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AsstrAcT: We study the equations of overdamped motion of an inextensible triod
with three fixed ends and a free junction under the action of gravity. The problem
can be expressed as a system of PDE that involves unknown Lagrange multipliers
and non-standard boundary conditions related to the freely moving junction. It
can also be formally interpreted as a gradient flow of the potential energy on a
certain submanifold of the Otto-Wasserstein space of probability measures. We
prove global existence of generalized solutions to this problem.

Keyworps: gradient flow, triod, curvature, inextensible string, unknown Lagrange
multiplier.
MartH. SuJECT CLASSIFICATION (2020): 35K65, 35R35, 35A01, 35R02, 58E99.

1.Introduction

An inextensible network is a union of several inextensible strings that
meet at some of their endpoints called junctions. The study of inextensible
networks from the mathematical perspective was started a long time ago
by Chebyshev |Ghys| (2011) and Rivlin Rivlin (1955), aiming at modelling
textile fabrics. Aside from Novaga and Pozzi (2020), we are however not
aware of any investigation of evolutionary behavior of inextensible net-
works. Our paper thus seems to be one of the first contributions to this
particular field. On the other hand, there has been a major recent activity
on well-posedness of geometric flows describing time-evolving extensible
networks, see Mantegazza et al. (2004); Magni et al. (2016)); |Garcke et al.
(2019, 2020); Dall’Acqua et al.| (2019, 2021); Kroner et al. (2021) and the
survey Mantegazza et al.| (2021)). Whereas the authors of Mantegazza et al.
(2004); Magni et al. (2016); Kroner et al. (2021) deal with variants of the
mean curvature flow for networks, Novaga and Pozzi (2020) and the other
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2 A. TELCIYAN AND D. VOROTNIKOV

mentioned articles consider elastic flows (interpolations between the mean
curvature flow and the Willmore flow).

The main technical difficulties that appear in the study of networks in
contrast with the evolution of single strings are due to the rather non-
standard boundary conditions at the junction points. Accordingly, to fix
the ideas, we decided to restrict ourselves to the simplest possible network
with only one junction, the so-called triod, cf. Dall’Acqua et al. (2019);
Mantegazza et al.| (2004)). Our triod consists of three inextensible strings
(arms of the triod) that meet at a common point (junction), and the remain-
ing ends are fixed at three distinct points of R?. Note that the junction is
moving in an unknown way and thus constitutes a kind of a free boundary.

The literature on flows of networks cited above is concerned with vari-
ational evolution driven by “intrinsic” energies (related to the length or
curvature). In this paper we investigate the gradient flow of an “extrin-
sic” energy, namely, the potential energy determined by an external force
(gravity), with respect to a suitable geometry, cf. [Shi and Vorotnikov
(2019a). As we explain below, this models the overdamped motion of a
falling inextensible network (triod).

It is impossible to discuss evolution of inextensible networks without
referring to the state of the art for single inextensible cords (we will not
touch upon the extensible cords because the amount of the correspond-
ing literature is enormous). Various elastic flows of inextensible strings
were studied in Wen| (1993); Koiso (1996)); Oelz| (2011); Oelz (2014); Ok-
abe (2007, 2008); [Lin et al.| (2015); (Okabe et al.| (2020). The presence of
elastic forces contributes towards non-degenerate parabolicity of the flows
and helps to overcome the difficulties caused by the Lagrange multipliers
related to the inextensibility constraint; in our situation such forces and
hence such an advantage are missing. Our paper has particularly been in-
fluenced by Shi and Vorotnikov|(2019a) (that studied the overdamped dy-
namics of a falling whip) and Shi and Vorotnikov|(2019b) (that dealt with
the “uniformly compressing” counterpart of the mean curvature flow).

The full dynamical equations (Hamiltonian systems) governing the mo-
tion of inextensible strings (with or without elastic forces) are very tricky.
The literature about the solvability of the corresponding initial-boundary
value problems is scarce and includes the studies near the equilibrium
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Reeken|(1979), locally in time Preston (2011}, and globally in time in var-
ious severely relaxed senses Grothaus and Marheineke|(2016); Sengtil and
Vorotnikov| (2017).

The equations of motion of an inextensible triod in the ambient space IR“
subject to gravity force can be derived from the least action principle by
following the road map from (Sengiil and Vorotnikov, 2017, Section 2.6).
Assuming for simplicity that the length of each arm of the triod is equal
to 1, the initial-boundary value problem reads

Iy’ =, (a'dn') +g,
|as77i| =1,

subject to the boundary conditions

1 (£0) =77 (t,0) =7 (t,0),
n'(t,1)=a'(1), (2)
oldn' +02dn*+0°dn> =0ats=0 forall ¢,

and the initial condition
n'(0,s)=a’(s). (3)

Here 17i = ni(t,s) eRY, i=1,273, is the position vector at time t > 0 of
the particle that is labelled by the arc length parameter s and belongs the
ith arm of the triod. For each i, the scalar function o' = o'(t,s) is the
Lagrange multiplier (that is often referred to as the tension) coming from
the inextensibility of the ith arm. Finally, g is a constant gravity vector
for which we assume w.l.o.g. that |g| = 1, and a’(s) determines the initial
configuration of the triod. Note that s = 1 corresponds to the fixed ends,
and s = 0 corresponds to the (moving) junction.

From the geometrical point of view, a natural inifinite-dimensional con-
figuration manifold for the evolving triods is

A=(n=0" %)y e H2(0, LRY),
n' (0)=71°(0)=1°(0), n'(1)=a'(1), |d.n'(s)| = 1 Vs € [0, 1]}
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viewed as a submanifold of L?(0,1;IR3?) (and hence equipped with a weak
Riemannian metric). Observe that the tangent space at a “point” # is

T A={v= (whLv3vd):ivie HZ(O,l;IRd), v (0) =v?(0) =v°(0),
v (1) =0, dynp'(s)- d,v'(s) = 0}.

Note that we never employ Einstein’s summation convention. Then (1)),
(2)) is at least formally equivalent to Newton’s equation

Vi = =V 4E (1) (4)
Here
3 1 ‘
Boi=)_ | =g (ods 5

is the potential energy of a triod.

