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1 Introduction

In nature we observe that bodies can touch but not penetrate each other,
since interpenetration of matter is impossible. In particular, deformable bod-
ies can exhibit self-contact as, e.g., if we step on a beer can or if an electrical
cord forms knots and wraps around itself. It turns out that the mathematical
treatment of this simple physical phenomenon is surprisingly difficult.

In the bio-sciences there is rapidly growing interest in a variety of prob-
lems which display the effect of self-contact as an inherent feature. For
instance, the supercoiling of DNA (i.e., when the double helix wraps around
itself) and knotting phenomena cause self-touching of the molecule. This
mechanism controls certain biochemical processes in the cell and is of spe-
cial interest in structural molecular biology (see [5], [6], [7], [18], [31], [25]).
There are also molecular configurations resembling the centreline of ideal
knots which may be described as maximally tightened knotted ropes touch-
ing themselves “everywhere” (see [13]). On a completely different length scale
multicellular bacterial macrofibres of Bacillus subtilis form a highly twisted
helical structure exhibiting self-contact, which seems to be an advantageous
configuration of self-organization in the cell population (see [16],[28]). Macro-
scopic examples are knotted metal wires with isolated contact points or with
several regions of line contact. Interestingly certain helical shapes observed in
nature coincide with optimal configurations of closely packed strings, which
also serve as model for the structure of folded polymeric chains (see [15],[27]).

The previous examples have the common feature that they can be mod-
eled as long slender elastic tubes or rods deforming in space where the con-
straint prohibiting interpenetration cannot be neglected. In particular, spe-
cial side conditions and topological constraints enforce the tubular surface
to touch itself. Based on the Cosserat theory, describing deformations of
nonlinearly elastic rods in space that can undergo flexure, extension, shear,
and torsion, the existence of energy minimizing configurations for that class
of problems is shown in [11],[30] and [22]. In the present paper we derive
the Euler-Lagrange equation and further regularity results as necessary con-
ditions for energy minimizing rods without interpenetration and subjected
to topological constraints where we restrict our investigation to inextensible
unshearable rods. Starting with solutions whose existence is proved in par-
ticular in [11], no additional hypothetical assumptions on the regularity of
the rod or on the position and direction of the contact forces are made. It
should be emphasized that such a rigorous derivation of variational equations



in nonlinear elasticity taking into account self-contact has never been done
before. Furthermore, notice that most investigations on contact problems in
the literature are based on comparably simple mechanical models enjoying
nice convexity properties and thus being accessible by variational inequali-
ties. These in turn, however, do not contain any explicit term describing the
contact reaction. In our more general situation, on the other hand, one can-
not hope for such convexity properties but, by employing nonsmooth tools
more subtle than convex analysis, we are able to derive the explicit contact
term as a Lagrange multiplier which provides additional structural informa-
tion about the contact reactions. Moreover this allows us to obtain further
regularity properties of the minimizing configuration. In particular, we rig-
orously obtain from our analysis that contact forces are directed normally
to the lateral surface of the rod — a physically natural fact which is usually
invoked as hypotheses into the theory.

The underlying mathematical structure for the description of deformed
configurations of an elastic rod is that of a framed curve. Here a base curve,
interpreted as centreline of a tube of uniform radius, is associated with an
orthonormal frame at each point, reflecting the orientation of the cross sec-
tion attached to that point. The main difficulty in posing an appropriate
variational problem modeling the previous examples is to find a mathemat-
ically precise and analytically tractable formulation of the condition that
the tube not pass through itself, which is often referred to as the excluded
volume constraint. On the one hand, the method used in [22] delivers very
general existence results, but it seems to be unsuitable for the derivation of
the Euler-Lagrange equation. The method used in [11], on the other hand,
provides a geometrically exact condition for self-avoidance and correspond-
ing existence results for the smaller class of unshearable rods, but, as we
will see in this paper, the Euler-Lagrange equation can be derived rigorously,
i.e., without hypothetical regularity assumptions for the energy minimizer.
Here the excluded volume constraint, which expresses global injectivity for
the mapping assigning the deformed position to each material point of the
rod, is mathematically transferred to the centreline as a bound on its global
curvature. This is a nonlocal quantity whose inverse, the global radius of
curvature, was introduced by Gonzalez and Maddocks [10] in the context of
ideal knots. Since this notion is not restricted to smooth curves (as is the
case, e.g., for the classical normal injectivity radius), global curvature turns
out to be appropriate for the direct methods in the calculus of variations.
Let us mention that the use of repulsive potentials along the centreline of the



rod to model self-avoidance (as an alternative to our geometrically exact ex-
cluded volume constraint) leads to non-trivial analytical and computational
difficulties (see [9], [17], [29]). For an appropriate description of self-contact
problems for rods, we take into account also topological restrictions for the
framed curve as a given knot class for the centreline and a prescribed link
between the centreline and a curve on the lateral boundary of the rod.

The mathematical challenge for deriving the Euler-Lagrange equations in
the present context lies in the fact that global curvature furnishes a nons-
mooth nonconvex side condition of the variational problem. Thus, standard
arguments leading to variational inequalities are not applicable (see [14]).
Furthermore it would be desirable to obtain explicit structural information
about the contact forces, which remains hidden when using variational in-
equalities. It turns out that, similar to the treatment of contact between
nonlinearly elastic bodies and rigid obstacles (see [19], [20], [21]), Clarke’s
calculus of generalized gradients of locally Lipschitz continuous functionals
is the key to succeed (see [4]). It provides a general Lagrange multiplier rule
applicable to our situation, and suitable tools to evaluate the structure of
the Lagrange multiplier corresponding to the nonsmooth excluded volume
constraint. The resulting Euler-Lagrange equation stated in Theorem 4.1
contains an explicit contact term and corresponds to the mechanical equilib-
rium condition of the rod theory, at least if certain transversality conditions
detecting the physically relevant cases are satisfied. This way we recover in
particular apparently obvious mechanical properties of frictionless contact
forces in a mathematically rigorous way.

In contrast to most treatments for contact problems, our approach al-
lows us to conclude higher regularity properties for energy minimizing states
of (unshearable inextensible) rods exhibiting self-contact without hypothet-
ical smoothness assumptions, but merely based on the smoothness of the
data. If the density of the elastic energy is strictly convex and sufficiently
smooth, then the moments, the first derivatives of the frame field, and the
second derivatives of the centreline of the rod in equilibrium have to be Lip-
schitz continuous, cf. Corollaries 4.3 and 4.5. This, in particular, excludes
concentrated contact moments and answers a long standing open question
in the engineering community. Our regularity results including the explicit
structural information about contact forces may turn out quite useful for nu-
merical computations, where a thorough understanding of contact sets and
contact forces seems crucial, see [6].

In Section 2 the reader is introduced to the Cosserat theory of nonlin-
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early elastic rods to an extent necessary for the purposes of this paper. In
particular, the theory is specialized to materials where shear and extension
can be neglected and to rods where all cross sections are circular with the
same radius. But, in generalization to usual treatments, we have to consider
forces as vector-valued measures in order not to invoke a priori structural
restrictions for contact forces that, e.g., can indeed have concentrations.

Section 3 is devoted to geometric and topological constraints to be in-
voked in our rod problems. First we describe the excluded volume constraint
in terms of the global curvature, which guarantees global injectivity of the
deformation mapping, see Lemma 3.1. For that we review the definition of
global curvature and its basic properties. Then the formulation of topolog-
ical constraints such as a given knot class for the centrecurve and a given
link class for a framed curve is introduced using the notion of isotopy and
the Gaussian linking number, where we employ an analytic formula for the
latter avoiding topological degree theory. We extend this concept to the case
where the frame field is not closed as a curve in SO(3). This way we are
able to distinguish the infinitely many equilibrium states having the same
boundary conditions but differ in knotting and linking (number of rotations
of the frame around the centreline).

In Section 4 we state a general variational problem for nonlinearly elastic
rods subjected to the geometric excluded volume constraint, to topologi-
cal restrictions, and to boundary conditions. Then we formulate the Euler-
Lagrange equation for that problem, a number of structural properties for
contact forces which may occur in the case of self-touching, and further reg-
ularity results for the moments and the shape of the rod. In particular we
consider the case of a quadratic elastic energy which is important for various
applications.

Section 5 contains all the proofs. In Section 5.1 we prove Theorem 4.1 and
Corollary 4.2 in several steps. First we show that the topological properties
(knot class and link type) of the minimizing solution are stable under small
perturbations in an appropriate space of variations. Furthermore we remove
some redundancies in the side conditions. This way we obtain a reduced vari-
ational problem without topological constraints, a solution of which is given
by the solution of the original problem, see Lemma 5.4. We then claim that a
nonsmooth Lagrange multiplier rule is applicable to the reduced variational
problem. In order to prove this claim we have to compute the derivative of
the energy (Lemma 5.6), the derivatives of the functionals occurring in the
boundary conditions (Lemma 5.7), and the generalized gradient of a func-
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tional involving the global curvature (Lemma 5.10). The Euler-Lagrange
equation then follows. Analyzing the properties of the contact forces and
certain transversality conditions we finish the proof of Theorem 4.1. The
remaining regularity assertions in Corollaries 4.3—4.6 are verified in Section
5.2.

In Appendix A we provide the quite technical computation of the deriva-
tive of the mapping assigning the frame vectors to certain shape variables of
the rod. Analytically this means to determine the derivative of a solution
of an ordinary differential equation with respect to a parameter in a Banach
space. A short summary of the relevant facts regarding Clarke’s calculus of
generalized gradients can be found in Appendix B. Here we present a variant
of a nonsmooth chain rule adapted to our application.

Notation. We use x - y to denote the standard Euclidean inner product
of £ and y in R3 and |- | to denote the (intrinsic) distance between two
points in R? or in some parameter set J C R depending on the context. To
denote the enclosed (smaller) angle between two non-zero vectors  and y
in R? we use 4(z,y) € [0,7]. The distance between a point € R? and a
subset ¥ C R? will be denoted by dist(x,Y) and the diameter of 3 will be
denoted by diam(X). For any 6 > 0 we define open neighbourhoods of  and
> by

Bs(x) ={y e R* | |y — =| < §}, Bs(%) = {y € R? | dist(y, %) < 6}.

