GENERALIZED SOLUTIONS FOR INEXTENSIBLE
STRING EQUATIONS
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ABSTRACT. We study the system of equations of motion for in-
extensible strings. This system can be recast into a discontinuous
system of conservation laws as well as into the total variation wave
equation. We prove existence of generalized Young measure so-
lutions with non-negative tension after transforming the problem
into a system of conservation laws and approximating it with a
regularized system for which we obtain uniform estimates of the
energy and the tension. We also discuss sufficient conditions for
non-negativity of the tension for strong solutions.

1. INTRODUCTION

An inextensible string is defined (cf. [4]) to be the one for which
the stretch is constrained to be equal to 1, whatever system of forces
is applied to it. As in [30], some authors refer to it as a chain which
is a long but very thin material that is inextensible but completely
flexible, and hence mathematically described as a rectifiable curve of
fixed length. Dynamics of pipes, flagella, chains, or ribbons of rhythmic
gymnastics, mechanism of whips, and galactic motion are only a few
phenomena and applications that can be related to inextensible strings
(see [10, 21, 18] for more details).

The motion executed by a homogeneous, inextensible string with
unit length and density can be modeled by the system

(1.1) { ?77;1(”5’_81’: (o(t,s)ms(t, ), +g, s €[0,1],

where ¢ € R3? is the given gravity vector, n € R? is the unknown
position vector for material point s at time £. The unknown scalar
multiplier o, which is called tension, satisfies the equation

(1.2) 0ss(t, 5) = [nss(t, 8)|* o (t, 5) + [, ) =0
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(see Section 2.4 for the derivation of (1.2) from (1.1)). We are given
the initial positions and velocities of the string as

(1.3) (0, 5) = afs) and 7,(0,5) = S(s).

There are several options for boundary conditions:

a) two fixed ends:

(1.4) n(t,0) = a(0) and n(t,1) = a(1)
b) two free ends:
(1.5) o(t,0) =0o(t,1)=0

¢) the “ring” or periodic conditions (here it is convenient to consider
s € R instead of s € [0, 1]):

(1.6) n(t,s) =n(t,s+1) and o(t,s) =o(t,s+ 1)

d) the “whip” boundary conditions when one end is free and one is

fixed:
(1.7) o(t,0) =0 and n(t,1) = 0.

We make the convention that s = 0 corresponds to the free end while
the end s = 1 is fixed at the origin of the space.

Even though the analysis of the dynamics of inextensible strings
subject to different kinds of boundary conditions is a notable problem
which goes back to Galileo, Leibniz and Bernoulli (cf. [30, 4, 26]),
and it has been investigated by many authors in various contexts (see
e.g. [10, 22, 21, 33, 42]), there are still very few results about gen-
eral well-posedness. According to [26], V. Yudovich was interested in
this problem (possibly because of its relation to the Euler equations,
see our Section 2.6), and obtained some unpublished results. One of
the available existence results is by Reeken [31, 32] who proves well-
posedness for an infinite string with gravity when the initial data is
near the trivial (downwards vertical) stable stationary solution (close
in H?°).

Another one is due to Preston [26] who considers (1.1) in the absence
of gravity with the whip boundary conditions (1.7). He obtains local
existence and uniqueness in weighted Sobolev spaces for which the en-
ergy is bounded. He uses the method of lines, approximating with a
discrete system of chains. In his paper, he imagines that the graph of
the whip extends smoothly through the origin (which corresponds to
the fixed end), and hence the tension extends to an even smooth func-
tion. This evenness leads to what he calls the compatibility boundary
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condition given by

os(t, 1) = 0.
In the presence of gravity (and still assuming the boundary condition
(1.7)) this condition looks like

(18) Us(tv 1) = _9778<t7 1)3

it is just a consequence of our formula (2.22) and therefore is not an
independent boundary condition. These conditions are related to the
delicate issue of non-negativity of the tension. We study this issue in
Section 2.4, allowing for all possible boundary conditions and presence
of gravity, and find pre-conditions which a priori guarantee that the
tension is non-negative for strong solutions. Rather surprisingly, the
generalized solutions which we will construct in the subsequent sections
of this paper will always have non-negative tension.

Dickey [18] looks into the two-dimensional case, also ignoring the
gravity. He defines a new variable as the angle the tangent to the string
makes with the positive x-axis, and obtains a transformed system for
which he discusses two asymptotic theories, one in which the amplitude
of the angle is small and another in which the amplitude is large.

In [27], Preston studies the space of curves parametrized by the unit
speed (with one fixed end) as a Hilbert submanifold of the Hilbert
space L%(0,1;R?). He proves that the geodesics on his manifold are
determined by the inextensible string system (1.1), (1.7) with g = 0.
For technical reasons, he extends the curves through the fixed point by
oddness to get curves with two free endpoints. He notes that if periodic
boundary conditions were used, the results of his paper would change,
for example, he would work on ordinary Sobolev spaces on the circle,
rather than weighted Sobolev spaces on the interval.

Thess et al. [37] observed that the motion of inextensible string has
deep similarities with the one of an ideal incompressible fluid, which is
governed by the Euler equations. The two objects were recently put
into a common geometric framework in [9]. We discuss these issues in
more detail in Remark 2.6. Accordingly, the studies of the “toy model”
(1.1) may shed more light on the nature of turbulence [16].

After certain transformations of (1.1) (see Section 2.2) we obtain the
hyperbolic system of conservation laws in (2.1). This kind of systems
are mentioned in the book by Dafermos [17, Chapter 7] as examples of
balance laws in one space dimension arising in the contexts of planar
oscillations of thermoelastic medium and oscillations of flexible, exten-
sible elastic strings. To our knowledge, there is no existence result in
this context for conservation laws as well as for the 1-Laplacian wave
equation (2.10) which is derived from (1.1) by certain transformations
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(see Section 2.2). The difficulty of the problem is not surprising since
the system of conservation laws (2.7) is not strictly hyperbolic, and its
flux is discontinuous at zero.

Scalar hyperbolic conservation laws with a discontinuous flux were
recently considered in [14]. Although the authors of that paper notice
that their procedures do not work in the case of systems, we managed
to find a slightly similar approach in the case of our particular system
(2.7). Note that a related but different class of problems concerns scalar
conservation laws with a flux that is discontinuous in the spatial and
not in the unknown variable [8, 25].