The Riemannian manifold A (as well as its counterparts for single strings,
cf. Preston (2012); Shi and Vorotnikov (2019a,b)) has some interesting
features. It can be viewed, cf. Shi and Vorotnikov) (2019b), as a subman-
ifold of the Otto-Wasserstein space of probability measures Otto| (2001));
Villani| (2003} 2008)) from the optimal transport theory (this in particular
implies that the geodesic distance on A does not vanish, being bounded
from below by the Wasserstein distance, which is in stark contrast with the
underlying geometry of the mean curvature, Willmore and similar flows,
cf. Michor and Mumford| (2005, 2006, [2007); Bauer et al/| (2012}, 2014)).
It can also be regarded as a particular case (m = 1) of the manifolds of
m-dimensional incompressible membranes (in other words, of volume pre-
serving immersions), cf. Bauer et al.| (2016); Molitor (2017). The oppo-
site borderline case m = d tallies with Arnold’s formalism Arnold| (1966);
Arnold and Khesin| (1998) for ideal incompressible fluids or rather, even
more specifically, with the motion of fluid patches in IR?, which has re-
cently been studied Liu et al. (2019) from a similar perspective. However,
in Arnold’s case (m = d) the manifold has a Lie group structure, which
allows one to work in the corresponding Lie algebra (i.e., in the mechani-
cal language, to use the Eulerian coordinates). In our case m = 1, there is
no Lie algebra structure, and the Lagrangian description as in (1), (2),
seems to be unavoidable.
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If the fall of the triod is overdamped by a heavily dense environment,
the equations of motion (1)) become

{8t17i = d, (0'19517") +g,

| 6
|dsn'| = 1. ©)

We refer to Shi and Vorotnikov| (2019a) for the details of the derivation
in the case of a single cord. It is also possible to directly obtain the over-
damped flow (6) from the full dynamical equation (1)) by employing the
quadratic change of time, cf. Brenier and Duan (2018). Finally, our prob-
lem (6)), (2)) can be realized as the gradient flow of the potential energy E
on the manifold A, i.e.,

1= -VAE (1), (7)

In light of the previous discussion (see also Preston (2011, [2012); Sengiil
and Vorotnikov| (2017)); Thess et al. (1999)) equation (1) has much in com-
mon with the Euler equation of ideal incompressible fluid. In the same
spirit, the overdamped equation (6] is comparable to the Muskat prob-
lem (also known as the incompressible porous medium equation) that re-
ceived a lot of attention during the last decade, see Cordoba et al.|(2011);
Székelyhidi Jr|(2012); Constantin et al.| (2016)); Castro et al.| (2021)) and the
references therein.

In this article, we are interested in constructing global in time solutions
to (6), (2), (3). We deal with generalized solutions, which allows us to
consider not necessarily smooth but merely rectifiable triods.

In what follows, we denote Q) :=(0,1), Q, := (0,t) x Q for ¢ € (0,0] and

8(s) := (8,8 8) € L*(Q;R).
Remark 1.1 (Initial data). We fix once and for all Lipschitz initial data a’ €
Wlee (Q)d, i =1,2,3, satisfying the compatibility conditions

al(0)=a’(0)=a’(0)=0 (8)

and

10,a’(s)| =1 a.e.in Q. (9)
Since () is only required to hold almost everywhere, the arms of the triod
can have shape of any rectifiable curve at the initial moment. Note that we
have also w.l.o.g. assumed that the junction is located at the origin at the
initial moment. We will moreover assume that the arms of the triod are
not fully straight at the initial moment which means that |a’(1)| < 1 (since
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the length of each arm is equal to 1), i = 1,2,3. Finally, we will assume
that the three points a! (1), @?(1) and a®(1) are vertices of a triangle with
circumradius R< 1.

Our goal is to prove the following main result.

Theorem 1.2 (Global existence of generalized solutions). For every initial
configuration a'(s) € Wi Q)4 i=1,23, meeting the assumptions of Re-

mark (1.1} there exists a generalized solution to (), (), in Q... Moreover,
those solutions satisfy o' (t,s) > 0 for almost every (t,s) € Q.

Note that the precise definition of a generalized solution is lengthy and
will be introduced in Definition

Observe that A, being a formal submanifold of the Otto-Wasserstein
space, is a metric space with a non-degenerate (Riemannian) distance.
Nevertheless, A is neither a complete metric space nor a geodesic space.
Accordingly, the theory of gradient flows in metric spaces, cf. Ambro-
sio et al.| (2008)); Villani (2008)), does not sound to be applicable to well-
posedness of our flow (7).

To achieve our goal, we will follow the strategy suggested by Shi and
the second author Shi and Vorotnikov| (2019a) for the evolution of a sin-
gle string. It basically consists in approximation of the original gradient
flow on A by suitable gradient flows on the flat ambient space L?(Q);IR%).
The idea is to derive uniform estimates for the approximating problem
that would allow us to pass to the limit and to show that the limiting
functions are solutions to (6)), (2), (3). However, because of the compli-
cated boundary conditions (2), many of the estimates that were used
in Shi and Vorotnikov| (2019a) fail to be generalizable to our setting.
This in particular applies to the crucial L® estimate in the spirit of La-
dyzhenskaya, Solonnikov and Uraltseva, cf. LadyZenskaja et al. (1968).
We will manage to overcome these difficulties and to prove novel and
more refined estimates by leveraging the gradient flow structure of the
approximating problem much more thoroughly than in Shi and Vorot-
nikovi (2019a). This will be combined with careful observations involv-
ing geometric properties of triods, the behaviour of the curvature and
some convexity argument.

Apart from that, in Shi and Vorotnikov| (2019a) the existence of C*-
smooth solutions to the approximating problem was immediate from Amann’s
theory, cf. Amann|(1993). It is not applicable here anymore (again due to
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the boundary conditions), so we will solve our approximate problem by
the theory of abstract evolution equations with pseudomonotone maps,
cf. Roubicek| (2013).

The paper is organized as follows. In Section 2|, we heuristically motivate
and then introduce the approximating problem. In Section [3, we prove
its solvability. The main technical work is done in Section |4| where we
establish various uniform estimates for the approximating problem. A
highlight of that section is the crucial and ingenious L* bound for the
tension (Lemma [4.7). In Section [5, based on the results of Section [4, we
will be able to pass to the limit and to prove Theorem|1.2] Our results still
hold for the overdamped dynamics of a falling single cord with two fixed

ends, see Remark and Proposition

2.Approximating problem

Let us now describe the way of approximation of our gradient flow that
we plan to employ in order to prove Theorem

We begin with some heuristics. Consider the extra variables k' = 0" d;1’,
i =1,2,3. Then our system (6)) can at least formally be rewritten as

atqi = d,k’ +g,
Kl = Giasqi, (10)
o' =« dn'.