The interior of a set X will be denoted by intY. For Sobolev spaces of
functions on the interval [0, L], whose weak derivatives up to order m are p-
integrable we use the standard notation W™P([0, L]), and the class of func-
tions of bounded variation is denoted by BV([0,L]). For general Banach
spaces X with dual space X* we denote the duality pairing on X* x X by

(., ) xrxx-

2 Rod theory

In this section we provide a brief introduction to the special Cosserat the-
ory which describes the behaviour of nonlinearly elastic rods that can un-
dergo large deformations in space by suffering flexure, torsion, extension,
and shear. General nonlinear constitutive relations appropriate for a large



class of applications can be taken into account. Though mathematically one-
dimensional, this theory allows a mechanically natural and geometrically
exact three-dimensional interpretation of deformed configurations which is
of particular importance for problems where contact occurs. In this paper
we restrict our attention to rods where shear and extension can be neglected.
This special case can be obtained from the general theory by a simple mate-
rial constraint. For a more comprehensive presentation we refer to Antman

[3, Ch. VIII].

Kinematics. We assume that the position p of the deformed material
points of a slender cylindrical elastic body can be described in the form

(1) p(s,€, &%) = 7(s) + &' di(s) + &da(s) for (s,¢',€%) € Q,
where the parameter set €2 is given by
(2) Q= {(s,6,&) R’ [s € [0,L], (£)+ ()" <0}

Here, r : [0, L] — R3 describes the deformed configuration of the centreline of
the body. d;(s), ds(s) are orthogonal unit vectors describing the orientation
of the deformed cross section at the point r(s) € [0, L]. We interpret s as
length parameter and !, £? as thickness parameters of the rod. With

d3 = d1 /\d2

we get a right-handed orthonormal basis {d1, ds, d3} at each s € [0, L], whose
vectors are called directors, and which can be identified with an orthogonal
matrix D = (d;|ds|d3) € SO(3) (the right-hand side denotes the matrix with
columns d;, dy,d3). A deformed configuration of the rod is thus determined
by functions 7 : [0, L] — R3 and D : [0, L] — SO(3), where it is reasonable
to consider » € WH4([0, L], R3) and D € W'»([0, L], R3*3), p,q > 1.

In the special case of an inextensible unshearable rod we assume that s is
the arc length of the deformed centrecurve 7(-) and that the deformed cross
sections are orthogonal to the base curve, i.e.,

(3) r'(s) = ds(s) forall se€|0,L],

(note that |d3(s)] = 1). Thus, by d3 € W'([0, L], R?), we even have that
r € W2P([0, L], R?). (Observe that d3(-) is continuous and admits derivatives
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a.e. on [0, L].) Specifying [11, Lemma 6] to that case we see, that each such
configuration uniquely corresponds to shape and placement variables

w = (u, 79, Dy) with u = (u',u* u?),
in the space
XpP = LP([0,L],R*) x R® x SO(3),
such that

d,(s) = [Zui(s)di@)} Ady(s) for ae sel0,L], k=123,

=1

@ D) =Dy
r(s) =7y + /OS ds(7) dr.

The function u is called the strain and fixes the shape of the rod while
(ro, Do) determine its spatial placement. We use the notation plw], r[w],
etc. to indicate that the values are calculated for w = (u, 7o, Dy) € X}.
Notice that X{ is a subset of the Banach space

XP = L[P([0, L], R?) x R® x R**®.

By w® := (u°, 7o, Do) we identify the relaxed (stress-free) reference con-
figuration. Note that r[w°] need not be a straight line.
We demand that the map p preserve orientation in the sense that

op(s, €, %)
(s, £, €?)

which, due to the special form of p, is equivalent to

(5) det [ >0 forae. (s,&€%)€Q,

>/ (u')? + (u?)? =|7"| a.e. on [0, L]

(6)

|~

(cf. [11]). Here, |r"| is the local curvature of the base curve r(.), since 7 is
parameterized by arc length. It can be shown that inequality (6) ensures local
injectivity of p(.) on int 2, (argue as in the proof of [22, Prop. 3.1]). Note, on
the other hand, that global injectivity of p(.) on int {2, which prevents inter-
penetration of the elastic body, is an important and natural requirement in
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continuum mechanics. While this condition is neglected in many treatments
in elasticity, its consideration is a major objective of our investigation here.

In this paper we are particularly interested in configurations where the
rod is closed to a ring, i.e., we assume that

(7) r(0) =r(L), ds(0)=ds(L),

and call it a closed configuration. Notice that the centreline r is closed in
the C'-sense, i.e., the curve and its tangent closes up at the end points. For
the rod this can be rephrased by saying that the cross sections at the end
points coincide, but the directors d;(0), d2(0), may be different from d; (L)
and dy(L), respectively.

Forces and equilibrium conditions. In contact problems as consid-
ered in the present work, contact forces may occur, which are possibly concen-
trated, e.g., at some isolated point. Thus we need a more general approach
for the treatment of forces than usual (for a more detailed discussion see
Schuricht [19]). In particular, we can not assume integrable force densities
in general. We identify subbodies of the rod with corresponding subsets of
Q. In particular, we set

8) Qi :={(5,.,)eQ:se€J} for JC[0,L], and € := Q.

For a given configuration, the material of Q, exerts a resultant force n(s)
and a resultant couple m(s) across section s on the material of €. This
definition does not make sense for s = 0, but it is convenient to set

9) n(0) := 0 and m(0) :=0.

We assume that all forces other than n acting on the body can be described
by a finite vector-valued Borel measure

(10) 0 — (),

assigning the resultant force to subbodies which correspond to Borel sets
Q' C Q. We call f the external force. It generates the induced couple of §
given by

() W) = [ i)+ Edalo)] A df(s. €.
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Analogously we assume that all couples different from m and s can be given
by a finite vector-valued Borel measure

(12) 0 — 1),

which we call the external couple.

A configuration of the rod is in equilibrium if the resultant force and the
resultant torque about the origin vanish for each part of the rod. In terms
of the distribution functions

(13) Fls) = / 0f(0. €€, U(s) = / (0,61, €2),
(14) L) = / dli(o, €, €) = / €'du(0) + Edy(0)] A df(0,€1,€7),

these requirements are equivalent to the equilibrium conditions in integral
form

(15) n(s)— f(s) = 0 for se€|0,L],

(16) m(s)—/ (o) An(o)do —1ls(s) —1l(s) = 0 for s€|0,L]

Notice that the resultant force and the resultant couple of all external actions
for the whole body must vanish by (9). For sufficiently smooth external forces
and moments we obtain the classical form of the equilibrium conditions by
differentiating (15), (16).

Constitutive Relations. We assume that the material of the rod is
elastic, which means that there is a constitutive function m, such that m is
determined by the strain through

(17) m(s) = m(u(s), s),

where m is usually assumed to be continuously differentiable in u. Note that
(17) can provide the correct values of m only a.e. on [0, L], if the strains
are discontinuous as, e.g., in the case where concentrated forces or couples
are present (cf. [19]). Let us mention that the resultant force n cannot be
determined by a constitutive function in the unshearable inextensible case -
it rather enters the theory as a Lagrange multiplier.
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The material is called hyperelastic if there is a stored energy density W :
R? x [0, L] — R U {400}, such that

(18) m(u,s) = Z Wi(u, s)d;(s).
The total stored energy of the rod is given by

(19) Es(u,v):/O W(u(s),s) ds.

For our analysis we assume that
(W1)  W(.,s) is continuously differentiable on R? for a.e. s € [0, L],
(W2)  W(u,.) is Lebesgue-measurable on [0, L] for all u € R3.

The Strong Ellipticity Condition in nonlinear elasticity enforces W (., s)
to be convex, i.e., the matrix
om
Ou
has to be positive definite. It is reasonable to require that the energy density
W approaches oo under complete compression of the material, i.e.,

(20) W(u,v,s) — 0o as % — v/ (u')? + (u?)? — 0.
Due to severe analytical difficulties for regularity investigations connected
with such a degeneracy we will neglect this condition in our treatment and
focus on energy densities that are sufficiently smooth.

In the following we assume that there are no prescribed external couples
[ and, for simplicity, that the given external force depends only on the coor-
dinates (s, ¢, €%), but not on the configuration p[w], and denote this special
force by f, in contrast to general external forces f introduced in (10).

Then f§, is conservative and has the potential energy

By(w) = Bylplw]) = — / plu](s,€1,€%) - df, (5.6, €2)
Q
(21) - / (rw)(s) + € [w](s) + Edafw](s)] - df (5,1, €2).
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This way we can cover external forces such as weight or prescribed termi-
nal loads. However, in our investigation later, we also consider self-contact
forces which do depend on the configuration p[w|. But such forces do not
enter our analysis through the potential energy, but occur naturally as La-
grange multipliers of some constrained variational problem. In particular, we
are going to derive the Euler-Lagrange equation for energy minimizing con-
figurations subjected to an analytical condition preventing interpenetration
and to topological constraints described in the next section.

3 Constraints

Global injectivity. In [11] an analytical condition ensuring global injectiv-
ity of the mapping p is introduced by means of the global radius of curvature
— a nonlocal geometric quantity for curves that goes back to Gonzalez, Mad-
docks [10], and which is further analyzed in [24]. Note that elements (r, D)
determining a configuration of a rod are referred to as framed curves in the
geometric context of [11] and [24]. We are going to recall the definition of
the global radius of curvature, present the related notion of global curvature
and its important properties that our analysis later is based on.

Recall that throughout our developments we exclusively deal with cen-
trelines = : [0, L] — R3 parameterized by arc length, and with closed con-
figurations, see (7). Therefore it will often be useful to identify the interval
[0, L] with the circle S;, = R/(L - Z). The curve r is said to be simple if
r : S; — R3 is injective. Otherwise there exist s,t € Sr, (s # t) for which
r(s) = r(t). Any such pair will be called a double point of r.