In this paper we show global existence of solutions in the sense of
Young measures for the equations of motion of the inextensible string
without restrictions on the initial data. Our solutions always have non-
negative tension. We introduce the approximate problem which gives
the opportunity to numerically evaluate the Young measure solutions
for the inextensible string. This seems to be the first treatment of well-
posedness both for the systems of hyperbolic conservation laws with
discontinuous flux and for the total variation wave equation.

We work with the most complex boundary conditions, namely the
“whip” conditions (1.7), but the results of the paper remain valid for
any of (1.4), (1.5) or (1.6). In some places throughout the paper we
emphasize the technical differences of those cases with respect to (1.7).
Moreover, the three-dimensional space was chosen due to the physical
meaning of the problem, but, mathematically, everything presented in
the paper is true in any dimension.

The paper is organized in the following way. In Section 2.1, we intro-
duce the basic notation. In Section 2.2, we make a series of transfor-
mations of our problem and obtain a system of hyperbolic conservation
laws with discontinuous flux and the total variation wave equation. In
Section 2.3, we derive an equivalent system which is more tractable
due to the lack of discontinuity. In Section 2.4, we discuss the non-
negativity of the tension which is crucial in our considerations. In
Section 2.5, we make some preliminary observations related to the en-
ergy. In Section 2.6, we show how our problem can be derived from
the physical principle of least action, and justify its relation to the mo-
tion of an ideal incompressible fluid and to the optimal transport. In
Section 3.1, we recall the main concepts of the theory of generalized
Young measures. In Section 3.2, we define the generalized solutions
to our system of conservation laws with discontinuous flux. In Section
4.1, we introduce an approximate problem and study its global well-
posedness. In Section 4.2, we define the energy for the approximate
problem, and show dissipativity of that problem. This allows us to
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derive, in Section 4.3, a crucial uniform L' bound for the tension. In
Section 5.1, we prove the main result of the paper, which is the exis-
tence of generalized Young measure solutions with non-negative tension
to the initial-boundary value problem for the equations of motion of
the inextensible string, employing the equivalent continuous formula-
tion introduced in Sections 2.3 and 3.2. Then, in Section 5.2, we touch
on some examples which illustrate our key finding that even though
strong solutions with non-negative tension do not exist for some initial
data, generalized solutions with non-negative tension do exist and can
be interpreted from the point of view of mechanics.

2. PRELIMINARIES

2.1. Some conventions. Throughout the paper we will denote 2 =
(0, 7)x (0, 1). The scalar product of any two vectors y, £ in R? is simply
denoted by x¢, and |x| is the Euclidean norm ,/xx. The notation
Lip ([0, 1]; R?) stands for the set of continuous functions f : [0,1] — R?
satisfying

’f(sl) - f(SZ)‘ < ’31 — 32’, S1,82 € [O, 1].

The symbol S™~! stands for the unit sphere in R", n € N. M™(U)
and M'(U) are the spaces of positive finite and probability measures,
respectively, on a closed set U C R". L (Uy, pu; MY (U)) is the space
of p-weakly*-measurable maps (cf. [35]) from an open or closed set
U C R™ into M'(U) (the default measure p on U is the Lebesgue
measure). Generic positive constants are denoted by C. Finally, by
reqular solutions in various contexts we mean sufficiently smooth func-
tions so that all derivatives involved in the associated arguments are
continuous.

2.2. Changes of variables and formal transformations.

1. We make an ansatz that o > 0 (cf. the discussion in Section 2.4).
By putting k := o n, we get 0 = |k| and 1 = - We can then formally
rewrite (1.1) as

{ntt:/ﬁ:s_l_g? U = Ks 9,
K

_ Kk = (K
T Al %‘(wl

where for the second system we use v := n;. From (1.7) we infer that
the boundary conditions for s take the form

(2.1)

(2.2) k(t,0) =0 and ks(t,1) = —g.
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The second condition follows from the fact that the velocity of the fixed
end is zero, that is,

(2.3) v(t,1) =0,

which is easily obtained from the second condition in (1.7) since v = n;.
Note that we can find the initial conditions for o (and thus for ) using
(1.2), (1.3), (1.8) and the first condition in (1.7), see (2.24), but we do
not need them at this stage. (In the case when the boundary conditions
are different from the whip ones, (1.8) and (1.7) are to be replaced by
suitable corresponding conditions.) We also observe that

K

(2.4) M(O’ s) = 15(0,8) = as(s)
and
(2.5) v(0,s) = n(0,s) = B(s).

2. If a(1) = 0, then by using

(2.6) n(t,s) = a(s) +/0 v(r,s)dr and o = |k|,

we can come back from the “velocity v — contact force k7 formulation
(2.1)—(2.5) to the original “position 7 — tension ¢” setting (1.1), (1.3),
(1.7).

3. Let T = (v,x) € R® and define the map F : R® x [0,7] — RS,
(v, K, t) — <‘—:|, v — gt). Then (2.1) can be rewritten in the form

(2.7) T =[F(T,t)].

This is a system of conservation laws with discontinuous flux F', where
s plays the role of time and ¢ plays the role of space.
4. Let us now further define

(2.8) o(t, s) ::/0 K(z, ) dz.

From (2.1) we get
¢ ¢ ¢
/vtdt:/ﬁasdt—l—/gdt
0 0 0

which, by (2.5) and (2.8), gives
(2.9) v=¢s+gt+p.
Together with (2.1) this leads to

(2.10) bualt, 5) + i = (lj—|) Aot s).
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The initial/boundary conditions for ¢ are
(2.11a) #(t,0) =0 and ¢s(t,1) = —gt,
(2.11b) ¢»(0,s) =0 and ¢:(0,s) = (0, s).

Remark 2.1. The nonlinear hyperbolic equation (2.10) can be referred
to as the wvectorial 1-Laplacian wave equation because it involves the
vectorial 1-Laplacian operator (cf. [36]). Here, once again, s plays
the role of time and t plays the role of space. It can also be called the
(vectorial) total variation wave equation because its parabolic analogue
is the total variation flow [3]. We surmise that the total variation wave
equation might be relevant in image processing, since its parabolic and
elliptic counterparts play an important role there, we refer to [3, 15]
for more information; see also [34] and the references therein for the
vectorial case (color images).

