of 120 degrees.

Here, we can restart the network, by means of the work of Angenent [10, 11} 12] where the
evolution of curves with corners is also treated (see Remark [1.2). In general, one would need
an analogue of the small time existence Theorem (3.7 or for networks with 2—points or with
curves with corners.

Instead, a situation that really needs a “decision” about whether and how the flow should
continue after the singularity, is depicted in the following figures.

/ . "
\

FIGURE 31. Collapse of the curve v! leaving a closed curve ? with an angle of
120 degrees at an end-point.

One can decide that the flow stops at ¢ = T or that the curves become extremal curves of a new
network that must have, for every ¢ > T, a fixed end in the end—point P" (this would require
some analogues of the small time existence Theorems [3.7] and [3.18| for this class of non-regular
networks, which are actually possible to be worked out). Anyway, the subsequent analysis be-
comes more troublesome because of such concurrency at the same end—point, indeed, it should
be allowed that, at some time ¢t > T, a new curve and a new 3—point “emerges” from such end-
point.
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Another situation that also needs a decision, but in this case easier, is described in the follow-
ing figures.

St

. -
2
[ 42 \ e J \
\ / \ (0] |
t—=T
« \

FIGURE 32. Collapse of the curves v* and the region enclosed to the point O3
leaving a curve v? with a 1-point as an end—point.

Sr

FIGURE 33. Collapse of the curves v* and the region enclosed to the point O*
leaving a curve v! with a 1-point as an end—point.

If the limit network St contains a curve (or curves) which ends in a 1-point, it is actually natural
to impose that such curve vanishes for every future time, so considering only the evolution of
the network of the rest of the network St according to the above discussion (cutting away such a
curve will produce a 2—-point or the empty set, in the figures above, for instance).

We state a special case of a theorem by Ilmanen, Neves and Schulze [53, Theorem 1.1], re-
garding the short time existence of a motion by curvature starting from a non-regular network,
allowing us to continue the flow after the collision of the two triple junctions.

THEOREM 11.3. Let St be a non—regular, connected embedded, C"* network with bounded curvature
having a single 4—point with the four concurring curves having unit tangent vectors forming angles of
120 and 60 degrees. Then, there exists T > T and a smooth flow of connected regular networks S, locally
tree-like, for t € (T, T), unique in this class, such that S, is a reqular Brakke flow for t € [T, T'). Moreover
away from the 4—point of S, the convergence is in CZ . (or as smooth as Sp).

Furthermore, there exists a constant C' > 0 such that sups, |k| < C/+/t — T and the length of the shortest

curve of Sy is bounded from below by \/t — T /C, for all t € (T, T).
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St ST

FIGURE 34. A limit “nice” collapse of a single curve y producing a non-regular
network St.

FIGURE 35. The local description of a “standard” transition.

REMARK 11.4. Notice that the transition, passing by Sr, is not symmetric: when S; — S, as
t — T, the unit tangents, hence the four angles between the curves, are continuous, while when
St = St,ast — T, there is a “jJump” in such angles, precisely, there is a “switch” between the
angles of 60 degrees and the angles of 120 degrees.

REMARK 11.5. A regular C? network S = J"_, o*(1;) is called a self~expander if at every point
2 € S there holds

k—2t=0.
Let 2 be the 4-point of Sy and consider the rescalings
o St — X
ot RE-T)
with t(t) = —1 log(t — T'). Then as t — +o0 the rescaled networks Sqo.1 tend to unique connected

self-expander S, which “arises” from the network given by the union of the halflines from the
origin generated by the unit tangent vectors of the four concurring curves at x (see [76]).

REMARK 11.6. For a general network, a flow of an initial non-regular network given by the
general version of the above theorem, is not unique, even if S is composed only by halflines from
the origin and we search a solution between the tree-like self-expanding networks. In particular,
in our situation there exist two non—connected self-expanding solutions (see the explicit solutions
for initial data composed by an even number of halflines in [76), Section 3]). Considering only the
locally connected network flows has a clear “physical” meaning: such a “choice” ensures that
initially separated regions remain separate during the flow.

Finally, if we are in the situation of a non-regular limit network St described by Theo-
rem after the collapse of a region of S;, as t — T (see for instance the following figures),
one will need the extension of Theorem [11.3} in order to restart the flow.



11. RESTARTING THE FLOW AFTER A SINGULARITY 130

S - St

FIGURE 36. Less “nice” examples of collapse and convergence to non-regular
networks S.

REMARK 11.7. We are able to establish a restarting theorem after the onset of the first sin-
gularity only in the case in which the multiplicity—one conjecture holds, the curvature remains
bounded, no regions vanish and a triple junction does not collapse to an end—point on the bound-
ary of . At the moment, the restarting of the flow after all the other types of singularities is only
conjectural.

REMARK 11.8. Notice that Theorem gives only a short time existence result, indeed, it is
not possible to say in general if and when another singularity could appear. In particular, we are
not able to exclude that the singular times may accumulate.

We conclude this section with a “speculative” conjecture about the singularity formation.

CONJECTURE 11.9. The “generic” singularity is (locally) the collapse of a single curve (only
two 3—points colliding)? That is, for a dense set of initial regular network at the maximal time of
smooth existence, the situation is the one described in Proposition[T1.1

11.1. Standard transitions for network with two triple junctions. If the previous Conjec-
ture is true, the study of the evolution of networks with only two triple junctions is quite
interesting since they locally describe what happens at a “typical” singular time. Moreover, as
we have seen in Corollary that the multiplicity—one conjecture holds for such networks.

At this point is natural to list the “standard transition” from one topological type of network
with two triple junctions to another (see the classification in Figure passing by a 4—point
formation.

Consider a tree-shaped network, if at the maximal time 7" no “boundary” curve collapses,
then S; converges to a limit network S with bounded curvature and, restarting the flow by
means of Theorem[11.3] we get another regular tree which is the only “other” possible connected,
regular tree, joining the four fixed end-points P!, P?, P3 and P*. That is, the “standard” transi-
tion at time 7', as in Figure transforms one in the other and vice versa. The natural question,
if during the flow there could appear infinite singular times (and also whether they could “accu-
mulate”) producing an “oscillation” phenomenon between the two structures, has no answer at
the moment.

/ \ / \ / \ / \ / \
[ \ [ Vo | [ \ [ \
| | A | | A | | A | | A | |
\ | \ | \ | \ | \ |

FIGURE 37. The “standard” transition for a tree-shaped network.

The lens and the island shapes are in a sense “dual”, with the meaning that a “standard”
transition, as in Figure transforms one in the other and vice versa. As before, we do not
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know if during the flow this kind of “oscillation” phenomenon can happen infinite (possibly
accumulating) times.

@ B @ a @ a @ a @

FIGURE 38. A “standard” transition trough a 4—point transforms a lens in a is-
land and vice versa.

As before, there is a sort of “duality” between the theta and eyeglasses shapes: a “standard”
transition transforms one in the others and viceversa. Again, we do not know if this kind of
“oscillation” can happen infinite times.

@ B ‘ B . B @ B ‘

FIGURE 39. An example of evolution from a theta-shaped network to an Eye-
glasses “type A” passing by a 4—point formation.

<—> h ‘ B ‘ B Q B ‘

FIGURE 40. An example of evolution from a theta-shaped network to an Eye-
glasses “type B” passing by a 4—point formation.

REMARK 11.10. As we said in Remark all these transitions of the networks between
these “dual” topological shapes are not reversible in time. The angles between the curves are
continuous as t — T, discontinuous as t — T'F.
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