For a closed curve r : S; — R? the global radius of curvature pglr](s) at
s € St is defined as

(22) palr](s) == nf R(r(s),r(0),7(1)),
o,7eSt \{s}
oHAT
where R(x,y,z) > 0 is the radius of the smallest circle containing the
points x, y, z € R?. For collinear but pairwise distinct points x,y, z we
set R(x,y, z) to be infinite. When @, y and z are non-collinear (and thus
distinct) there is a unique circle passing through them and

B [z —y|
(23) B@v.2) = G-y =2
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If two points coincide, however, say @ = z or y = z, then there are many
circles through the three points and we take R(x,y, z) to be the smallest
possible radius namely the distance | —y|/2. We should point out that with
this choice the function R(x,y, z) fails to be continuous at points, where at
least two of the arguments x,y, z, coincide. Notice nevertheless that, by
definition, R(x,y, z) is symmetric in its arguments.

The global radius of curvature of r is defined as

(24) Rlr] := inf pglr](s).

SEST,

If R[r] > 0, then 7 is simple, and » € OV = W2 see [11, Lemma 2], i.e.,
r has a Lipschitz continuous tangent field /. Furthermore,

(25) Il < gy

Moreover, R[r] equals the radius of the largest open ball placed tangent to
r(S) at any point 7(s), that can be rotated around the tangent vector '(s)
without intersecting the curve r(S), [11, Lemma 3]. This geometric prop-
erty gives an intuitive idea why deformed rods with a centreline r satisfying
R[r] > 6, might have no self-intersections. The following result confirms that
unshearable inextensible rods with such a positive lower bound on the global
radius of curvature are indeed globally injective. A more general version for
unshearable extensible rods covering the following Lemma can be found in
[11, Lemma 7).

Lemma 3.1. Consider a closed configuration (rw], D[w]) € WP x WP,
p > 1, for w € X{, and suppose that Rlr{w]] > 0. Then plw]|m ) :
int (Q) — R? is globally injective iff R[r[w]] > 6 > 0.

For our further analysis it is necessary to work with the notion of global
curvature investigated in detail in [24], which has better regularity properties
than the global radius of curvature. The global curvature of r at s € Sy, is
defined as

1
(26) Kalr](s) = a,f%ﬁ{s} R(r(s),r(0),r(1))

'Even more is true: R[r] > 0 if and only if r € C1! and simple, see [24].
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Notice that kg[r](.) can take values in (0, 00]. In analogy to R[r] we define
the global curvature of r by

(27) K[r] := sup kg[r](s).

sESy,

It is immediate consequence of the definitions that

1
(28) kalr](s) = pETAL for all s € Sg,
(29) Kir] = ﬁ

In light of (25) together with (29) we say for curves r with R[r] > 0, that
the global curvature KC[r] is locally not attained iff

(30) 17| e < Klr].

For curves r with R[r] > 0 we have an alternative analytically more
tractable characterization of KC[r]. For that let x,y,t € R? be such that
the vectors @ — y and t are linearly independent. By P we denote the plane
spanned by & —y and ¢t. Then there is a unique circle contained in P through
x and y and tangent to ¢ in the point y. We denote the radius of that circle
by r(x,y,t) and set r(x,y,t) := oo, if & —y and ¢ are collinear. Elementary
geometric arguments show that » may be computed as

(31) ra g, t) = 2 Y
R
[T-Y| It

which shows that r(x,y,t) is continuous on the set of triples (x,y,t) with
the property that  — y and t are linearly independent. But it fails to be
continuous at points, where, e.g., two of the arguments coincide. Recall that
curves r with R[r] > 0, are of class C'''. Hence, for every pair (s,o) €
S1, xS, we can look at the radius 7(r(s), r(c), (o)), and in [24] it is shown
that the global curvature K[r] is characterized by

1 :
(32) Klr] = S"E?L () o) @) it Rlr]>0.

The following set A[r|, where the supremum in (32) is attained, will be
of particular interest when deriving the structure of the contact term in
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the Euler-Lagrange equation in the next section, since it identifies the cross
sections touching each other if K[r] = 67

1
r(r(s),r(0),7'(0))

By (32) and the definition of r(.,.,.), one has s # o for all (s,0) € Alr], if
R[r] > 0. The condition o < s in the previous definition (which is not part of
the corresponding definition in [24]) ensures that each pair of touching cross
sections is counted only once. On the other hand, all pairs of touching cross
sections are contained in the set A[r]. To see this we recall from [24] that for
closed curves r with R[r| > 0 and satisfying (30) the identitites

(33) Afr]:={(s,0) € [0,L] x [0,L], 0 < s:K[r] = }.

(34) |r(s) —r(o)] =2R[r] and
(35) r'(s) - (r(s) =7(0)) =7'(0) - (r(s) —7(0)) = 0
hold for all (s,0) € Alr]. Consequently, by (31),

for (s,0) € Alr]. Hence, if K[r] = 671, § > 0, all pairs of cross sections
touching each other are indeed detected by A[r], which we call the set of
contact parameters.

For our variational approach in Section 4 we need the following continuity
result for global curvature proved in more generality in [24].

Lemma 3.2. Let £ C CH([0, L], R?) be the set of curves v of fized length
L(r) = L > 0 and parameterized by arc length. Then K[.] (and hence R][.])
is continuous on L.

Topological constraints. We are interested in elastic rods that form a
knot of a prescribed type, which can be described by the closed centreline
lying in a given knot class. To make this precise we introduce the topological
concept of isotopy.

Two continuous closed curves K, K, C R3 are isotopic, denoted as
K, ~ K,, if there are open neighbourhoods N; of Ky, Ny of Ky, and a
continuous mapping ® : N; x [0, 1] — R? such that ®(N;, 7) is homeomorphic
to Ny for all 7 € [0,1], ®(x,0) = x for all € € Ny, ®(Ny,1) = Ny, and
O(Kq,1) = K.

15



For simplicity we will frequently write 71 ~ 75 instead of r{(Sp,) ~
r5(Sr,) for two closed isotopic curves 7 : Sp, — R® and ry : Sp, — R3.
Roughly speaking, two curves are in the same isotopy class if one can be
continuously deformed onto the other.

In [24] the following Lemma concerning C%-perturbations of knotted curves
with a bounded global curvature is shown.

Lemma 3.3. Let r be a rectifiable closed continuous curve satisfying
(36) Klr] < Gy

for some fized constant Cy < oo. Then there ezists € = e(r,Cy) > 0, such
that for all rectifiable closed continuous curves ¥ with K[r] < Cy and

(37) |r — 7||co < e,
one has r ~ r.

The statement of the lemma is no longer true if one removes the assumptions
on the global curvature, small knotted regions might pull tight in the uniform
topology.

A pair (r, D) of a curve r and an associated frame field D is said to
be a framed curve. Here we consider framed curves with 7(0) = r(L) and
satisfying (3), which we call closed framed curves. If we prescribe the knot
type for the curve r and boundary conditions as, e.g., D(0) = D(L), there are
still infinitely many topologically distinct components in the space of closed
framed curves. Indeed, every full rotation of the pair di(L),ds(L) within
the cross section respects the boundary conditions, but changes the linking
number between the centreline and the curve r(.) + (6/2)d;(.), which is a
topological invariant. Since such a change of topological type is accompanied
by an (often drastic) change of the equilibrium configuration for an elastic
rod, we need to prescribe the linking number in order to identify particular
solutions, see also the discussion in [2]. The approach in [11] using the concept
of homotopies in SO(3) distinguishes only two topologically different classes,
since the fundamental group of SO(3) is Zo.

One way to determine the link between two disjoint closed (but not nec-
essarily simple) curves is to compute the Gaussian linking number, which is
usually defined in terms of the topological degree, see, e.g., [26, p. 402]. For a
pair of absolutely continuous disjoint curves, however, there is an analytically
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more convenient formula, which we adopt as definition for the linking num-
ber. For closed curves rq, 7o € WH([0, L], R?) with v, ([0, L]) Ny ([0, L]) = 0,
the linking number (71, 75) is given by

(38)  Irir) = o / / |7‘1 )= t)|3-[r’1(s)/\r’2(t)]dsdt.

_7«2)

One can show that I(7r1,73) is integer-valued and stable with respect to
smooth perturbations preserving the non-intersection property.

For a closed framed curve respecting (3) we want to consider the linking
number of the curves r(.) and 7(.) +(6/2)d;(.). The problem here is that the
second curve might not be closed and that the two curves might intersect each
other. The first problem can be solved by closing the curve r(.) + (6/2)d;(.)
up in a unique way, namely by

r(s)+ %dy(s) for s€|0,L],
(39) B”(s) == 4 r(L) + &[cos(¢p(s — L))di(L) + sin(¢p(s — L))da(L)]
for se€[L, L+ 1],

where ¢p € [0,27) is the angle between d;(0) and d,(L), such that ¢p — 7
has the same sign as (d1(0) Ady(L))-d3(0). For technical reasons we identify
r with its trivial extension onto [0, L + 1] according to

(40) r(s) :=r(L) for se[L,L+1].
Notice that 7, 3” € W4([0, L + 1],R%), 1 < ¢ < o0, if r € W4([0, L], R?),

and that 7 and B are closed. Demanding the global curvature bound K[r] <
6~' we ensure that

(41) r([0,L+1])nB°([0,L+1]) =0
by Lemma 3.1 and (29). Thus the linking number of a closed framed curve

(r, D) satistying (3), K[r] < 67!, r € WH([0, L], R?) and D € WHi([0, L], R3*?),
is well-defined by

(42) I(r,D) :=I(r,B").

The following perturbation result for [(r, D) is shown in [24, Theorem 4.6].
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Lemma 3.4. Let (r, D) € Wr([0, L], R3) x W'2([0, L], R**®), p > 1, be a
closed framed curve satisfying (3) and K[r] < 0=, Then there is € > 0, such
that l(7, D) is well-defined and

(43) I(r,D) = (7, D)

for all closed framed curves (7, D) € WP([0, L], R?) x W2([0, L], R¥*?)
satisfying

(44) |7 — 7llwir <e, HD—D”WLP <e.