5. Since |ns] = 1, a necessary assumption for existence of regular
solutions is
(2.12) || = 1.

Differentiating the equation |n,|*> = 1 with respect to time we get

nsNst = 0, yielding the second necessary condition
(2.13) asfs = 0.

2.3. Removing the discontinuity. As a result of the transformation
u = ns\/o,v =1 we can rewrite the second system in (2.1) as

ve = (ulul), +g,
(2.14) v, = uy
ul /,
Defining ¢ := (v,u) € R® we can further put this in the form
u
) = (v, —
o =40+ (0) v | 2O (277)
V(&) = (ulul,v).
Let P : R® — RS be the projection & + (0,u). Then, inspired by
the implicit constitutive theory (cf. [14]), we formally define the map

[': R® — RS as
u
re) = (v, — + u)
|ul

and, in order to patch the discontinuity of the function I' in zero,
consider its continuous inverse: for v = (v,w) € RS,

I (7) = (v, M(w)),
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where
0 for |w| <1,
M(w) = { w— g for lw| > 1.

Taking the derivative of ®(§) with respect to time, we find
[(€): = P& = W(&)s + (9,0),

whence

L) = PO ()] =TT () + (9. 0).
We formally conclude that

%= PO )] = ¥(TH(7))s + (9,0).
Defining the operators

(2.15) L
B(y) =¥ (7))
we obtain
(2.16) A7) = B(7)s + (9,0).

Observation 2.2. The new equation (2.16) is equivalent to the original
system (1.1) coupled with the additional restriction

(2.17) o >0,

provided the solutions are regular and some natural compatibility con-
ditions hold. Indeed, it is straightforward to check that for any solution
(n,0) of the system (1.1),(2.17), the corresponding vector function

v = (v,w) = (e, ns(1+ Vo))

satisfies (2.16). Conversely, take any regular solution v = (v,w) to
(2.16). We now assume that
(2.18) |w(0,s)] > 1, w(0,s)vs(0,s) =0

for all s € [0,1]. In Section 3.2 we will realize that this is a necessary
and legitimate assumption. At the relative interior of the set {(¢,s) €
Q: fw(t,s)] > 1}, letting k= 5 (Jw| — 1)*, we obtain

V¢ = Ks 1+ ¢,
(2.19) v — (ﬂ)
[w t
Since
2
w
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differentiating it with respect to time gives

w w w
(2.20) 0= (—) — = Vg —.

wl /; w] |w
Assume that there is a point (tg,s0) € Q such that |w(ty,s0)| < 1.
Without loss of generality, it does not lie on the boundary of 2. Let K
be the connected component of the set {(t,s) € Q: |w(t,s)| < 1,s =
So} containing (%o, so), and let ¢; = inf{t > 0: (t,s0) € K}. If t; =0
then

(221) |w(t1, 80)| Z 1, U}(tl,So)US(tl, 80) =0

due to (2.18), and if t; > 0 then (2.21) follows from (2.20) by continuity.
For (t,s) = (t,s0) € K we have A(y(t,s)) = ~(t,s), B(y(t,s)) =
(0,v(t, s)). Hence, the solution to (2.16) on K can be written explicitly
as

U(t, 80) = (t - tl)g + 'U(tl, S()), w(t, 50) = (t - t1>’l)s(t1, 50) + U)(tl, So).
By the Pythagorean theorem,
[w(t, s0)| = |w(ty, 50)| = 1,

arriving at a contradiction. Consequently, |w| > 1 on €, and thus
(2.19) holds everywhere. By (2.19), there exists a vector function 7
such that n, = ﬁ and 7, = v. This function 7 solves the system

(1.1),(2.17) with ¢ = (Jw| — 1)?. Note that 1 is determined up to a
constant unless initial or boundary conditions are specified.

By the above analysis, we have killed the discontinuity since A and
B are both continuous with A being sublinear and B having at most
quadratic growth. We will therefore proceed in the same way amid the
weak formulation of our problem in Section 3.2.

Remark 2.3. Observation 2.2 and considerations from Sections 2.2
and 3.2 imply that the original (n, o)-setting (1.1) coupled with (2.17),
the (v, k)-setting (2.1) and the y-setting (2.16) are all equivalent (at
least formally) provided proper compatibility assumptions on the initial
and boundary data are met.

2.4. The equation for the tension. Differentiating the constraint
Ins|* = 1 with respect to s shows that nyn,, = 0. Hence, multiplying

the first equation in (1.1) by 7, we get

(2.22) Ns Mt = O + G-

Now, differentiating |n,|> = 1 twice with respect to time we obtain

Ns Nstt + Nst Nst = 0.
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Due to (2.22),
Nss Net + Ns Nstt = Tss T GNss-

Combining these two equations we get

- (ntt - g)T/ss + |775t|2 =0
Expressing (n;; — ¢g) by (1.1), we end up with

(2.23) Tss = |Mss|* 0 + [0t = 0.

Proposition 2.4. Let (n,0) be a regular solution to (1.1), (1.3) with
one of the boundary conditions (1.4)—~(1.7). Assume that one of the
following assumptions holds:
(i) the boundary condition is (1.5) or (1.6);
(ii) the boundary condition is (1.7) and g = 0;
(iii) the boundary condition is (1.4), |a(0) — a(1)] < 1 and g = 0.
Then o > 0 for all times.

Proof. Assume that, for some ¢, the minimum of o(t,-) is negative.
Note that from (2.23) we have

o |775$|2 — Ogs 2 0

By the maximum principle [28], either o(,-) is a negative constant, or
the minimum is achieved at s =0 or 1.

The first alternative is impossible for (1.5) and (1.7), and in the re-
maining cases it implies |7s(t,-)| = 0, so the string should be straight,
and thus
This obviously contradicts (1.6), whereas (1.4) would yield |a(0) —
a(l)] =1.

The second alternative can only hold [28] provided og(,0) > 0 (if
the minimum is at 0) or o4(¢,1) < 0 (if the minimum is at 1). This
immediately rules out the periodic case, so the negative minimum can
only be achieved at fixed ends. But (2.22) implies that at such points
0s = —gns, and we again arrive at a contradiction. 0

This proof implies that, for the “whip” boundary condition (1.7),
instead of assuming that the gravity is zero, it suffices to know a priori
that gns(t, 1) < 0, whereas, for two fixed ends (1.4), it suffices to know
a priori that gns(t,0) > 0 and gn,(t, 1) < 0. We believe that there exist
much weaker hypotheses which guarantee non-negativity of the tension.
Our conjecture is that, for both (1.4) and (1.7), if o¢(s) := o(0,s) > 0
for all s € [0,1], then 0 > 0 on . Remember that oy is determined
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by «, # and the boundary conditions. For example, in the “whip” case
(1.7) it is the solution of the problem

(2.24) (00)ss — ‘O‘SSP oo + WSP =0, 09(0) =0, (00)s(1) = —ga,(1).