More precisely, the constraints |d,1'| = 1 yield |«'| = |o’| and ' = sgn(o”)|x!|dsn’.
We make the ansatz ¢’ > 0 (that will be a posteriori justified by Theorem
and infer k' d,n’ = o' (see also Remark [5.2|below for a related discus-
sion). Note that we formally have d,n’ = %, thus the map «' — d,#' is not

a diffeomorphism. To overcome this issue, we fix € € (0,1) and introduce
the auxiliary functions

K

Ve +|x|?

F.: R > R? F.(x):=ex+ (11)

and
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Approximating the relations k' — d,n' and d;' — ' by F. and G,, re-
spectively, leads from (6), (2), (3)) to the problem

e = 95(Ge(3517é)) +g =123 (12)
with the following initial and boundary conditions:

qé (015) = ai(s),
ne(t,1)=a'(1),
e (£,0) = nZ(t,0) = 12 (£,0), (13)

3
ZGe(asné) =0ats=0forall t.

i=1

Remark 2.1. Let us make an elementary observation that is very important
in the sequel. The Euclidean norm |F, (x)| depends only on |x| and is an
increasing function of |k|. If || = 1, then by simple calculation |F, (k)| > 1.
Consequently, if |t| < 1, then |G (7)| < 1.

By explicit computation, VG, is positive-definite and
A (DEP VG ()& -E <A (T)|EP, VEER, TER, (14)

where A, and A, satisfy
1 1

— <A (T) =
12 = e ~1/
e+et € (6 |Ge(l)|2) v
-1 (15)

A (T) = € <e!

1+ (e + |G€(T)|2)_3/2 -

Motivated by the original system (10), given a solution 7, to the approx-
imating problem (12), we define

Ké = Ge(asqé), Gei = Ge(asqé) . 85172. (16)

Observe from the definition of G, that there exists a bounded smooth
positive scalar function y, such that G.(t) = y.(|t%|)t, T € R?. In particular,
this implies that

ol >0. (17)

€
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Moreover, y. is bounded away from 0 and oo (not uniformly w.r.t. €). Let
[ be the primitive of y, with I (0) = 0. Set

Qc(2) 1= STe(IeP).

Observe that

VQe(7) = Ge(1). (18)
Moreover, Q. can be computed explicitly:
|Ge(7)? 1
Q.(t)=¢ —~ +/e. 19)
o [ 2 JerlGoF "

By Remark 2.1 Q(7) << 1 if |[7] < 1.
We define the associated “total energy” of the approximating problem

(z2), (13) by

i(f Q. (9. )ds + fl (_g).,f-ds)

- 0
E. = =
(17) for 1 € AC*(Q;R3) satisfying #(1) = (1), 1'(0) = n2(0) = #°(0);

+0o for any 1 € L*(Q;R*) except those above.

(20)

Then (12), can at least formally be interpreted as a gradient flow,

with respect to the flat Hilbertian structure of L*(Q ;R34 ), that is driven by
this functional, i.e.

n= _VLZ(Q;JRM)ge(U), n(0) = a.

We will return to this issue in the next section.

3.Evolution by pseudomonotone maps and solvability of the
approximating problem

For the existence of the solution to the approximating problem, we use
the theory of abstract evolution equations involving pseudomonotone maps.
We prefer this approach (instead of directly employing the theory of gradi-
ent flows in Hilbert spaces, cf. Brézis|(1973));|/Attouch et al./(2014))) because
it automatically gives us the regularity of solution that is required for the
manipulations of Section
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Let us start with introducing some concepts and definitions, mainly fol-
lowing the book Roubicek| (2013)). Let V be a separable reflexive Banach
space, and V* be the dual space of V. With use the bra-ket notation for
the duality.

Definition 3.1. A mapping A:V — V" is called monotone if Yu,v € V we
have (A(u)—-A(v),u—-v)>0.

Definition 3.2. A mapping A : V — V" is called radially continuous if
Yu,veV :t+— (A(u+vt),v)is continuous.

Definition 3.3. A mapping A : V — V" is called pseudomonotone pro-
vided
(i) A is bounded (i.e., the image of any bounded set is bounded),
(ii) for any sequence u;, — u weakly with
limsup(A (u;),u—u)<0

k—o0

and for every v € V it is true that

(A(u),u—-v) < lilfninf(A(uk),uk —v).

We will need the following useful criterion of pseudomonotonicity from
Brézis| (1968).

Lemma 3.4. A bounded, radially continuous and monotone mapping is pseu-
domonotone.

Assume that there is a continuous embedding operator i : V — H, and
i(V)is dense in H, where H is a Hilbert space. This generates the Gelfand
triple V.C H C V* by the following well-known observation. The adjoint
operator i*: H* — V" is continuous and, since i(V) is dense in H, one-to-
one. Since i is one-to-one, i*(H") is dense in V*, and one may identify H*
with a dense subspace of V*. Due to the Riesz representation theorem, one
may also identify H with H*. Moreover, the H-scalar productof f e H,u €
V coincides with the value of the functional f from V* on the element
ueV:

(frw)n = (fru). (21)
Assume that there is a seminorm |-|, on V that satisfies the “abstract Pon-
caré inequality”
lully < llwlly +luly, YueV,
where || -||;; is the Eucledian norm in H.



FALLING NETWORK 11

Definition 3.5. A mapping A: V — V" is called semicoercive if for u € V
we have

(A(u),u) = colulyy =i fuly = collullf,

where ¢y, c; and ¢, are nonnegative constants.

Consider the following abstract initial value problem on the time inter-
val (0, T):

d
Eu+A(u(t)):f(t), 1 (0) = u. (22)
The following result can be found in (Roubicek, 2013, Theorem 8.18).

Theorem 3.6. Let A: V — V* be a pseudomonotone and semicoercive mapping
and

feAC?([0,T] V"),
uy € V is such that A(uy)— f(0) e H,
(A(uy) = A(uy), uy — t3) > coluy — |5 — colluy — ol for uy, uy € V with
some constants cy,c, > 0.
Then there exists u € W (0,T; H) ﬂACz([O,T];V) that solves the Cauchy

problem (the first equality in holds in the space V* for a.a. in (0,T),
whereas the second one holds in the space V).