4 Variational problem, Euler-Lagrange equa-
tions and regularity

The variational problem. In this section we state a general variational
problem where we seek energy minimizing closed configuration of elastic rods
that are globally injective and belong to prescribed knot and link classes.
Then we formulate the corresponding Euler-Lagrange equations satisfied by
configurations with minimal energy. Finally we provide regularity results.

For elastic rods determined by elements w = (u, 1o, Dy) € X} we consider
stored energy functionals Ey of the form (19) where the stored energy density
satisfies (W1),(W2), see Section 2. In addition we consider potential energies
Ep as given n (21) Let DO = (d01|d02|d03> and D1 = (d11|d12|d13) be giVGH
matrices in SO(3) with equal third column vectors doz = d;3. Furthermore,
let @ > 0 be a given positive constant, 1y € R? be a given vector, K a simple
closed curve in R3, as a representative for a prescribed knot class, and I, € Z
representing a given link class.

Then we look at the minimization problem

(45) E(w) := Ey(w) + Ep(w) — Min!, w e X{

under the constraints

(46) rlw|(L) = o,
(47) D[w] (L) = Dy,
(48) Rlu] > 6,
(49) rlw] ~ K,,
(50) lw] = lo.



Here and from now on we use the short notation R{w|, Klw|, A[w], {[w] for
R[r[w]], K[r[w]], Alr[w]] and [[r[w]]. Note that (49) is well-defined because
of the constraint (48).

Geometrically, the boundary conditions (46) and (47) lead to closed con-
figurations (r, D) with a prescribed angle between d;[w](0) and d;[w](L),
and (48) guarantees that deformations are globally injective by Lemma 3.1.
For the derivation of the Euler-Lagrange equations later on we will have to
reformulate the variational problem (45)—(50) with a minimum number of
equations, see Section 5.

The existence of solutions for the variational problem (45)—(50) was proven
in [11, Sec. 4.2.1] under a natural coercivity condition on W but based on the
more restrictive notion of link classes in terms of homotopies in SO(3). By
[24, Lemma 4.5] these results can be extended to link classes as considered
here, see [30].

Euler-Lagrange equations. The basic issues we shall address here are
the derivation of the Euler-Lagrange equations for solutions of the variational
problem described above and the presentation of regularity results for the
minimizing configurations. We impose the standard growth condition on W,
that

(W3) [Wa(u, s)| < clulP + g(s) for ae. se]0,L]

where ¢ > 0 is a constant and g € L'([0, L]). This condition excludes en-
ergy densities with the property (20), but it circumvents severe analytical
difficulties caused by energies satisfying (20), and it is still an open problem
in nonlinear elasticity how to handle these energies for regularity considera-

tions. The existence theory, however, covers these more general energies (cf.
[11],[22],[30)).

Theorem 4.1. Suppose W is a stored energy density satisfying (W1)—(W3).
Let w = (u, 9, Dy) € X{ be a solution of the variational problem (45)—(50),
such that the global curvature KClw] is locally not attained. Then there exist
Lagrange multipliers Ag > 0, f, € R3, my € R® and a Radon measure j on
[0, L] x [0, L] supported in Alw] (cf. (33)), not all zero, such that the following
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Fuler-Lagrange equations hold:
0 = g {m(U(S),S)—/ [ du[w](t) + Edalw](t)] A df(t,€,€%)
. s
60 [ dlun [ dege)ar

+my —i—/ ds[w](t) N (fo— Fo(t))dt  for a.e. s €]0,L],

(52) 0 = Ap /Q a5, (1, €1, €2),
0 = [ adutul®)n [Fo £u0) e [ dr(s. )]
(53) e / (€hd[w](1) + Edaw](1)] A d (1, €1, €,

where for T € [0, L],

[ i) o)
60 £ = [, o st e
(55) Q. = {(s,0)€[0,L] x[0,L]:0 <71 <s} for €0, L].

(We have used identity (18) in (51).)

Moreover, if Rlw] > 6 in condition (48), then p is the zero measure.
In addition, we can choose \p = 1, if one of the following transversality
conditions is satisfied:

(a) plw] admits an isolated active contact pair, i.e., there is a point (s,0) €
supp p, and some € > 0, such that

(56)  [(Bu(s) x [0,L]) U ([0, ] x Bo(o))| Nsupp i = (5,0).

(b) plw] has a curved contact free arc, i.e., there is an open nonempty
interval J C Sy, with ds|w] # const. on J, and such that

(67) r(r[w](s), r[w](c),r'[w](c)) > 6 forall se€ Joel0L],s+#o.
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(¢) There is s € [0, L], such that v"[w](s) exists, and such that
(58) r"[w](s) & conv({p(r[w](s) —r[w](a)) : p > 0,(s,0) € supp u}).

Remarks. 1. Using the notation introduced in (13),(14), we recover from
(51) the integral from of the equilibrium conditions including the contact
term involving f., if Az = 1. Moreover, (52) and (53) for Ag = 1 express the
fact that the resultant force of all external actions must vanish for the whole
rod, whereas the resultant couple of all the external actions for the whole
rod balances the couple induced by the contact action.

2. Observe that the transversality conditions (a) and (c) are only rele-
vant in the case of contact. If R[w]| > 6, then we can omit the assumption
that KC[w] is locally not attained, and we always have A = 1. Condition (58)
in (c) excludes certain “clamped” or rigid configurations where one cannot
expect transversality, e.g., as in tightly knotted curves with multiple contact
points everywhere. Coleman et al. constructed initially straight, homoge-
neous inextensible rods furnishing strict local minima for certain quadratic
elastic energies with points and lines of self-contact, see [5]. It is unclear,
however, whether global minimizers obtained by our existence result may
exhibit self-contact everywhere along the curve. Even if this happened to be
the case, it appears to be very unlikely apart from very specific cases that all
contact points violate (58) in condition (c). In view of this we believe that
our transversality conditions (a),(b),(c) cover the generic situation for min-
imizing configurations. Notice that if multiple contact points are excluded,
ie., if

t{oc € Sp\{s} : (s,0) € supppu} <1 forall se S,
then (c) says that one has to find only one active contact pair (s,0) € supp p,
such that r{w]|(s) —r[w](o) is not parallel to r"[w](s), when the latter exists.

3. Note that AJw] does not contain a certain neighbourhood of the diag-
onal in [0, L] x [0, L], since K[w] is locally not attained. Thus cross sections
touching each other cannot be arbitrarily close to each other in arc length.
We can even find a constant 7 = n(r) > 0 such that |s — o| > n for all
(s,0) € Alw] (cf. Lemma 5.8 in Section 5.1).

4. The measure p is defined on [0, L]? and supported on Afw| which is
merely a subset of the triangle {(s,0) € [0,L]? : ¢ < s}. This ensures in
particular that each pair of touching cross sections occurs only once in Afw].
According to (35) proved in Lemma 5.8 in Section 5.1 the vector r{w](s) —
r{w](o) is perpendicular to the tangent vectors r'[w](s) and r'[w](o) for all
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(s,0) € Afw]. This together with part (iv) of the following corollary can be
interpreted mechanically that in the case when R[r| = 6 the contact forces
are always perpendicular to the curve 7r.

For notational convenience we set

 rful(s) — rlu(o)
(59) Fs:0) = Lls) = rlwl(o)]

Corollary 4.2. Let f. be as in Theorem 4.1.Then

for (s,o) € [0, L]*.

(i) f.€ BV([0,L],R®) and thus, it is bounded.

(ii) The right and the left limit of f., denoted by f.(1%), exists for each
T €S, and

[fl(m) = for+) = fo(m—)
60 = — F(s,0)du(s,o F(s,o)du(s,o).
(60) J o Fendutso)s [ Fso)duts.o)

[0, L)x{r}

(iii) For a.e. T € [0, L] there is a nonnegative Radon measure u, on [0, L]

such that .
£ur) = = [ Flroyduto)
(iv)
(61) (f (7)) -r'[wl(t) =0 forall T€|0,L]
(62) fi(r)-r'wl(r) =0 forae 7€[0,L]

(v) The tangential component T+ F.(7)-7'[w](7) is of class W1>°([0, L]).

From the Euler-Lagrange equations we can derive further regularity results
for r[w], D[w], and m(s) = m(u(s), s).

Corollary 4.3. If all the hypotheses of Theorem 4.1 including one of the
transversality conditions (a), (b) or (c) hold, then m € BV ([0, L],R3). If f,
has an integrable density ¢@,, i.e., if

(63) df.(t,€',€%) = ¢.(t,¢', %) dtdg' dg*
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with ¢, € L*'(Q,R3), then m € WH([0, L], R3) with

m/(s) = —di fw /w €162 detdg?

(64) — dyfw / €26, (5,61, €) dede?
/ _ _ 1 ¢£2 dld 2d
+r[w1<s>A[fo £.(5) /S/Dqﬁe(t,ﬁ,f) €lde? dt

for a.e. s € Sy, where D := By(0) C R% In particular, if ¢, is bounded
on Q, , then m € Wh([0, L],R®). If f, = 0, then m' € BV([0, L], R?) in
addition.

Let us point out that (64) is the classical differential form of the equilibrium
equation. Furthermore we note that W11([0, L]) ¢ C°([0, L]).

Under additional assumptions on the stored energy density W we can
derive higher regularity for the strain u, the centrecurve r[w] and the corre-
sponding frame field D[w]. Instead of (W1)-(W3) we consider W satisfying
(W3) and

(W4) W(.,.) is of class C*(R? x [0, L]) with W, (u, s) positive definite for all
u € R3 and s € [0, L].

Note that (W4) implies (W1) and (W2). For the following result it actually
suffices to assume a C?-dependence of W with respect to u € R? and only a
C'-dependence with respect to s € [0, L.

Corollary 4.4. Let all the hypotheses of Theorem 4.1 including one of the
transversality conditions (a), (b), or(c), be satisfied and, in addition, assume
that W satisfies (W3)—(W4). Thenu € BV ([0, L], R?), D[w] € Wb*([0, L], R3*3),
D'lw] € BV([0, L], R¥*3), r[w] € W>>([0, L],R?), and r"[w] € BV ([0, L], R?).