However, for non-zero gravity, o can be negative at the initial moment
of time and even for all times. For instance, (1.1) has an unstable
stationary solution

(2.25) Mu(5) = auls) = (s — 1%, ou(s) = —|gls,

which satisfies both (1.4) and (1.7).
Nevertheless, our ansatz o > 0 is meaningful even for such “unsta-
ble” problems as (1.1), (1.3), (1.7) with the initial data

(2.26) a=aq,, =0.

There exist objects which can be interpreted as generalized solutions
to this problem with non-negative tension. We will get back to this
example in Section 5.2.

2.5. Conservation of energy. We define the kinetic and potential
energies as

1 1
(2.27) K(t) = 5/ In¢)*ds and P(t) = —/ gnds.
0 0

Proposition 2.5. Let (n,0) be a regular solution to (1.1), (1.3) with
one of the boundary conditions (1.4)—(1.7). Then the total energy
E(t) .= K(t) + P(t) is conserved.

Proof. From (1.1) we have

i(K(t)+P(t))—1i/l| ]2ds—/1 ds —

1 1 1
:/ mtmds—/ gntdsz/ (ons)s i ds
0 0 0

— (6, 1) (. Dyt 1) — (£, 0) na(t, 0)s(£,0) — / -

The third term is identically zero as observed in the end of Section 2.2.
The first two terms vanish if 0 and 1 are either free or fixed ends. In
the periodic case their difference is still zero. 0

In the absence of the gravity, as also mentioned in [18], the energy
of the whip is entirely kinetic. In this case from Proposition 2.5 we
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obtain that

1 1
/ \m(t,s)PdSZ/ (0, 8)[2ds = 2E(0), t > 0.
0 0

In the general case, we have
1 1 [ 1
5/ mi(t,5)ds = 5/ ’nt(073)|2ds+/ g(n— a)ds
0 0 0

(2.28) = E(0) +/1 gnds.

If the initial energy is finite, with the help of Gronwall’s lemma, (2.28)
implies

1
(2.29) / In:(t,8)]*ds < C, t €0,T).
0

(cf. the reasoning in Section 4.2). When at least one end is fixed, the
potential energy is a priori bounded because of |ns| = 1, and thus C' in
(2.29) does not depend on T.

2.6. The least action principle. In this section we show that system
(1.1) can be viewed as a manifestation of the celebrated physical prin-
ciple of least action [6, 20]. Although our reasoning here is formal and
rather sloppy, this claim can be rigorously justified at least for ¢ = 0
by the methods of infinite-dimensional Riemannian geometry (see e.g.
[27]). The main objective of this section is to advocate the relation of
the inextensible string problem to the Euler equations for ideal incom-
pressible fluids and to the optimal transport, and the results of this
section are never used in the rest of the paper.

Being guided by the physical principle of least action, we define the
action functional for the inextensible string as the time integral of the
difference between the kinetic and potential energies (cf. [20]):

(2.30) S(n) = /OT K(t)— P(t)dt = /Q (%]m\z + gn) dsdt.

Consider the set of inextensible strings with one fixed end and with
fixed initial and final configurations:
(2.31) W= {ne C'(,RY):

[ns(t, 8)[* = 13m(t, 1) = 0;0(0, ) = no(s), (T, s) = nr(s)},

and let us look for minimizers of the functional S within the constraint
set W. We claim that for each local constrained minimizer 7 there is a
scalar function o such that the pair (n, ) is a solution to (1.1), (1.7).
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Indeed, take any local constrained minimizer 7. Let h be an arbitrary
element of the unit sphere in C''(Q; R?), satisfying

(2.32) h(t, 1) = 0,h(0,s) = 0, (T, s) = 0,

and let € be a small parameter. Then

1 1
Q Q

provided n + e¢h € W. Dividing by €, we can recast this in the form

1
Q

provided
(2.35) 2hns + €|hs|* = 0.
Letting € — 0, we deduce

Q
provided
(2.37) hsns = 0.

Observe that we have the equality sign in (2.36) instead of the in-
equality sign in (2.34) since we can replace h by —h in (2.36) without
violating the constraints (2.32), (2.37). Integrating by parts in (2.36),
we see that

[ = g)nasar =0
Q
for all h satisfying (2.32), (2.37). Denote

Z(t,5) = / (6. €) — g1, ) de.
Then

/Zﬁ@ﬁz&
Q

and integration by parts gives
(2.38) /Z@%ﬁzo
Q

for all h satisfying (2.32), (2.37). By a Hilbertian duality argument, it
is possible to deduce from (2.38) that there exists a measurable scalar
function o(t, s) such that Z = on,. Since Z(t,0) = 0 by construction,
we necessarily have o(t,0) = 0, whence (n, o) solves (1.1), (1.7).
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Remark 2.6. In the gravity-free case g = 0, the action is purely ki-
netic, and the least action principle can be recast in a geometric way:
(1.1), (1.2), (1.7) are the geodesic equations for the Hilbert manifold
of the unit speed curves equipped with the L* Riemannian metric [27].
A similar interpretation of the Euler equations of motion of an ideal
incompressible fluid, both homogeneous and inhomogeneous, goes back
to [5] (see also [7, 11, 38]). A common framework for the two models
was proposed in [9]; they are examples of geodesic equations on infinite-
dimensional manifolds of volume preserving immersions endowed with
the L* metric. The analogy between the two objects was also promoted
in [37], where the “vorticity” for the inectensible string is introduced
and a blow-up simulation is provided. When the external forces are
present, the geodesic formulation for the motion of ideal fluid is re-
placed by the minimization of the Lagrangian action [11], hence the
analogy with (1.1) is preserved. From the perspective of the optimal
transport theory [38, 39], the solutions of the inextensible string problem
(as well as the trajectories of a moving ideal fluid) perform the dynam-
ical transportation of material objects which optimizes some relevant
cost functional. Other examples of this nature are discussed in [12];
they include the celebrated Monge-Kantorovich optimal transport with
quadratic transportation cost, hydrostatic Boussinesq equations and the
Born-Infeld electromagnetism.