Our next goal is to apply this theorem to show the existence and regu-
larity of solutions to the approximating problem. It will be convenient to
rewrite our approximating problem (12)-(13]) with the help of the simple
transformation

éi (t,S) = 17‘15 (t,S) - ai (5)1

arriving at
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Let us recast this system in the form of the Cauchy problem (22). Let
H=1L*xL*x LZ(Q;IRd) be the Hilbert space of triples with the natural
scalar product. Consider the set

V= {u ={u'} € AC* x AC* x AC?((Q;R?) such that u(1) = 0
and u' (0) = u?(0) = u> (0)).

It is a separable reflexive Banach space with the norm inherited from H®.
Define a seminorm on V by |{u'}|y := ||{dsu’}|lz. The required Poincaré
inequality obviously holds. Let A: V — V" be the mapping that is defined
by duality as follows:

A©0=) | G(a(e' ) o (24)
Then (23] rewrites as

%E +A(E(1) =g £(0)=0. (25)

Note that the last equality of is hidden in the duality in (24]).

In order to check that Theorem [3.6]is applicable to we need to prove
several auxiliary statements. For the sake of readability, we will omit the
subscript € coming from the approximating problem.

Lemma 3.7. The mapping A satisfies the inequality
(A(&)-A(&), &1 - &) 2 qlé - &l

for some constant cq > 0 (depending on €) and any &,&, € V.

Proof: Define A’ : H! (Q;IRd) — (H1 (Q;IRd))* by

(A'(&7),0) = Ll G. (as (& + ai)) .9,C'ds.

Throughout the rest of the proof, we omit the index i to avoid heavy nota-
tion in A’, £}, & and a'. With this convention, it suffices to prove that

(A(&))—A(&), & — &) = collds(&1 — &2
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We compute
(A(&1)—A(&), &&=
L[G(&S(él+a))—G(85(52+a))]-85((£1+oc)—(52+oz))ds. (26)
Let us denote y := G(&S(él +a)) and y := G(8s(£2+a)). Now, we use

the relation between F and G and conclude that F(y) = d,(& +a) and
F(y) = d,(&, + a). We can rewrite the right-hand side of as

JQ(M—V)'(F(/”)—F(V))‘ZS

M (e e(uz B
_JQ(IM 7/) (e(ﬂ 7/)+\/€+|M|2 \/€+|y|2]ds
> [ elu—y|*ds

JQO

- : :
because the map r — T7isa gradient of a convex function. Observe that

IF(1)-F (7)< (e+e )=y
by the mean value theorem since the operator norm of the matrix VF(r) is

bounded from above by € + €72, cf. (15).
Thus we conclude that

(A(&)—A(&), &1 =& 2 €J;) - 7/|2d5 > C L |F(p) —P(7)|2d5
= col|ds(&1 - 52)”%2-

Corollary 3.8. The mapping A is monotone.
Proof: Tt is clear from Lemma ]

Corollary 3.9. The mapping A is semicoercive.
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Proof: Employing Lemma|3.7/and Cauchy-Schwarz inequality, we see that

(A(£), &) =(A(£) - A(0),£) +(A(0),&)
> |E]} +(A(0), &)

3 1
_ (x| i\ 9 ci
_|(5|V+;fO G(d,a')- 9,&'ds

> &[5 - {G(asaf)}H €]y
H
> |é|%/ - C2|€|V}
where ¢, is a positive constant depending on a. m

Lemma 3.10. The mapping A is bounded.
Proof: Indeed,

),C) = ZJ ) 9,C'ds
< {G(&S(éi+ai))} el

< J{o-(e7+ )| e
<& +alvliclly.

(We have used sublinearity of G). Since |a|y is finite, this implies that
|A(&)||y~ is bounded provided ||£]| is bounded. |

Lemma 3.11. The mapping A is radially continuous.

Proof: Fix £,C € V and let t,, — T be a sequence. Then it is easy to see that

ZG( (& +, C+a)) ZG( 61+rcl+a))(x)-8sci(X)

a.e. in (). The claim will follow from Lebesgue’s dominated convergence
theorem if there is a function in L!(Q) that dominates the left-hand side.
But it is indeed the case since we can we leverage sublinearity of G to
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estimate

3
) G(0.(e + i+ o)) 00| < CloL (& + T + @)l 10,C]

i=1
< C(19,&I* +19.C +9al),
and the right-hand side is L! by the assumption. |
We can now legitimately use Theorem [3.6]in order to solve (25).

Corollary 3.12. Given « as in Remark the system has a solution
E={&) e W (0,T; H) ﬂACZ([O, T]; V) that is understood in the same sense
as in Theorem [3.6]

Returning back to the variable # and leveraging elementary properties
of G, and VG, we get the existence of approximate solutions.

Corollary 3.13. Given « as in Remark there exists a solution 1 = 1, to
(12)-(13) in Qr that belongs to the following regularity class:

. d —\4
n'e Wh(0,T;L%(Q)) mAC2([O,T];AC2(Q)) ,
. d
' € AC* ([0, T;L*(Q))
. . d
k= G(d,') € L2 (0, T; L2 (QY))'
. d
VGe(d,n') € L*(0, T;L(Q))
. d d
dm' € L=(0,T;12(Q)) nL*(0, T;H' (Q))
. ‘ d d
9. = 8S(G€(85171)) e1(0,T;12(Q)) nL2(0, T;H' (),
. d
1’ € L=(0, T;L7(Q)) .
Note that the norms of the solution # = 7. in the corresponding spaces
above may depend on e. At this stage we cannot infer an L™ estimate on

ds1 (even e-dependent) because we do not control dsn’ on dQ. Anyway,
we will manage to establish a related bound in Corollary
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It is straightforward to see that 1 = 7. from Corollary coincides
with the unique solution of the gradient flow

e _8L2(Q;1R3d)£e(17) (27)

in the sense of (Attouch et al., 2014, Theorem 17.2.3), where the driving
functional £, was defined in (20). This in particular implies that ¢ —

E. (n(t)) is a continuous and non-increasing function.

4.Uniform estimates of the approximate solutions

In this section we derive various uniform (in €) estimates for the approx-
imating solutions 7. obtained in Corollary[3.13} These bounds are crucial
for passing to the limit in Section [5| In the sequel, C will always stand
for a constant independent of €. For the sake of readability, we drop the
dependence on € in the subscripts and write ' = 1%, G = G, a' = al, etc.,
until the proof of Lemma

Lemma 4.1 (Energy estimate). Let 17 = {r)'} be a solution of the approximating

problem (12)-(13) in Qr as constructed in Corollary Then

E(a)+ ZU@ 101 +1VG (9ery”) Desny? dsdt)+ lls <C. (28)
T

— ~(oTi11(0))

Here the constant may only depend on o and T, but not on e.