To deduce higher regularity we assume for simplicity that there are no ex-
ternal forces, (instead of assuming higher regularity of f,).

Corollary 4.5. In addition to the hypotheses in Corollary 4.4 assume that
fo = 0. Then uw € W1>([0, L],R?), D[w] € W2>([0, L], R**3) and r[w] €
W3 ([0, L], B9).
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Note that this last result implies that the curvature |r”[w]| is Lipschitz con-
tinuous.

If there is a contact free arc, i.e. an interval J C S, such that one has
(57), then the standard boot strap arguments for problems without contact
yield higher regularity for u, D,r and m on J, as long as W(.,.) and f, are
sufficiently smooth.

The special case where W is a quadratic function in v plays an important
role in various applications:

(65) Wi(u,s) := %C(S)(U(S) —u(s)) - (uls) —u’(s)),

where C': [0, L] — R**? is a Lebesgue measurable function such that C(o) is
symmetric with A, (o) > ¢ > 0 for a.e. o € [0, L], where A%, (o) denotes the
smallest eigenvalue of C'(c). The function u°(o) is the stress-free reference
strain as a prescribed material parameter. In this special situation we have
more detailed regularity information for u and thus also for r[w] and D[w].

For simplicity we assume again that there are no external forces present.

Corollary 4.6. Let f, = 0 and assume that one of the transversality condi-
tions (a), (b) or (c) holds.

(i) If u* € L"([0,L],R?) and C € L*([0, L], R**3) with p < r < oo, then
u € L"([0,L],R3). Moreover, D[w] € W' ([0, L], R**®) and r[w] €
w2 ([0, L], R?).

(ii) If u® € Wheo([0, L], R3) and C € WhH>=([0, L], R3*3), thenu € W>°([0, L], R?).
Moreover, D[w] € W2*([0, L], R**%) and r[w] € W3>([0, L], R?).

As before, by virtue of boot strap arguments, one gets higher regularity
of u, D[w], r[w] and m on parts of the rod without contact, if C, u°® and f,
are smooth enough.

5 Proofs

5.1 Proof of Theorem 4.1 and and Corollary 4.2

We are going to proceed in several steps, and we always assume that w =
(u, 79, Do) € X is a solution of the variational problem (45)—(50) such that
the global curvature K[w] is locally not attained.
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Modified variational problem. First we provide a method to represent
small variations of Dy on the manifold SO(3) by variations in a linear space.

A AN
Notice that small perturbations of Dy have the form Dy D, where De SO(3)
A
is close to the identity. Such matrices D can be represented in a unique way
AN
by means of the rotation vector a=a (D) € R3, where the direction of a

AN
describes the rotation axis of D, and the length | a | equals the positively
oriented rotation angle in [0, 7). In a neighbourhood of the identity in SO(3),
AN A AN
the mapping D — «a (D) is continuous and has a continuous inverse mapping

U in a neighbourhood of the origin in R3. In particular, we have a (Id) =
0 € R? and U(0) = Id € SO(3). Thus small perturbations of Dy € SO(3)
have the form DOU(é) with ae R3, a close to 0 € R3, and we can identify
each slightly perturbed configuration

AN

(u+ 'lAL, o+ ’IA"(), D, D) S Xé)

with an element

w= (u, 7o, @) € L*([0, L], R?) x R? x R
Al N
by D=U ().
Since certain arguments in our proof below only work as long as we con-

sider perturbed configurations where the global curvature is locally not at-
tained either, we have to restrict our analysis to variations of the form

(66) wi= (u, 7o, @) € L=([0, L], R?) x R® x R? = Y

instead of taking ue L*([0, L], R?). With the norm

67) Wy =] Ul +]| o | +] @] for @=(ur,a)EY

(Y, |l.]ly) is a Banach space, whereas the original set X{ is not a linear space.
For notational convenience we introduce the modified energy function

(68)  E(w):= E((u+ u,ro+ 7o, DoU(x))) for we Bs(0) C Y,

where Bs(0) is a small neighbourhood of 0 € Y with 6 > 0 not fixed but
SIWAN <A

sufficiently small. Analogously, we define ES(@), Ep(@) , 'F[ﬁf], Djw], R[w],
etc. Note that #[0] = 7[w], D[0] = D[w], etc.
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Now we consider the modified variational problem
(69) E(w) — Min!, wey,

subjected to

(70) Fwl(L) = ro+ 1o,
(71) Du|(L) = DU(a),
(72) Rlw] > 0,
(73) ilw] ~ Ko,
(74) [w = L.

Notice as before that the linking number /| [ﬁ)] is well-defined by (42) for we'Y,
by (72) and Lemma 3.1. Since L>([0, L], R?) — LP([0, L], R?)

(75) w=0 is a local minimizer of (69)—(74).

Reduction of the modified problem. It turns out that some of the
constraints of the modified variational problem are redundant which would
imply difficulties in obtaining A\g = 1 as we claim in the second part of
Theorem 4.1. Furthermore we will replace Condition (72) by an equivalent
condition with a functional having better differentiability properties than

First we state the following simple regularity and convergence results for
the solutions of the system (4).

Lemma 5.1. (i) Let | be a nonnegative integer and 1 < r < oo. If u €
WE(I,R?) then D € WHE(I,R¥®) and r € W7 (I, R?). Ifu € Ch*(I,R?)
for some o € [0,1], then D € CH12(I,R¥>3) and r € CH2e(I,R3*3)

(i) Let1l < p < oo. Ifw, — w in XP, where {w,} C X}, then w € X{ and

(76) D, — D in C°(I,R*?%), r, — 1 in C°(I,R?),
(77) D, — D in W'P(I,R*%), r, =1 in W*(I,R?),

where 1, == r{w,|, r == rw|, D, = D[w,], D = D[w].



(iii) Let 1 <p < oo. If w, — w in XP, where {w,} C X{, then
(78)
dpn — di, in WP(ILRY), k=1,2,3, and r, —r in W?P(I,R?).

Proof. (i) Starting with [ = 0, i.e., u € L"(I,R?), the right-hand side of the
first equation in (4) is in L"(I,R?), hence d}, k = 1,2,3, as well, since on
the right-hand side, d, € W?(I,R3) — C°(I,R?). Thus D € W (I, R3*3).
For [ > 1 use bootstrap arguments inductively. The other results follow
easily from the last equation in (4).

Part (ii) was essentially proven already in [11, Lemma 8. The stronger
convergence for {r,} follows from the last equation in (4).

(i) Let & = 1,(k = 2,3 can be treated in the same way). Using the
orthonormality of the d; we can rewrite the equation for d; in (4) as

(79) d;(s) = u*(s)dy(s) — u*(s)ds(s) for a.e. s € I.
Subtracting (79) from the corresponding equation for d; ,, we obtain

din(s) — di(s) = (u
(80) — (u

S W

— u®)dy,(5) + uP(dan(s) — da(s))
— u2)d37n(8) - u2(d3,n(3) - d3($)),

S N

for a.e. s € I. Taking the LP-norm, we get

3 3
I, = dilloe <> Nty = @ llo | Dulleo + ) I din — dillcolul| o
i=2 =2
— 0 as n — oo,

where one uses (76) on the right-hand side, which holds even for p = oo, since
strong convergence in L>(I, R3) implies weak convergence in L?(I,R?) for all
p € [1,00). Thus dy,, — d in LP([0, L], R®?) and d, ,, — d in L([0, L], R?) by
(76), which implies the first statement in (78). For the second statement in
(78) we argue in the same way and use the last equation in (4) in addition. O

For the minimizing configuration we deduce the following regularity prop-
erties:

Lemma 5.2. Let w = (u, 19, Dy) € X{ be a solution of the variational prob-
lem (45)—(50). Then
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(i) u',u® € L>([0, L]),
(i) dsfw], ds[w] € Wh([0, L], R?), and r[w],ﬂﬁj] e W2>=([0, L],R3) for
any we Bs(0) C Y.
Proof of Lemma 5.2. Since R[w] > 6 > 0, (6),(25),(48) imply

V(ul(8))2 + (u2(5))2 < ||r"||ze < R[w]™ < 07! < oo for ae. s € Sy,

ie., u',u* € L*([0, L]), which shows part (i).
By the differential system (4) we have
dy[w] = u’di[w] — u'dyw],
r'w] = dsw].

Arguing as in the proof of Lemma 5.1 we obtain (ii) for ds[w], r[w]. If we re-

place w = (u, 7o, Do) with (u+ ﬁ, ro+ ?0, DOU(a)) and solve the perturbed
differential system

(81) #ie

9

#[w](0) = 7o+ 7o, D[w](0) = DoU (),

for a.e. s € [0,L], k = 1,2,3, then we get the remaining statement in part
(ii) in the same way. O

As a consequence of Lemma 5.2 we observe that small variations of w of
the kind described above do not violate the topological constraints.

Lemma 5.3. Let w = (u, 19, Dy) € X{ be a solution of the variational prob-
lem (45)—(50). Then
(i) 7‘[@] ~ rw] for all || w Iy sufficiently small.
(ii) For all || w Iy sufficiently small satisfying
(82)  #w)(L)=#w)(0) and  Dlw|(L) = DU(a),

one has lv[ﬁ)] = l[w] = .
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Proof. (i) (78) of Lemma 5.1 implies that
(83)  |lrfw] — #[w]llwe + | Dlw] — D[]y — 0 as || @ [y — 0,

and notice that the convergence in W2 is equivalent to convergence in C11.

Hence for || w ||y sufficiently small we have
(84) K[w] < 207,
by the continuity of K[.] with respect to the convergence in (83), see Lemma
3.2. Now apply Lemma 3.3 for 7 = r[w] and Cy = 20~ with || w |ly so small
that ||r{w] — %[@]HCO < &, where € = g(r,2071) is as in Lemma 3.3.

(ii) If we extend the curves r[w], 'Iv"[lAU |, and r{w] + (0/2)d; [w], 'F[@ |+
(0/w)d, [ﬁ)] according to (40) and (39), respectively, we readily infer from
(82) that all these curves have the interval [0, L + 1] as their common do-

main. Now apply Lemma 3.4 for || w ||y sufficiently small to conclude the
proof. O

Lemma 5.3 implies that the topological constraints are stable with respect
to small variations in Y. Thus they can be removed without affecting the fact
that w= 0 is a local minimizer of the modified variational problem.