3. SETTING IN THE CONTEXT OF YOUNG MEASURES

3.1. Introduction. We will essentially follow [41] for a basic introduc-
tion to the generalized Young measures.

Let m,l,d € N, p € [1,400), I' C R™ be an open set. We define F,
as the collection of continuous functions f: I' x R' — R? for which the

limit f( ) /)
o . T, 8z
fe(x, 2) = lm ——2
2>z
S§—00

exists for all (z, 2) € T xR! and is continuous in (z, 2). The function f
is called the LP-recession function of f. Note that it is p-homogeneous
in z, ie., f*(x,rz) =rPf>*(x,z) for all r > 0.
A generalized Young measure on R’ with parameters in I is defined
as a triple (v, A, v*°) such that
v e Ly (I MY(RY),
A e MT(T),
v € LT, \; MH(STH).
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Note that v is defined Lebesgue-a.e. on I', and v*° is defined M-a.e. on
T: v is called the oscillation measure, X is the concentration measure
and v* is the concentration-angle measure.

Now, we can state the fundamental theorem on generalized Young

measures (see [1, 19, 23, 41]):

Theorem 3.1. Let {w,} C LP(T;RY) be an LP-bounded sequence of
maps. Then there exists a subsequence (not relabeled) and a generalized
Young measure (v, \,v>°) such that, for every f € F,,

/F F (& wa(2))d - / (Ve (2, €))d + / (22, (2, 0)) Mdz),
where
nn S8 = [ @O, 0 =) = [ 10 ()

Remark 3.2. In particular, for f(z,£) = |[£|P we infer that

il = | (e 7)o+ AT) < o6

in view of f* =1 on S

3.2. Weak setting of the inextensible string problem. Consider
the problem of finding a velocity field v and a contact force x, which
was derived in Section 2.2 from the original problem (1.1), (1.3), (1.7):

(3.1a) v =Ks+ 9,
K
(3.1b) Vg = (—) )
K1/,
(3.1c) RKls=o = 0,
K
1d T = g,
(3:1d) e limo — @
(3.1e) V|s=1 =0,
(31f) U|t:0 = /B

Let us define the auxiliary function hg: Ry — R, as

(3.2) ho(r) =14 /T
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Then we have hy'(r) = (r — 1)%,7 > 1, and we can continue hy' by
zero for r < 1. We also define Hy, Hj: R® — R? as
X

Hy(x) = mhal(lxD, Hy(0) =0,
(3.3)
%mzﬁfﬁwxﬁwzo
Let
w=" o ()

%]

I

Then k = Hy(w) and

K K K w w _ *
== = Vsl = w = g ([wl) = w - H (w),

L VAT I |w]
so we can rewrite (3.1a) and (3.1b) as
(3.4a) v = (Ho(w))s + g,
(3.4b) v, = (w — Hj(w)),.

In Section 2.3 we showed that this system was equivalent to (1.1),
(2.17). Observe that, in the current setting, (2.18) is a consequence of
the compatibility conditions (2.12) and (2.13). Indeed,

|w(0, s)| = |w(0, s) = Hg(w(0,5))| = |as(s)| = 1,
w(0, s)vs(0, 5) = |w(0, s)|as(s)Bs(s) = 0.

Define the space_é’Oo (Q) of test functions to be the set of pairs ¢ =
(¢7 w)a ¢7 w S OOO(Q, R3) such that

¢|s:1 = 07 ¢s|s:0 = 0; ¢|t:T = 0;
w‘s:() = 07 ws‘szl = 07 w|t:T =0.
Take any ¢ = (¢, 1)) € C*(Q). Multiplying (3.1a) (or (3.4a)) by ¢ and

integrating in space and time gives

1
(3.6) / voyds dt = / Hy(w)ops ds dt — / Bli—o ds — / godsdt.
Q Q 0 Q

Doing the same with (3.1b) (or (3.4b)) and v gives

(3.7) /Q[w — Hy(w)|¢p dsdt = /

(3.5)

1
v, ds dt + / at)s|i=q ds.
Q 0

Observe that we have taken into account (3.1c) - (3.1f), and the setting
(3.6) - (3.7) already incorporates the initial and boundary conditions.
We also used the assumption

(3.8) a(l) =0.
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Denote v = (v,w) € RY, and define functions A, B: Q x R® — R®
(by recalling (2.15)) as follows:
(3.9) A(t,s,7) = Alt, s,v,w) = (v,w — Hg(w)),
(310)  Blt,s,n) = Blt. s, 0,1) = (Ho(w),v).

Since A does not depend on t,s, we will often abuse the notation
and simply write A(y) instead of A(t, s, ), similarly with B. We also
introduce the operator

E()(OZ, ﬁ, 90) = E:0(04 ﬁ7 Qb, ’QZ))

1 1
(3.11) = —/ Bl ds +/ g li—o ds — / godsdt.
0 0 Q
Then (3.6) and (3.7) can be merged to get
(3.12) /A(v)% dsdt = / B(y)gsdsdt + Zo(a, B, ¢).
Q Q

Observe that A and B are in the class F, (with I' = ). Moreover, since
A is sublinear, A> = 0, whereas it can be checked that B> (v, w) =
(wl|w], 0).

These considerations and analogy with [13, 19, 35, 41] suggest:

Definition 3.3. A triple (v, \, v>°) with

(3.13) v e L (Q; MY(R®)),
(3.14) A E MT(Q),
(3.15) v>® € L2(Q, \; MY(S?)),

is an admissible Young measure solution to (3.1) provided the energy-
tension bound

(3.16) /Q (Vs |€2) ds dt + A@) < ©

holds, where © is a certain constant depending only on T, g, and the
L?-norms of o and B, and

(3.17) /Q(Vt,sa-A(g))SDt(tv s) dsdtZ/Q(Vt,s,B(f)%Os(t, s) ds di

+L<y$,BW(9)>¢s(t, S)A(dt, ds) + Zola, B, )

for every ¢ € C>(Q).