Proof: We first establish a uniform bound (w.r.t. €) on the initial energies.

Indeed, since |d,a’(s)| = 1, Remark [2.1| implies that |G(d,a’(s))| < 1, and

using the explicit definition of Q given in (19), we get that the first terms

(for each i) in the expansion
3

£(a)= ZU; Q(asai(s))ds+f

i=1 0

1
(—g) -a'(s) ds)
are uniformly bounded. The second terms are obviously uniformly bounded.

We now prove (28). Take the L?(Q))-inner product of and d,n' and
integrate over QQ;, t € (0, T]. We obtain

3 3 3
Z 10,17 dsdt = ZJ 9,G(9.n')- 9y’ dsdt + ZJ -9 dsdt
i=1 Y Qr i=1 Y Qt i=1 t
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Then, we perform an integration by parts and also integrate the last term
over time, ending up with

~

3 3
Z |at17 12 dsdt = — Z G(&sqi)-astqi dsdt+Zf g-1'(t) ds
i=1 JQ ]
g a ds+ZJ o' dt

at s=1
ZJ dyn' dt

at s=0

ZJ 517 dsi!] dsdt+Zf g1
ZJ g-a ds+ZJ 0,a'(1)dt

ata’—

‘[\'103

i
—
L

Mw

t
J (9t11 dt.
i=1 20

Y1 G(dsni(0))=0

=0
Here #(¢) denotes the spatial position of the junction. Consequently,

~

3
Z |8t17|2dsdt— Z G(9y')- dyn* dsdt
J

i=1 Qt

~ 3

erds=) [ galds o)

i=1 YO

'[\+1<~

il
[S
Q
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For the first term on the right-hand side, we observe that
G(9,n')- dun’ = 2,Q(den"), (30)
cf. (18), where Q is defined as in (19). In view of (30), becomes

3 ' 3 |
; o 10,1'|* dsdt + ;L Q(asnl)(t, )+ L (_g) 1 (t,)ds

3
= ZJ Q(asai(s))ds+J (—g) a(s)ds,
i=1 79O Q
whencel]
3
Z 0 1? dsdt + £(n(t)) = £(a). (31)
i=1 Y Qt
Using Q > 0 and the definition of €, we derive that
£ (n(6) = =IOl () gl (o) (32)
Hence,
1 3 3 2
2 i 2 _ i
SO, ) < ;nn O (o) = Z( 'l ds
3 2 3 2
= Z[ la’ (s)] ds + din'| dsdt) < 2||a||iz(Q) + ZZ(J |0:1'| dsdt
i—1 \JQ Q; i-1 \WQ
3
<l + 2t Y | 10 dsdt < 2llall o)+ 2TE (@) + 2Tl 0y lgle(o)
i=1 Y Q¢

Simple algebra implies that ||#(t)||; () is uniformly bounded. Consequently,
Yo J(QT |0,17'|? dsdt is uniformly bounded. On the other hand, from the

*Of course, equality is a generic property of gradient flows and at least the fact that its
right-hand side is greater than or equal to the left-hand one follows from the general theory, cf.
Attouch et al.|[(2014). We decided to present a direct and explicit proof here in order to help the
reader to perceive the non-standard boundary conditions of the problem “by touching”.
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equality d, (G(asqi)) = d,n' — g we deduce

3 3
|VG(85171')855171'|2 dsdt = J |0 G(asﬂi) |2 dsdt
;JQT ; Qr ( )

3
< 2Z 0> dsdt+6 | |g|* dsdt < C.
i-1 2 Qr

Qr
|

In view of we simultaneously proved the following.

Corollary 4.2. The energy of the approximating problem S(q(t)) is bounded
from below for all t € [0, T] uniformly in e.

Since 7%(0) = a’ does not depend on ¢, the uniform regularity can imme-
diately be improved by the Poincaré inequality.

Corollary 4.3. The norm ||1'|| is uniformly bounded with respect

L“(O,T;Lz(Q))
to €.

For the the subsequent family of estimates will need to bound the time
away from zero by some constant 6 > 0.

Lemma 4.4. Given 6 > 0, the norm |[|d,1|| )) is bounded uniformly in

L°°(6,T;L2(Q
€.

Proof: By (Attouch et al,, 2014, Theorem 17.2.3), the right derivative d{
exists for all times, and the expression ||d}# (t) ||52(Q) is non-increasing in

time. Using (Attouch et al., 2014, formula (17.79)), we obtain

E(a)- 8(17 (6)) Zlil‘;ll\il)lpg(ﬂ (h)) - 8(11 (6))

0

= 611971 (8}
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By and Corollary the left-hand side is bounded from above uni-
formly in €. Hence, |9} 7’ (5)||L2(Q) < C/o.

Since ||d{ 1 (t) ||L2(Q) is non-increasing in time, we infer that

Haml“m(é,ﬂﬁ(g)) - ||a;r171”L°°(5,T;L2(Q))
is bounded uniformly in e. m

We now derive uniform bounds for «* that were defined in . We start
with the following lemma.

Lemma 4.5. For fixed 5 > 0, d;x' and the product |«'||0ssn' —€d,x'| are bounded
in L® (6, T;L? (Q)) uniformly with respect to e, i =1,2,3.