In order to replace (72) by an equivalent condition we introduce the func-
tions

(85)  Plu)(s,0) = (#[w](s), #[w](o), #[w](0)),
Al(x —y) At

(86) H(z,y,t) , for @,y te R’ t#0,

|z — yl*

and note that according to (31),(32) we may write

(87) Klw]? = sup H(P[w](s,0)).
Vet
By (29) we can replace (72) with

A oA

(88) g(w) = Kw)*—-0"2 < 0.

To remove the redundancies in the boundary conditions we are going to
replace the nine scalar conditions (71) by just three scalar equations, see
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(92)—(94) below. (Note that an element of SO(3) has merely three degrees
of freedom.)
This way we get the reduced variational problem

(89) B(w) — Min!, weY,
subjected to

(90) g(w) 0,
(91) go(w) == #[W](L) — (ro+ 7o) = 0,
(92) (i) = dy [W](L) - (DU ()2 = 0,
(93) g2(W) := dy[w](L) - (DU (&), = 0,
(94) g3(0) := dy[w](L) - (DU (&))2 = 0,

where, for M € R33, we denoted the k-th column vector by (M), k =
1,2,3.

Lemma 5.4. The reduced variational problem (89)—(94) has a local mini-

. VAN
mizer at w= 0.

Proof. In Lemma 5.3 it was shown that small variations do not violate
the topological constraints, hence (73) and (74) hold for all || w |y suf-
ficiently small. Conditions (92)—(94) determine the frame D[@](L) to be
equal to Dl(U(é)). Indeed, dy3 = doz by assumption on D;. Thus (93),(94)
force ds [@](L) to be parallel to (D1U<é))3, and by continuity (see Lemma
5.1) we get ds[w](L) = (DU(a ))s for | @ |y small. Now (92) im-
plies that cull[ﬁ)](L) is perpendicular to (DlU(é))Q, and (uil[ﬁ)](L) is au-
tomatically perpendicular to (DU(a)); = &3['3]]([/) Again by continu-
ity, we get di[w |(L) = (DyU(a ) ), for || w ||y small. Since D],
D\U(a) € SO(3), we still obtain dotv (L) = (D U()), for | @ ||y
small. Thus D[iw](L) = DU(a), i.e., (92)-(94) imply (71). (70) and (72)
are obviously equivalent to (91) and (90), respectively. Since w=0is a local
minimizer of (69)—(74), it is also a local minimizer of (89)—(94). O
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We will now derive the Euler-Lagrange equations for the reduced varia-
tional problem, instead of (45)—(50) or (69)—(74). For that purpose we have
to compute a number of derivatives.

Differentiability of the base curve and the directors. In order to
analyze the dependence of the energy functions Eg, £, and the side condi-

tions on perturbations WE Y we need to understand, how the solutions of the
perturbed differential system (81) depend on w . According to [23, Thm 2.1]
the solutions of (81) depend continuously differentiable on the perturbations
ue L=([0, L], R3), re R3, and De SO(3). Since the mapping a— U () is
smooth in a small neighbourhood of 0 € R?, we obtain

Lemma 5.5. Let w be a solution of (45)—(50). Then the mapping

(w,5) = (#[w](s), Dlw ](s))
from Bs(0) x [0, L] into R3 x R3*3 is continuously differentiable for some
sufficiently small § > 0 (depending on w), i.e.,

(95) (#[](.), D[](.)) € C*(Bs(0) x [0, L], R? x R**?).

Note. Since we study continuity and differentiability near the origin in Y, it is sufficient
to take a bounded neighbourhood of the origin in L>°([0, L], R3) as parameter set A in
[23, Theorem 2.1], which corresponds to perturbations u . This way [23, Theorem 2.1]
implies the desired regularity (95), but only for small intervals instead of for [0, L]. Since
the system (81) is always uniquely solvable on [0, L] and, by uniform boundedness of the
solution, even on [—¢, L 4 ¢] for any given € > 0 (cf. [11, Lemma 6]), we obtain (95) with
[0, L] by a covering argument using the compactness of [0, L].

Since r and dj, enter explicitly into the potential energy Ep(.) and the
side conditions (90)—(94), we need to calculate the Fréchet derivative of the
mappings W '7“[@](5) andﬁj — dy [ﬁ)], k =1,2,3, at the origin 0 € Y, which
we denote by 0,7[0](s), 0, dk[0](s), respectively. Lemma A.1 in the appendix
shows that

(96) Budi[0](s) w0 = z(s) A di[w](s), k=1,2,3,
and thus
(97) O [0](s) W =T + /0 S 2(7) A ds[w](7) dr,
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for all s € [0, L], w= (’IAL,’IA“O, a) €Y. Here, z = z[ﬁ] is a special characteriza-

tion of elements € L>=([0, L], R?) by the uniquely assigned function

(98) z(s) = z(0) + /0 ui(r)d;[w|(r) dr
with
(99) 2(0) A di[w](0) = (DU'(0) @)y, k=1,2,3,

where U’ denotes the derivative of U with respect to o at 0 € R3, see
our remark at the end of Appendix A. Note that z € WH>([0, L], R?). In
particular,

(100) 2(0)=0 for w=(u,ry,0) €Y.
Differentiability of the energy F.
Lemma 5.6. Let w be a solution of (45)—(50). Then the energy functions
E,FE,:Bs(0)CY —R

are continuously differentiable for some sufficiently small 6 > 0 (depending
on w), and we have

a0y BO & = /qu(u(t),t)-ﬁ(t)dt
_ /O (1) Y Walult), ) uw)(t)di

and

v

B0 = — 7o [ d(e.€.6)

- [ [t n [ e e ara
(102) L [l + Eeful(r)] €€
—2(0)- [ [Eaiful(t) + Eul®)] Adf, (0.6, €)

Q

—2(0)- / dyfu](t) A / 05, (0,1, €) dt,
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for all w= (u, 7, @) €Y, where z € WH([0, L], R3) is given by (98),(99).

Proof. Recall that

(103) ES(@):/O W (u(s)+ u (s), s) ds,
(104) Eﬁ%=—lﬁﬁﬂ$+€%ﬁﬂﬁ+§%@wndn@é&%

Conditions (W1)-(W3) on W imply that E,(.) is Fréchet-differentiable, and
we obtain (101) by standard arguments and (98). (Notice that the integral on
the right-hand side exists by (W3) and the fact that u € LP([0, L], R?).) We

can differentiate in (104) with respect to w under the integral sign, because

the integrand as well as its Fréchet derivative have integrable majorants.
A A

Using (96)—(99) we obtain for w= (u, 7o, 3) ey

Boi = - [ [ [0 ndoa] a.ee.e)
(105) — [ [0 A dilul(s) + €206) A dful(s)] 5.,

Applying Fubini’s Theorem and integrating by parts we calculate

| [ =0 ndutuloy e as. s,
- [ diuie) - [ areea
- /OLz<t>-[d3[w1<> / (.66 at

L
- - [ =0 ' dafu(7) A WA [ drs 6 &) drar
0 T

0

+[z /d3 ()/\/ dfe(s,§1,§2)dTI:
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_ / /d3 / (s, €2) drdt

+2(1)- / diful(r) 1 [ € €

- [ #0- [t [ e e
+ [z(O)%—/Lz’(t)} -/Ld3[ I(r )/\/QT df. (5, €1, €2)dr dt
(106) — / / R

/\/ £ (s, €\, €2) dr dt
+z<o>-/0 dyw](r )A/QTdH £ E)dr

Similarly we obtain for ¢ =1, 2,

/g ) - df,(t, €. €)
- / ¢ ([ (0) + / #(r)dr] A ddw](t)) df (€, €%)
107) = 20)- [ Edfuld) ndr(t.€ )

+/0 () [ Sdlul(s) Adf(s, €67 d

(105)—(107) verify (102) and conclude the proof. O

Differentiability of g, g,,9,, 9.

Lemma 5.7. For some sufficiently small 6 > 0 (depending on the mini-
mizer w) the functions gy, gi,1 = 1,2,3, given in (91)—(94) are continuously
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differentiable on Bs(0) C Y with

go(0) & — /
(108) / ‘(1) / (1) dr dt,

(109) q4(0) @ = / (1) - dog dt
(110) 95(0) W = /L 2'(t) - doy dt

where z € WH([0, L], R3) is given by (98),(99).

Proof.  We use (97) to differentiate g,(.) in (91) and obtain

gy(0) & = / 2(t) A dae)(t) dt

- /ULz'(t)/\/Otdg[w](T)detvLZ(L)/\/OLd3[w](T)dT

_ —/ULz’()/\/Otdg[ () dr dt

4 [z(O) Y dt} A /OL ds[w](7) dr

0

(112) - z'(t)/\/Ldg[w](T) det+z(O)/\/Ld3[w](t) dt,

0
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thus proving (108). Differentiating (92) we get
g0 w = (2(L) Adi[w](L)) - (DiU(0))2 + di[0](L) - (D:1U'(0) @)
= (|:Z(0) + A Z/(t) dti| A dll) . d12
(113) +dy, - (D1 D5 DU’ (0) &v)s.

To evaluate the last term we use (99) and notice that the matrix D, Dy’ is
orthogonal, hence

d11 . (DlDalDoU/(O) 3)2 = 11 ° (DlDal(DOU,<O) (%é)g)

11" (DlDal(z(O) A dp2))

d
d
(D1Dg")~di) - (2(0) A dog)
(DoD7'di) - (2(0) A doo)
doy - (2(0) A doy)

— 2(0) - (dos A doy)
(114) = —2(0) - dos.