Remark 3.4. If an admissible Young measure solution (v, A\, v>°) sat-
isfies Vi = Oy(t,5) G.€. 1 €, wherey : Q — RS is a measurable function
and & is the Dirac delta, and X\ = 0, then v belongs to L*(Q;R®) and
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is a weak solution in the sense of (3.12). Assume now that «y is a reg-
ular function on Q and the compatibility conditions (2.12), (2.13) and
(3.8) hold. Then (3.12) yields (2.16), and, as in Section 2.3, the vector
function v generates a pair (n,0) satisfying (1.1), (2.17). Since n is
determined up to a constant, we can choose it to satisfy n(0,1) = 0.
Then, sitmilarly to our previous considerations, we can check that the
initial and boundary conditions (1.3), (1.7) are met.

Remark 3.5. The arguments in Sections 4 and 5.1 provide a rigorous
expression for ©.

Remark 3.6. An important open problem is the one of uniqueness
of regular solutions to (1.1). The upward whip anomaly (see Sections
2.4 and 5.2) hints that it should be more rational to study the issue of
uniqueness for (1.1) coupled with (2.17) (equipped with suitable initial
and boundary conditions, either in a strong form, e.g., (1.3), (1.7),
or in a weak form, e.g., (3.12)). A positive answer to this question
is the cornerstone for such possible developments in the studies of the
inextensible string equations as existence of dissipative solutions [24,
40| and their relation with the Young measure ones, or discovery of
additional admissibility constraints in the definition of Young measure
solutions which would secure weak-strong uniqueness [13] for (2.16).

4. WELL-POSEDNESS AND UNIFORM BOUNDS FOR THE
APPROXIMATE PROBLEM

4.1. Global regularity. Let € € (0, 1] be a constant and consider the
auxiliary problem

(413) Uy = €Vss + Ks + ¢,

(4.1b) US:<€/{+L> —e(em—l—L) ,
Ve -+ |k|? . Ve |k .

(41C) /ﬁ)‘szo = 0,

.1d €K _r
(4.1d) ( + —e+|/<o|2>

= Qg,
t=0
(418) ’U|5:1 = O,
(4.1f) V|i=0 = B,
(4.1g) PR =0,
Ve~ k]2 -

(4.1h) Vsso = 0.
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Remark 4.1. The boundary condition (4.1h) is added for purely tech-
nical reasons, since the order of the new system (4.1) is higher than
that of the original system. This restriction will completely disappear
after we will have passed to the limit as € — 0, both for the initial
condition [ and for the solution component v.

Denote 7 = ex + —=—. Then, x = G(7), where G is a function
€+|H|2 ? ?

with positive-semidefinite Jacobian matrix, and G(0) = 0. Moreover,
observe that the eigenvalues of VG~!(k) are € + ez and € +
W. Thus, the eigenvalues of VG(1) are

1 1

— < =
v <M= e

1
€

< = < 1
<80 = T amm e <€

In particular, G is globally Lipschitz. Observe also that

(4.2)

K| >1 = |7 >e+(1+e)2>1,
and, consequently,
(4.3) IT1<1 = |G(1)| <L

We can rewrite the problem (4.1) as

(4.4a) vy = evss + (G(7))s + 9,
(4.4b) Ty = Uy + €Ty,

(4.4¢) Tls=0 =0, T|e=1 =0,
(4.4d) V]s=1 =0,  vs|s=0 =0,
(4.4e) Tlizo = a5, vli=0 = B

Theorem 4.2. Let o, € C?([0,1;R?), as(0) = 0, ax(l) = 0,
Bs(0) = 0, B(1) = 0. Then there exists a unique solution (v,T) to
(4.4) in the class C°°((0,T] x [0,1];R%) x C'(Q;R®).

Proof. (Sketch) The well-posedness of the semilinear problem (4.4) fits
into the classical theory of Amann. Indeed, by [2, Theorem 14.6,
Corollary 14.7], a smooth solution exists locally in time. By [2, The-
orem 15.5], the solution can be continued in time as long as it re-
mains bounded in L*. But the term (G(7))s can be rewritten as
VG(1t)1, = G(t,z)7s, where G is a bounded matrix-valued function,
hence [29, Theorem 2] provides the required L*> bound. O
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4.2. Uniform energy estimates. Hereafter in Section 4 we assume
that

(4.5) las(s)] <1 for 0<s<1,
that

a|s:1 - 07

and that there is a constant C, such that

(4.6) /m\ ds+/ B2(s) ds < C..

Multiplying (4.4a) by v and integrating with respect to s gives

1 1 1 1
/ vtvds:e/ vssvds—i-/ (G(T))Svds+/ guds
0 0 0 0
1 1 1
= —e/ Vs ds—/ G(7)vs d8+/ guds
0 0 0

1 1 1 1
:—e/ vsvsds—l—e/ G(T)Tssds—/ G(T)Ttds+/ gu ds.
0 0 0 0
Hence,

1 1 1
—e/ VU ds = / vtvds—/ qu ds
0 0 0
1 1
(4.7) —I—e/ VG(T)77s ds +/ G(7)1 ds.
0 0

Considering the last term,

1 1 .
G(T)71 ds :/ k| ex+ ——1 ds
| cwmas— | ( -
1 1 .
=c KK ds+/ K| ———— ] ds
/0 ' o \VetIsP)/,
/1/<;/<ads+/1/<; e ds /1 ‘“‘2“
=€ R — — R R T
o o Vet P Jo (et nP)
1 1 Kk
=€ KK d$+e/ ——ds
/o ’f 0 (vetrP)?
d/ |k |? 1
=€— — ds
dt 0 ( 2 1/€+’I§,’2>

Ky ds
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Let

(4.8) n(t,s) = a(s) + /Otv(r, s) dr

and define the energy as

1 1 1
E(t) = 5/ |v|2ds—/ gnds+§/ |k|? ds
0 0 0

1 1 t 1
—h/E—e/ —ds+€/ / VG(T)1e7s ds dt.
0o ve+|k|? o Jo )

Then (4.7) yields

1
(Eo) = —e/ v ds < 0.
0

The initial energy

1 1 ¢ [
25/ ]6[2ds—/ gads+§/ |G () ds
0 0 0

1
+ve—€
0

e+ |G(ay)]?
is bounded due to (4.3), (4.5), (4.6). Therefore,

/\vﬁds—i- /\/f|2ds+e//VG )TsTs ds dt

(4.9) §C+/ gnds < C.
0

Note that the second inequality follows from the first one and the
Gronwall’s lemma since

d I 1 1
pr gnds—/gvds< /]v|2ds+ /]g]2d5</gnds+0

Finally, using (4.2) we deduce that

1 T 1
W/ / |Ts|2 dsdt S / / |TS|2d8dt
€ 0o Jo

(4.10) < / / T)TsTsds dt < C.
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4.3. Estimate for the tension. The estimate obtained in this sec-
tion, together with the one for kinetic energy, is crucial for the rest of
the analysis. We let

(4.11) C(ts) = /1 "t w) dw.