Proof: By Lemma |4.4, we know that ||d,7’| < C. Since 0,1’ =

1=(6m2(0))

d,x' + g, we infer that d,x’ is bounded in L*® (6, T;L? (Q)) uniformly with
respect to €. We differentiate both sides of the equality

Kl

VerTer

01" = Fo(x') = ex' +

with respect to s to get
PR x! (asxi - Ki)
VerlwP (e + )

We multiply this equality by +/e + |«/|? and deduce

Oyt = €0, +

, . , 4 PR
dish' Ve +|k'? = edgk'e +|k'? + Ik’ — ( i ' )
€ + |k'|?
We reorganize the equality above to obtain
K (QSKi - Ki)

(855171—685K1)\/€+|Ki|2 = d,x' — m :

The right-hand side is bounded in L® (6, T;L? (Q)) uniformly with respect
to €, hence so is the left-hand side. Consequently, |x'||dsn’ — €dsx'| is
bounded in L (5, T;L? (Q)) uniformly with respect to e. n
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Lemma 4.6. Let p',p', p® be three points in R? whose convex hull is a triangle
containing the origin. Assume that |p'| > 1, i =1,2,3. Then the circumradius
of that triangle is greater than or equal to 1.

Proof: It suffices to prove that thereisnop € ]Rd‘ with |p' - p|<1,i=1,2,3.
Indeed, if such p exists, then p’ - p > 3|p|> - 1Ip’ — p|* > 0. Since the origin
belongs to the convex hull, we infer 0 > 0, a contradiction. u

s=1 M s M2 s=1

I
o

s=1 N3

FiGURE 1. Symbolic depiction of the 1st scenario in Lemmal4.7}
two arms of the triod tend to the straight position

Now we assemble all the ingredients to get the crucial L* bounds for «

and d;n.

Lemma 4.7. Given & > 0, the norm ||| is uniformly bounded

1=(6Ti(0))
with respect to €.

Proof: From now on, we do not omit the subscript e. However, in this
proof we decided to swap the sub- and superindices for the sake of conve-
nience and readability.

Step 1. We argue by contradiction. Assume that there is a sequence
€" — 0 such that

Ef’l

Here, without loss of generality, we have chosen the generic i to be equal to
1. By the regularity of d,x¢" and d,,1¢" there exists a set T, of full measure

in [6, T] such that «¢"(t) and #¢ (t) are C'-smooth in Q whereas d,1¢ (t) €
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71 N2

13

s=1

Ficure 2. Symbolic depiction of the 2nd scenario in Lemma
all the arms of the triod tend to the straight position

L*(Q) for every i and every t € T,. Furthermore, by Lemma without
loss of generality we can assume that askfn(t) and |Kfn(t,-)||8ss17fn(t,-) —
€"d,x¢" (t,)| are bounded in L*(Q) uniformly w.r.t. nand t € T,,. Let T :=
Nuen T Then there is a sequence (t",s") € T x Q such that [« (t",5")| —
+00 as 1 — oo. Thus,

" (115) = 5 (57 [ e (1 6)
.

—+00

<C

when 1 — co. Accordingly, [x¢ (t")| — +co uniformly in s.
Step 2. By the boundary conditions,

3
) _x@0)=0. (33)
i=1

By the previous step, |x¢ (t",0)| — +oco. Hence we have two possible sce-

narios symbolically pictured in Figures [1| and [2 respectively. The first

option is |k§ (t",0)| — +oo and |k (t",0)] < C as n — +oo (up to swapping
the second and the third arms). The second one is |k (",0)] — +co and
|K§n(t”,0)| — +00 as 1 —> +o0.
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Step 3. We start by examining the second scenario. An argument similar
to the one of Step 1 shows that |1<f"(t”)| — +oco uniformly ins, i = 1,2,3.
Since t" € T, we know that

|Kfn (tn’ ) “assﬂfn (tn} ) _ 6857(1-6” (tn, )|
is uniformly bounded in L?(Q2). Hence,
10ssnts” (£,7) — €" D" (£, )| = 0
in L?(Q)) as n — +co. On the other hand, d k¢ (¢") is uniformly bounded
in L?(Q)), whence
|e”851<fn (t”)| — 0

in L2(Q). We conclude that |, (",-)| — 0 in L?(Q) as n — +co. By
Remark [2.1], |Kf" (t",-)] = 1 implies |d,n¢ (t",-)| = 1 (assuming n to be large
enough).

Step 4. The idea now is to compare the triangl formed by the points

pl = 171.6” (t",0) + 8517fn (t",0) with the fixed triangle formed by 171.6” (t",1) =
a;(1),1=1,2,3. Observe that

0" (£7,0) = A" (£ &)1 = | | D" (¢

J |855171 |ds < \/-[ 10515 (t")[2ds — 0 uniformly in & as n — co.

Hence,

Ip} - a;(1)] = mf"(t” 0)—ns" (¢,1)+ et (,0)]

'J 85171 t” —dgn; ( s)ds

Since the circumradius is a continuous function of the vertices of a trian-
gle, we must have that the circumradius of the three points p;' is less than 1
for n sufficiently large. Since the junction point #¢" (¢",0) does not depend
on i, the circumradius of the three points p! := 85171.6" (t",0) is the same as
the previous one. By Step 3, || > 1. Moreover, since Y ;_, «¢ (¢",0) = 0 and

— 0asn— oo.

™It is clear from the proof below that these points do not lie on the same straight line, at least
for n large enough.
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p! = Fen(Kfn(t”,O)), we conclude that the convex hull of {§}} contains the
origin. We arrive at a contradiction because by Lemma the circumra-
dius of {p”} must be greater than or equal to 1.

Step 5. We now study the first scenario. Define p!' and p' as in Step 4.
The plan is to look at the angle 6, between the position vectors of pj and
P, and to obtain a contradiction from that.

We first show that 6, cannot tend to . Indeed, mimicking the argu-
ments of Steps 3 and 4, we can prove that for i = 1,2 one has |d,1¢ (t",-)| >
1 with n large enough, |85517fn (t",-)| = 0in L?>(Q)) and

Ip! — a;(1)] > 0 as n — oo.