Inserting this into (113) leads to the desired formula (109) by dos = dis.
Similar but simpler is the computation for g5(0) :

g0)w = (2(L) Adg[ 1) - (D U(0)); + ds[0](L) - (DoU'(0) @),

= (|:Z dt VAN dlg) d01 + d03 D()U/(O) 3)1
= ([Z(O dt VAN d03) d01 + dog (O) A d01)
L
(115) = (/ Z dt/\ dog) d01 —/ ( ) dog.
0 0
This shows (110) and (111) is proved in the same way. O

Differentiability of g. We intend to compute the generalized gradient
0g(0) by the methods presented in Appendix B. In order to guarantee that
the function ¢ is accessible to these methods it has to be shown that g is

Lipschitz continuous in a neighbourhood of w= 0, and for that the functions
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H(.,.,.) and P[.](.,.) have to meet certain differentiability properties. This is
the first and only instance where we actually need that the global curvature
K[w] of the minimizer is locally not attained. For curves r satisfying (30)
the global curvature KC[r] can be characterized by a maximum over pairs of
parameters in a well-defined compact subset of [0, L] x [0, L] away from the
diagonal, for the proof see [24] and our remark concerning the set A[r| in
Section 3.

Lemma 5.8. Let v be a curve with R[r] > 0, such that K[r] is locally not
attained and set

1 =R[r] - |Ir"||r=
(116) n(r) = p
7| 2

(117) Q= Qlr|:={(s,0) € [0, L] x [0, L] : L =n(r) = s — o > n(r)}.
Then

(i) 0 <n(r) < L/(2m),

(ii) Alr]NQ#0, ie.,

Y

1
(118) Klr] = o r(r(s), (), ()’

(iii) K[r] > (r(r(s),r(c),r'(c)))" for all (s,0) € [0, L]* such that
(s,0) & Q and (o,s) € Q.

The key observation of Lemma 5.8 is that in this case the global curvature is
characterized by a maximum over a fixed set. It is important to notice that
this characterization is stable with respect to small variations in Y:

Lemma 5.9. Let w be a minimizing configuration for (45)—(50), such that
Klw] is locally not attained. Then there are constants § > 0 and 7 € (0, L/27)
(both depending on the minimizer w) such that

(119) g() = max_ H(P[w](s,0)) — 6% for all we Bs(0) C Y,
(s,0)€Q

where
(120) Q:={(s,0) €0, L] x[0,L]: L—7>s—0>7}

In particular, A[%[ﬁ)]] c Q for all we Bs(0).
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Proof. By (78) of Lemma 5.1 and by Lemma 3.2 we have that K[.] and
hence also R[.] according to (29), are continuous on Y, i.e.,

(121)  KJw] — K[0] = K[w] and R[w] — R[0] = Rlw] as || w ||y — 0.

By virtue of (30), which holds for the minimizing configuration r[w], and by
(48), (29) we obtain

(122) ||1V""[@]||Loo < /é["LAU] < 207! for | w |y sufficiently small.

Consequently, Lemma 5.8 is applicable to f-[ﬁ)] for || w ||y sufficiently small
and, by (118),

IC[@] =  max — - Al —
(soyeopirfw]) T(7F[w](s), Flw](o), ¥ [w](o))

From (116) we see that w— 77(7“"[1?}]) is continuous near the origin in Y. Thus
we can assume that

> (i) >

)

K [ﬁ)] = max

with @ defined in (120). By (31), (85), (86) and (88) we finally obtain (119).
By the definition of 77 and by Lemma 5.8 we see that A[?““[ﬁ}ﬂ c Q for all
we Bs(0). O

Due to the characterization (119) of g we can apply the nonsmooth chain
rule proved in Proposition B.2 of Appendix B to analyze the structure of the
generalized gradients dg(0). This leads to

Lemma 5.10. Let w be a minimizer of (45)—(50), such that K[w] is locally
not attained. Then the function g as defined in (88) is Lipschitz continuous
on Bs(0) C Y for some small § > 0 depending on w. Furthermore, for any
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g* € 0g(0) there is a Radon measure p* on [0, L] x [0, L] with nonempty
support on Alw], see (33), such that

<g* )exy = / ds(T) N fi(r)drdt

(123) —Am-l L) A F2(8) dt

where
oy [Tl =)
(124) fc(T) T /QT ”I"[U]](S) —'r[w](a ‘ dlu ( ) )7
(125) Q. :={(s,0) €[0,L] x[0,L]: 0 <7 < s} for T€]0,L].

Proof. We consider the representation (119) of g. To verify the assump-
tions (a)-(c) of Proposition B.2 we observe that the set 7' := Q C R? is
compact. We set X :=Y,U := B;(0) C Y for some sufficiently small § > 0.
Furthermore, define p(.,.) :== P[](.), G := H, and

(126) N := Bg(ry) x Br(ro) x Bs(S*)\{(z,y,t) € [R*]* : x = y}
for § > 0 sufficiently small, where Br(r¢) C R® with
(127) R > 2diam r[w].

According to Lemma 5.5 hypothesis (b) of Proposition B.2 holds true. (Note
that 7""'[1?)] = &3[1?)], to which Lemma 5.5 applies.) By (127) the set N is
an open neighbourhood of the set P[Bs(0)](Q), since 7‘[1@] is uniformly close
to r[w] by Lemma 5.1 for small || @ ||y and |[#[w]| = 1 on [0, L] by (81).
Furthermore,

#[w](s) # #w](o) for all (s,0) € O,

| is simple for || w |y suffi-
121), and [11, Lemma 1].
The function H = H(x,y,t) as defined in (86) is continuously differen-

because the diagonal is excluded in O and [ﬁ)
ciently small, according to R[w ] > 0, see (48), (
(
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tiable on N with differential

A A D

H(z,y.t) (T,y,t)=
g {6 Ble-v -y
2 —y) At[*
|£B — y|2 (CU y)]
1) FE{lz =yt = (@ y) b - y)}} for 4, te R

H' is bounded on N and thus satisfies (180). Hence we have verified assump-
tions (a)—( ) and can apply Proposition B.2; i.e., ¢ is Lipschitz continuous

near w= 0 and for any g € 0g(0) there is a probability Radon measure [
on Q supported on Alw] C 9, such that

(129) by = / H(P ). P0](s, o) & dfi(s, o)

for all we Y. Since we have to consider the integrand only on the support of
i, we need to evaluate (128) merely for (z,y,t) = (r[w](s), r[w](o),r'[w](0))
with (s,0) € Aw].

The global curvature K[w] of the minimizer w is locally not attained, so
we can use (34) and (35) to obtain for (s,0) € AJw]

H'(P(0)(s,0)) - (2,9, t) =

S [ ot —rlule) 2 oo
130 s { - &) ST E o) Rl

In (129) we have (%,@,@) = P,[0](s, o) w for (s,0) € Alw] and
A JANRWAN

w= (u, 7o, é) € Y, which, by (85), (96) and (97), can be computed as
(131)  P,[0])(s,0) w=
(%O +/08 2(t) A ds[w](t) dt , o +/00z(t) A ds[w](t) dt, (o) A dg[w](a)>.
This leads to
(9% ZAU>Y*x1/ =

(132)

: / () A dafu] (1) did(s, o)



for g* € 0g(0), We Y. Let us extend the measure i from Q to the triangle

Q:={(s,0)€[0,L] x[0,L]:s >0} D Q

by zero, which we denote by i again. Then we can replace Q@ with Q in
(132). By Fubini’s Theorem and the special structure of the set Q we can
transform the integral on the right-hand side in (132) further, where we also
use the notation given in (124), (125) and p* := Rlw| 3/ :

By = L [, . [Tl —rlele)
(9", W)y=xy R[w]3/0 (t) A dsw](t) /Qt rlwl(s) —r di(s, o) dt

_ / 2(1) - (dslw](t) A F1(t)) dt
_ / (1) / dylw)(7) A £2(r) dr di

t=L

[z [ @l n finar]

t=0

L t
_ / (1) / dofuw)(7) A F2(7) dr dt
0 0
L
~2(1)- [ diful(r) A Fi(r)dr
0
L L
_ —/ (1) / dofuw](7) A F2(7) dr dt
0 t
L
(133) ~2(0) [ daful(t) n £3(0)dr
0
This verifies (123). O
Lagrange multiplier rule. By Lemma 5.4 we know that w=0is alo-
cal minimizer for the reduced variational problem (89)—( 94). We are in the
position to apply the Lagrange multiplier rule, Plgopousition B.1 (iii), to this
variational problem, since the energy functions Fs, F), and the constraints

9,90, gi,© = 1,2,3, are Lipschitz continuous near 0 € Y according to Lem-
mas 5.6, 5.7 and 5.10. Hence there exist multipliers Ag, A > 0, Ay € R3,
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A1, Ao, A3 € R, not all zero, such that by (178)

(134) 0 € Ap(EL(0) + £,(0)) + A0g(0) + Ao - g6(0) + > Xigi(0)
with
(135) Ag(0) =

In other words, there exists g* € d¢g(0) C Y*, such that
(136)

3
0= {AE<E’;<0> + E(0) + Ao - g0(0) + 3 Aig;<0>} W AMg" W)y xy
forallwe Y. X
Choosing w= (u,0,0) € Y, we have z(0) = 0 by (100) and ry= 0.

Inserting the expressions (101), (102),(108)—(111) and (123) into (136)
and using (18) we thus arrive at

0 = Ag [/L 2'(t) - m(u(t),t)dt

/0 2'( /Ld3 /\/T df.(s, &', &%) dr dt

- [=0 /1d1 )+ Eaful(r)] A (€' €0 ]

0 Q

L L
(137) +/ Z'( / T) A Xo dr) dt
0

+A1/ ()d03+)\2/ ()-dog—Ag/oLz’(t)-do1

_A/ / da[uw](7) A £ (7) dr dt

for all ue L>=([0, L], R?). Recall that u uniquely determines 2’ by (98), and
notice that 2’ can be any function in L>([0, L], R?) by a suitable choice of

ue L>([0, L], R?). Thus the Fundamental Lemma in the calculus of variations
implies the Euler-Lagrange equation (51) by means of the notation f, := Ao,
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my = Aidps + Aados — A3dpr, and p = \p*. If Rlw] > 6 in (48), i.e., if
g(0) < 0 in (90), then by (135), A = 0, hence p = 0. Notice that u* has
nonempty support in Afw], but A can vanish even if R[w] = 6.