From (4.4b) we find

t
T(t,s) = ns(t,s) + 6/ Tss(T, 8) dr.
0

Consequently,

: s) = s)+e [ Ts(r,s)dr.
(412 C(t.s) = nft.s) e [ (s
From (4.8) we get

(4.13) (In1*)ee = 2nun + 20 = 20 + 2|v|?,

and from (4.4a) we obtain

/Olvths _ e/olvssgds+/01<G(T))sgds+/olg<ds

1 1 1
(4.14) = —e/ vsTds — [ G(T)Tds +/ gC ds.
0 0 0

Combining (4.11) — (4.14), we infer

/01G<T>Tds_
——6/01% [/Oth(r s>dr] ds — (@)
—e/olvsTds—i—/ gnds+e/olg{/0 r(r,s dr]

(4.15) =: I1(t) + L(t) + I3(t) + Ly(t) + I5(t) + Ls(t).



INEXTENSIBLE STRINGS 23

The time integral of the first integral is

T
/ L(t)dt = —e/ /vt [/ TSTS>dT] dsdt
0
— —e/ v {/ TS(T‘SdT:| ds—l—e/ /vrsdsdt
=1 | Jo
1
§—/|v\ ds—i——/ [/ 7(r, 5) 'r’] ds
2 t=T
(4.16) +-/ / |v|2dsdt+—/ / (72 ds dt.
2Jo Jo 2 Jo Jo

The first and third terms are bounded by the energy estimate (4.9),
and the second and the fourth ones are bounded by Ce?(1 +¢%/2) due
o (4.10).

For the second integral in (4.15) we have

/OTIQ(t)dt:—/OT/Ol <@>tt ds dt

1 2 1 2
0 2 ¢ t=T 0 2 n t=0
1 1
= _/ e ds +/ afds
0 t=T 0
1 1 1 1 1
g—/\nﬁ ds+—/ ds+/ afds.
2 0 t=T 2 0 =T 0

Here, the first integral is bounded by (4.9); the second integral is
bounded since the linear operator v +— 1, i.e., v(t) — o + fo r)dr, is
bounded in the Banach space L>°(0,T’; L*(0,1;R3)); the third 1ntegra1
is bounded due to (4.6).

Continuing from (4.15), I3 and I are bounded by the energy bound
(4.9), and

T T 1
/ I4(t)dt:e/ /vrsdsdt§0+062(1+63/2)
0 0 0
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as in (4.16). Finally,

/OTIG(t)dt = // {/Tsrsdr} ds dt
e / / (t — T)gr, dsdt
//It— 9|2dsdt+—//|fs|2dsdt

(4.17) < CHCE(1 432,
Therefore, from (4.15) we conclude that

//G )Tds < C,
// n dsdt < C.
€+|Fd|
Thus,

/|/€(t,$)’d8dt < C+/ |k| ds dt
Q Q, |k|>1

C’—l—/ (e +(1+¢) Y |k|dsdt
Q, |k|>1

C+/ ekl + ——== I |k| ds dt
Q, [x]>1 e+ [k|?

) dsdt < C.

IN

whence

IN

IN

(4.18)

IN

K
C—i—//-i €K+ ——
v < VE+ k|2

5. EXISTENCE OF THE YOUNG MEASURE SOLUTION
5.1. Main theorem.

Theorem 5.1. Given a pair o € Lip,([0,1];R3), 8 € L*(0, 1; R®)with
a(l) =0, there exists an admissible Young measure solution to (3.1).

Proof. Take any sequence ¢, — 0. The data (a, ) can be approxi-
mated in L?(0,1;R®) by a sequence of C3-functions (a,, 3,) such that
[(an)s(s)] < 1, (an)s(0) = 0, (an)ss(1) = 0, (1) = 0, (8,)5(0) = 0,
Bn(1l) = 0. By Theorem 4.2 there exist smooth solutions (v,,7,) to
(4.4) with € = ¢,, « = ay,, B = B,. Then (v,, k,) where k, = G(1,)



INEXTENSIBLE STRINGS 25

is a smooth solution to (4.1) with € = ¢,, @« = «,, and § = (,. The
uniform energy and tension bounds imply

(5.1) [onl L= 0.1:22(0,1)) < €
(5.2) [n |10y < C.
Let
R Rn
\/571, + "%n’Q \/|/{n‘
Then
(5.4) [wnllr2@) < C.

Consider the function h., : R, — R, defined as

-
he, (r) = ——— + VT,
() e VT
which becomes hg in (3.2) when ¢ = 0. We can easily check that this
function is strictly increasing. Thus, there exists the inverse function
h:': Ry — Ry which is continuous. Observe that hZ'(0) = 0. Let us
also introduce the functions H,,, H? : R* — R? as

X — * X — *
He,(x) = mhenl(IXD, HZ, () = N heH(IxD), He,(0) = HZ, (0) = 0,
which, similarly, become (3.3) when ¢ = 0. Observe that these func-
tions are continuous at zero (in fact everywhere). From (5.3) we find

that
Kn

kn = H., (w,) and ——————s =w, — H] (w,).
o) ond e A
Now, (4.1a) and (4.1b) imply

(5.5) ()t = €nlVn)ss + (He, (wn))s + g,

and
(5~6) (Un)s = (5nH€n (wn) + Wy, — H:n(wn»t
- 5n<€nH€n (wn> + Wy, — H:n (wn))ss-
We need the following result to proceed.
Lemma 5.2. We have

H.,(x) = Ho(x), H (x)— Hg(x)

uniformly on R3.
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Proof. Suppose there exists sequences ¢,, and xj; such that

|He,, (xx) — Ho(xx)| = 6

for some 9 > 0. In the sequel we write ¢; instead of ¢,,. Due to the
above inequality, we get