Hence,
P1 - Pal = Ip1 = pal = ln (1) — ap(1)] < 2.
Since we have |p}| > 1,|p5| > 1, the angle 0,, cannot converge to 7.
Now take the wedge product of relation with the vector

1 "
; ; d.ni (t",0
1275 (17, 0) IS (£, 0)] i (0)

to obtain
15" (£",0) . dni (#%,0) x5 (t",0) . dyni (t,0) _
K5 (tm,0) |9 (1, 0)] x5 (47, 0)] |dsnf (¢,0)]

Since |K§”(t”,0)| — 400 and |1<3 ‘(#",0)| < C, the second term converges to 0.
Consequently,

Iotfs (£,0) - It (.0 )‘z K5 (£,0) i (1,0)
05" (£5,0) 19t (¢, )1 [l5" (£, 0) 195 (£,0)

|sin@,| = l‘—)O

as n — oo.
To obtain a contradiction, it remains to observe that 6,, cannot tend to 0.
Indeed, taking the scalar product of relation (33)) with

1 n
n n aS { tnlo
2.1 (£, 0) IS (£7, 0)] i (1.0)

we get
Kf (¢7,0) i (#7,0) x5 (¢",0) dayf (¢7,0) x5 (¢",0) dapf (¢",0)

n en + en e (in + €"(n e (in
i3 (8%, 0) 1dsny (7, 0)] x5 (8%, 0) |dsm (7, 0)| x5 (£, 0)] |5y (¢ ,0)(| )
34

n

= 0.
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n

The first term is equal to T O)CITI}) Ty > 0 by (16) and (17). The third
2 B, sTl ’
term converges to 0. Accordingly, the second term, which is equal to

cos0,, cannot tend to 1. |

Corollary 4.8. Given & > 0, the norm ||1_,| is uniformly bounded

1=(6TswW(0))
with respect to €.

Proof: Since d,1'» = Fen(x.,) and the sequence {e,} is bounded, Lemmal4.7
yields a uniform L* bound for d,#'. By Lemma |4.1 is also

’ ||171||L°°(6,T;L1(Q))
uniformly bounded with respect to €, and the claim follows by the mean
value theorem. m

Lemma 4.9. Given 6 > 0, the norm ||o/,|| )) is bounded uniformly in

1=(oT5H (0
€.
Proof: In view of Lemma|4.7/and Corollary|4.8} the L* (6, T;L>® (Q))—bound

for o immediately follows from the equality o’ = d,1’ - k'. Differentiating
this equality w.r.t. s we obtain

0,0' = dk' - '+« - dyn'.
We estimate the two terms on the right-hand side separately. Firstly, a
uniform L* (6, T;L? (Q)) bound for d,x’ has been already established, cf.
Lemma This together with Corollary |4.8|implies the uniform bound-
edness of d;x’ - d;n' in L™ (6, T;L? (Q))
Now, we estimate ' - d;1'. From the explicit expression of A in (15)),
for T € R? we have

) NEHCaOF  [Ga (o)

= > : )
€"\e" +|Gen (T)|2 + 1 €"|Gen (T)[+1 (35

Thus,
|Ge” (asﬂl) ||ass77i| < (eane” (95771)| + 1)|/\enass71i|
< (Gani| + 1)|VG€n (asqi)stqil.

By Lemma 4.7 |«’| is uniformly bounded in L* (5, T;L*® (Q)), whence

1"+ 9esny'] < |Gen (9 ) 1955| < CIVGen (95) 5’| = Cloic'|
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Since the right-hand side is uniformly bounded in L°°(6, T;L? (Q)), SO 1is
the left-hand side and, consequently, the spatial derivative d,o' itself. =

5.Existence of generalized solutions

We are now at the position to define generalized solutions to the original
problem (6), (2, (3) and to prove their existence.

Definition 5.1. Given initial data a’(s) € Wl"x’(Q)d as in Remark [1.1}, we
call a pair (qi, ai) a generalized solution to (6)), (2)), (3) in Q. if

_\d
@ -7 eL;;;C((o,oo;wl,oo(Q))dmcloc((o,oo);c(Q)) ﬂAClzoc([O,oo);L2(Q))d)
- e L2 (0,00 L()) N L2, ([0, 00)L2(Q))',
- ol e L2 ((0,00);AC2(Q)),
= Lf;’c((o,oo);ACz(Q))d.
(ii) Each pair (qi, ai) satisfies for a.e. (t,s) € Q,
I’ (t,5) = 0: (0" (£,5) Iy’ (1,5)) + &, (36)
o' (t,5) (191’ (t,5)> =1) =0, (37)
9. (£,5) <1, (38)

as well as the initial conditions
7' (0,5) = a' (s)
and the boundary conditions
n' (t,0) = 1*(t,0) = 1°(t,0),
' (t,1) =a’ (1),

3
Zai(t,O)asni(t,O) - 0.
i=1

(iii) The solutions 7' satisfy the energy dissipation inequality

3 3
Y | o oRds<) | gou (s ds (39)
i=1 YO i=1 YO

for a.e. t € (0, 00).
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Remark 5.2. Note that (37), (38) is a minor relaxation of the non-convex
constraint

10,17' (t,5)] = 1. (40)

However, this is not a banal convexification of the constraint since (37|
is still not convex. The new constraints (37)), (38)) naturally appear from
the (1,0, x)-formulation (10, cf. in the proof below. Moreover, if a
generalized (in the sense of Definition solution (17,0) is C?-smooth,
then it automatically satisfies the strong constraint (40). This claim can
be shown by following the lines of (Shi and Vorotnikov, 2019a, Remark
4.2), (Shi and Vorotnikov, 2019b, Remark 3.20). As in |Shi and Vorotnikov
(2019a)), our generalized solutions are, generally speaking, not unique. Yet
this has nothing to do with the fact that we slightly relaxed the constraint
(40). As a matter of fact, non-uniqueness can persist even if the strong
constraint is imposed, cf. (Shi and Vorotnikov, 2019a, Remark 6.5).

For convenience, we first pass to the limit on finite time intervals. In
what follows, we use the shortcut Q% := (5, T) x Q.

Proposition 5.3. Fix T > 0 and a small 6 > 0. Let 1. be a solution to (12)
in Qr with the initial/boundary conditions as constructed in Section 3|

Let (Ki,Gi) be defined as in (16]). Then (up to selecting a subsequence €") there
exists a limit (qi, o', k') such that as € — 0 we have

n. — n' weakly* in L°°(6, T; Wl""’(Q))d, strongly in C((Q_*T)d and weakly in
L*(@y)",

dinl — din' weakly-+ in L™ (5, T;L? (Q))d and weakly in L*(Qr)?,

ol — o' weakly-*in L™ (6, T;H! (Q)),

k. — k' weakly-* in L°°(6, T;H! (Q)).

The limit satisfies the relation

' =0'o' € L(5, T;H' (Q))
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and solves (6)-(2) in Q7 in the sense that
d,n' = 85(0i8517i) +gae inQF,
o' (lasﬂi|2 - 1) =0a.e. in Q7,
n' (1) =a'(1),
n' (£,0) = 1*(t,0) = 1>(t,0),
iKi =0ats=0 fora.e te(o,T).
i=1

Remark 5.4. At this stage we don’t discuss the validity of the initial condi-
tion 1’ (0,s) = a’(s) that is postponed until Remark 5.5,

Proof: The weak compactness results for ., 0! and «’ follow immediately
from the estimates above. By the Aubin-Lions-Simon theorem,

L= (5, T; Wh(Q)) n W (5, T;L2(Q)) € c([a, T];c(ﬁ)) (41)

and the embedding is compact, which implies strong compactness of 7’ in
c([é,T];c(ﬁ)).
Let us show that
k'=0'dsn', o' =«"-d' (42)
a.e. in Q%. Since both sides of the equalities (42) are integrable on 7,
it suffices to prove (42) in the sense of the distributions, i.e., that for any

¢' € L2(5,T; Hy (Q))

3 r

3 r 3
Y | wipldsdi==) | o'n'd.p'dsdt- ZJ o0 n'dpidsdt  (43)
i-1 7 Qr i-1 7 Qr i-1 27 Qr
3 A 3~ 3
Z olpidsdt = — Ki-quS(j)idsdt—Zf A - pidsdt. (44)
i1 7 Qr i-1 7Qr i1 7 Qr

Firstly, applying integration by parts to the equality o/ = x.-d,#. we obtain

3 3 3
Y [ alet=-) [ weniogiasar-) [ ounigiasa
i-1 JQ7 i-1 JQ7 i-1 2 Qr
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and due to the strong compactness property of {7.} given above we can
pass to the limit to get (44]). We now claim

2
-1

1t =0 (45)

i
Ke

lim
e—0

uniformly in Q%. Before proving the claim we show how follows
from (45). Indeed, with in our hand and noting that x.|d,n.|* =

(Ké : 8517@)85175; = 0.d,n. we have for eachi=1,2,3
lim{logdste = Kellpo (@) = 0- (46)

In particular, for any (pi el? (6, T;Hé (Q))

3 3
lim J- k.¢p'dsdt = lim J- oldnig'dsdt.
e—0 ; Q; e—0 ; Q;

An integration by parts applied to the integral on the right-hand side gives

3 3
lim ;L} Kig'dsdt = lim ;L} (~oinidupi—d.oinie’)dsdt.

This together with the compactness properties established above yields

(43)-
We now provide a proof of (45). By the definition of F, in (11]),

9ail =1 = |Fe ()| -1
' A
= elke|+ ———=-1
Ve +|xL]?
€

= elil| -

Ve TP (Ve + i + i)
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Thus,
elx|
Ve TP (Ve + i + i)

< ||as;7;‘| n 1|(e|1<;|2 +e).

This together with uniform L® bounds on d,1! and «. yields (45).
Passing to the limit in L2 ((Q}) in d,n. = d;x’+g¢ and using (42, we obtain

912 = 1| =[19.ni] + 1 el -

[rcel

o' = 85(0i8517i)+g. To get o° (|8517i|2 — 1) = 0, it suffices to express x' from
the first of the equalities and substitute the result into second one.

Due to the strong uniform convergence of 1}, we have a' (1) = 5. (t,1) —
1n'(t,1), whence n’(t,1) = @' (1) for all t € [5,T]. The condition n!(t,0) =
nZ(t,0) = n2(t,0) similarly passes to the limit. To check the validity of the
boundary condition at s = 0 for x, we swap the variables t and s, noting
that k. are uniformly bounded and weakly-* converging in H(0,1;L>(5, T)).
Employing, for instance, (Zvyagin and Vorotnikov, 2008, Corollary 2.2.1),
we get

H'(0,1;L°(5,T)) = AC*([0,1];L=(6, T)). (47)
Hence, by the Aubin-Lions-Simon theorem, the embedding
H'(0,1;L>(5,T)) c C([0,1]; H (5, T))

is compact, whence we may assume that k. — x’ strongly in C([0,1]; H™1(5, T)).

Thus,
0= ZK;(.,O) N ZKZ(.,O)
i=1 i=1
in H(5,T). Due to (47), Y;_, k'(-,0) = 0 in L®(5, T). m

Remark 5.5 (Initial conditions). By the Aubin-Lions-Simon theorem, the
embedding

HY(0, T;L%(Q)) € C([0, T HH(Q)
is compact. Since 7. (w.l.o.g.) converge weakly in H'(0, T;L*(Q2)) we can
pass to the limit in the initial conditions to obtain #°(0,-) = &’ in H™(Q).
However, since H(0, T;L*(Q)) = AC?(0,T;L*(Q))), the initial conditions
actually hold in L*(Q).
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Proposition 5.6. Let (qi,ai) be the limiting solution obtained in Proposition

Then
(i) 10,1 (t,5)| <1 for a.e. (t,5) € QY
(ii) o' > 0 for a.e. (t,5) € Q%

(1ii) holds for a.a. t € (5, T).

We omit the proof since it follows the same lines as the proofs of (Shi
and Vorotnikov), 2019a, Proposition 3.6 and Theorem 3).

Employing a diagonal argument and taking into account Proposition|s.6]
and Remark it is easy to deduce Theorem [1.2|from Proposition 5.3}

Remark 5.7 (Single cord with two fixed ends). The results of the paper,
mutatis mutandis, are valid for the overdamped fall of a single inextensi-
ble string with the ends fixed at two distinct spatial points (it suffices to
observe that such a string can be viewed as a degenerate “triod” with one
arm having zero length); remember that Shi and Vorotnikov|(2019a)) stud-
ied the case of one free and one fixed end (i.e., a “whip”). More precisely,
we have the following result.

Proposition 5.8. Given a (s) € W (Q)* satisfying |a(0)—a(1)| < 1, |d;a(s)| =
1 a.e. in (), there exists a generalized solution to

din = 85(08517) +g

91l =1,

n(t,0)=a(0), n(t1)=a(l),
1(0,5) = a(s).

in Q. Moreover, o (t,s) > 0 for almost every (t,5) € Q..
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