(5.7) 7 (l) = g (x| = 0.
Without loss of generality, there exists ¥ = klim |X%|, which can be
— 00

equal to +o0o. Assume first that ¥ < 1. Then hy'(%) = 0, and, since
hg ' (Ixx|) is non-negative, we must have dy, := hZ2'(|xx|) > 6 for k large
enough. Therefore,

dy
= he (dy) = ——2 4 \/d
Xk = he, (di) Y .
L VEo 146

= VEr + 0?2
which contradicts the assumption Y < 1. Now, consider the case Y >
1. Then without loss of generality |xx| > 1 for all k. Denote r, =
ho(Ix%|). Then, there exist numbers k; for [ = 1,2,..., such that
either 7, > dy, or ry, < dy, for all [. To simplify the notation, we write
i, and dj, instead of i, and di,. Due to (5.7) we either have ry > dj +0
or d > ri, + 9. In the first case, we have

d
—Ekidi+\/d—k:1+\/ﬁ21+\/m

dy,

> -
- \/Ek—i-d%

dy,
— 1/
S

which gives a contradiction. In the second case we have

d
Hﬁ:\/ak—iidfw_’“

)
Tt +/rs + 6.

Er + (Tk + 5)2

+ Vdip + 90

However, the last inequality cannot hold for all k£ since by Lagrange’s
mean value theorem we have

\/Tk—l-(S—\/ﬁ:

1 )
o>
2\/7']@—1-00 - 2\/7‘k+5
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for some ¢y € (0,6), and

- i+ 0 _ VeEut (me+0) = V/(re + )
e+ (re +9)2 ep+ (re +9)2
_ P T < &
cp + (rp +0)2 ~ 2(rk +9)?
%
2/r + 6

for k large enough and some ¢ € (0, ). Similarly, one shows that the
inequality

HZ, () — Hi ()] 2 6
cannot hold. 0

We now return to the proof of the theorem and introduce the func-
tions A., B., D.,D: R — RS as

A:(7) = Ac(v,w) = (v, w0 = Hi(w)),
B.(7) = (He(w),v),

D:(7) = (0, He(w)),
D(y) = (0, Ho(w)).

Note that when € = 0 operators A, and B, reduce to the ones we
defined earlier in (2.15). Let v, = (v,, wy,). Then, (5.5) and (5.6) may

be rewritten as

(5'8) (Asn)t(Vn) + 5n<DEn)t(7n) =
= (Be,)s(7n) + €n(As,)ss () + €2(De, )ss(n) + (g, 0).

Moreover, by (5.5) and (5.6), the initial and boundary conditions (4.1c)
- (4.1h), and the restriction o, (1) = 0, we find that for any p = (¢,9) €
C>(Q), which was defined by (3.5), we have

/Qvn(btdsdt:/QHan(wn)qﬁsdsdt—/Ol Batli—o ds

— / godsdt — e, / Up@ss ds dt,
Q Q
/[wn — H (wy) + e, He, (wy)] ) ds dt = / Upg ds dt
Q Q

1
—|—/ ansli—o ds — &, / [wy, — H (wy) + enHe, (wy)]1hss ds dt.
0 Q
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These can be merged to give

Q Q
= / B, (7n)ps ds dt — 5n/ Ac (7)) pss ds dt
Q o)

(5.9) - ai/ De, (Yn)pss ds dt + Zo(u, Bu, 9),
Q

where we used the operator = defined in (3.11). Due to (5.1) and (5.4)
we have

(510) "7ﬂ‘|L2(Q;R6) S C.

Observe that this constant merely depends on 7', g, and the L*-norms
of o and f.
By Lemma 5.2 we obtain

(5.11) A., (7) = A7),
(5.12) B..(v) = B(7),
(5.13) D.,(v) = D(v),

uniformly in v € R®. From (5.9) we infer

/A’yn o ds dt — /QB% s dsdt — Zo(a, B, p) =
/ Al) — A, (v)]pr ds i

" / Be, () — B(ya)lips ds dt

.. / D...(va) — D(a)lipe s dt
(5.14) 2
e, / ey (1) — A 9us s
e / D (1) — D) ipus s dt

Q
— En/QD(%)QOt dsdt — En/QA(%)%s dsdt

—& / D(Yn)pss ds dt +Zo(an — a, B — B, ¢).
0

The first five terms on the right-hand side tend to zero by (5.11) —
(5.13). Since A and D are sublinear and subquadratic, respectively,
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(5.10) gives
A 2 rsy < C,
1D (vl srey < C.

Recall that o, — a, 8, — B in L?*(0,1;R3). Hence, we conclude
that the remaining terms on the right-hand side of (5.14) go to zero.
Consider the functions

"Zl(tv S, 5) = A<t7 S, f)@t(tv S):
B(t, 5,) = B(t, 5,)(t, 5).

It is easy to see that A and B are in the class F, (with ' = Q), A® =0,
and B¥(t,s,£) = B>®(&)ps(t,s). By Theorem 3.1, we can pass to the
limit in (5.14) (passing to a subsequence, if necessary) and obtain

/ (s, Alt, 5, €)) ds dt — / (s, Bt 5,€)) ds dt
Q

Q
515) = B0 00) A d) — ol ) =0
Q
which yields (3.17). Remark 3.2 and (5.10) imply (3.16). O

5.2. Examples. Let us briefly examine the implications of Theorem
5.1 for some particular cases of chain dynamics with the “whip” bound-
ary conditions and non-zero gravity g. In the case of the initial data
(2.26), we get existence of a generalized solution which is a priori dif-
ferent from the stationary solution (2.25) plainly because the latter one
does not admit non-negative tension. A qualitative glimpse at the aux-
iliary problems (4.1) and (4.4) implies that the “approximate strings”
start to evolve close to the upright position (2.26) but eventually with
the course of time they approach their steady-states. As e goes to zero,
these steady-states approach the downwards vertical orientation with

(5.16) v(s) =0, k(s) = —gs.

Hence, our solution must be relevant in connection with the problem
of falling of a chain which is initially in an upright position and then
its upper end is released and the lower one remains fixed.

On the other hand, there are many physical and mechanical works
dealing with a problem of falling of a chain which initially has two ends
together and then one of them is released (see [42] for a review). In
this case, the initial data are

(5.17) a(s) =g (ﬁ —

S

m‘ﬁ\)”“):“'
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Although the compatibility condition (2.12) is violated for s = 1, the
hypothesis of Theorem 5.1 is met. Thus, the Young measure solution
exists, providing a new framework for a correct description of this me-
chanical system.
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