Now we take variations 0= (0,1%0,0) €Y in (136). Thus 2’ = 0 a.e. on
[0, L] and z(0) = 0, and we obtain by (101), (102), (108)—(111), (123) that

0= AE/Qdfe@,f%s?),

which is (52). Finally we consider variations w= (0,0, é) € Y in (136).Notice
that for any vector & € R3, there exists @€ R3, such that & = z(0), where
z(0) is given by (99), since di[w](0), k = 1,2, 3, furnish an orthonormal basis
of R3, see the remark at the end of Appendix A. Thus

0 — /0 dsw](t) A [£o — £.(1) — A /Q a5, (.61, €2)] dt.

—/\E/[Eldl[w](t) +Edpw] ()] A df.(t, €', €7,
Q
which is (53).
Before finishing the proof of Theorem 4.1 we first prove Corollary 4.2.
Proof of Corollary 4.2. Set
R, :={(s,0) €[0,L]* : s > 7},
S, ={(s,0) €[0,L)*:0 >}
Let m1(s,0) := s and my(s, o) := o be projection operators on [0, L|?, and for
Borel sets A C [0, L] we define the push-forwards
pH(A) = pu(mH(A),  pP(A) = p(rg(A)),

which are Radon measures on [0, L] (cf. [1, p. 32]). By [1, Theorem 2.2§]
there exist Radon measures p!, p2 on [0,L], s,0 € [0, L], such that s —
pl(A) is pl-measurable and o — p2(A) is p?-measurable for all Borel sets
A C [0, L], and such that for all 7 € [0, L]

[ Foorase) = [ [ Feoaieme,

-

/[O,L]?\ST F(s,0) du(s, o) = /OT /OL F(s,0) dp2(s)dp*(o).
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o = | P dn(s.0)
9 = [ [ Feowem - [ Feaduso)
[ [ P oo

where we used the fact that supp u C AJw] C {(s,0) : 0 < s}.

Since s fOL F(s,0)dul(o) is p'-measurable and o — fOL F(s,0)du? (o)
is p?-measurable (cf. [1, Theorem 2.28]), the function f, belongs to the space
BV ([0, L], R3), and such functions are bounded. From (138) we readily obtain
(ii), and by taking the inner product of (60) with ='[w](7) the equation (61)
follows.

By the Lebesgue Decomposition Theorem (cf. [8, p. 42]) there are non-
negative functions a!, a? € L'([0, L]), representing the absolutely continuous
part of u!', 2, such that differentiation of (138) implies for a.e. T € [0, L]

L L
£in) = =a'(0) [ Fro)au(o) + () [ Fls.m)dui(s)
0 0
By F(s,7) = —F(7,s) and with the nonnegative measure
pir = (g +a(r)uz, 7€ [0, L],

we arrive at
L
(139) £l = — / F(r,0) du(0) for ae. 7 € [0, L],
0

Taking the inner product of (139) with #'[w](7) and by (35) we obtain (62).
For the proof of (v) we have to show that the mapping 7 — f.(7)-7'[w](T)
is Lipschitz continuous on [0, L]. For ¢,7 € [0, L] we have

| fe(t) - ds[w](t) — fo(7) - dsfw](7)] <
(140) |ds[w](t) = ds[w](7)[[f(O)] + [(Fe(t) = Fo(T)) - ds[w](7)].

By Lemma 5.1, d3[w] € Wh>([0, L], R?), i.e., it is Lipschitz continuous, and
f. is bounded according to assertion (i). Thus it remains to be shown that
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the second term on the right-hand side is Lipschitz continuous. For ¢ > 7 we
can estimate, using |F'(s,0)| =1,

(et 7)) - ds[w](7)|
= ‘/ (s,0) - dsw](T )d,u(sﬂ)—/ F(s,0) - ds[w](7) du(s, o)
Q- QT T Q

- /Qt_QT |ds[w](7) — ds[w](0)| du(s,0) +/ |F(s,0) - ds[w](c)| du(s, o)

Qt_QT

+/Tgt |d3[w](7') - dg[w](8)| du(s, O') + / |F(5’ g) . d3[w](s)| d,u(s, J)‘

T*Qt

The second and fourth term on the right-hand side vanish by (35) and each
of the two other terms is bounded from above by ([0, L]*)|t — 7|, where [ is
the Lipschitz constant for ds[w]. This together with (140) verifies (v). O

Transversality. We finish the proof of Theorem 4.1. We will show
that Ag = 0 in (51)—(53) leads to a contradiction as long as one of the
transversality conditions (a), (b) or (c) holds true. Thus Ag > 0 in these
cases and, by normalization, Ag = 1.

If \g = 0, then (51) leads to

(141) my + /L ds[w](t) N (fg— fo(t)dt =0 for ae. s€|0,L].

Differentiating (141) leads to
(142) ds[w](s) A (fo — f.(s)) =0 for ae. s € [0, L,
and by (141)
(143) myo = 0.
We infer from (142) that
(144) fo(s) = b(s)ds[w](s) + f, for ae. s €0, L],

where b € BV([0, L)), since f. € BV([0, L],R?). The only possible type of
discontinuity of f, (and hence of b) could be a jump-discontinuity. Assume
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that say [f.](so) # 0 for some sy € Sp (recall the notation in (60)). The
identity (144) implies

b
b

(145) fe(s0t) = b(so+)ds[w](s0),
(146) fe(s0—) (s0—)ds[w](s0).

Subtracting (146) from (145) leads to
[fl(s0) = [b)(s0)ds[w](s0),

contradicting (61) of Corollary 4.2, hence f, and b must be continuous, and
the identity (144) holds everywhere on [0, L]. Moreover, by Corollary 4.2,
part (v), we know that f = f, - ds[w] is of class W1°°(]0, L]), so is b by
(144). Consequently also f, € W1>°([0, L], R3), and we can take derivatives
in (144) to get

(147) Fi(s) =V (s)ds[w](s) + b(s)ds[w](s) for a.e. s € Sy.

From (62) in Corollary 4.2 and by dz[w](s) - d3[w](s) = 0 we infer that

(148) b(s) = by = const. on |0, L].
Thus
(149) fi(s) = body[w](s) a.e. on Sy.

Now we are in the position to investigate the different transversality con-
ditions (a)—(c) stated in Theorem 4.1. Let us assume that we are in situ-
ation (a). Applying (60) and using the fact that there is an isolated pair
(s,0) € supp p in the sense of (56), we find a constant 3 # 0, such that

r[w](s)
[rfw](s)
contradicting the continuity of f., that we just proved. In other words,

Ag # 0 in this case.
In case (b) we notice that the assumption (57) implies that

(150) [fl(s) =16

-7
-7

[(J % [0, L)) U ([0, L] x J)| Nsupp u = 0.
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For any t1,ty € J with ¢; < t5, we thus obtain by (54) (using the notation
introduced in (59)) that

F(s,0)du(s,0) — /Q F(s,0)du(s,0)

Fult) — fults) = /Q

t1

_ /QQ F(s, o) du(s, o) —/ F(s,0) du(s, o) = 0.

Q1 - Q1
Hence f. is constant on J, i.e.,
(151) f.=0 on J.
From (149) we get
(152) 0 = body[w] a.e. on J.

The case by # 0 contradicts our assumption that ds[w](s) is not constant on
J. Thus by = 0 and, by (144), f.(s) = f, on [0, L]. According to Lemma
5.11 below this implies that yu is the zero measure and hence f, = 0. Thus,by
Ao = f,, all Lagrange multipliers vanish which is impossible. Consequently,
bo = 0 leads to a contradiction, too, and thus Ag # 0 in case (b).

In case (c) we infer from (149)

fL(r) = bor"[w](7) for a.e. T € [0, L],

because f, € W>°(]0, L], R?). Now use part (iii) of Corollary 4.2 to conclude
a contradiction at the parameter s, where

v [uw](s) & Gonv({p(rfw](s) — rl](@)) : p > 0, (s,0) € suppp}).

Lemma 5.11. If f. = constant on [0, L], then pu = 0.

Proof. Since f is constant we infer from (54) (where F' as defined in (59))
for every 7 € [0, L]

/ F(s,0)du(s,0) = / F(s,0)du(s,o) for all >0,
Q7—+e

T—€

47



which implies by (55) for all 7 € [0, L], ¢ > 0,

(153) /Q

where we have set

F(s,0)du(s,o) :/92 F(s,0)du(s, o),

1
T,€

Q;e =[r+¢ L] x (T —¢,7+¢€ and Qie =[r—e174+¢€) x[0,7—€.

Assuming that p # 0 we find a point (sg, 0¢) € supp i, hence (sg, 0¢) € ng
for all sufficiently small € > 0 by definition of the set A[r] in (33) containing
supp p. Thus, by continuity of F', there exists a small radius » > 0 such that
for all e > 0

/ F(s,o0)du(s,0) #0.
Q3,,eNBr((50,00))

50,€

This together with (153) for 7 := s¢ leads to
| oo~ | F(s,0)du(s, ) £0.
Qéo,e ng,e\BT((sovao))

Consequently, for each ¢ > 0 we either find (¢7,t3) € Qj . N supppu, or
(07,05) € (23 \B:r((s0,00))) N supp p. Since supp p is closed we can let
e — 0 to obtain either

(t1,t2) € ([s0, L] x {s0}) Nsupp u,

in which case we denote s; := tq, or

(01,02) € ({50} x [0, 50))\ B ((s0, 90))) N supp p,

in which case we set s; := 0y. (Notice that s; # s¢ in either case since supp p
stays away from the diagonal according to our remark after (33), compare
also Lemmas 5.8 and 5.9.) In any case we have by (34)

(154) |r(s1) — r(s0)| = 26.

Moreover, we can use (153) for 7 := s1, i.e., we obtain for every € > 0

(155) /Q

F(s,0)du(s,0) :/Qz F(s,0)du(s,o).

1
81,€
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We fix £ > 0 and distinguish between two cases.
Case 1. If for all (11, 72) € Q2 . N supp p

F(m1,72) - (r(s1) — r(s0)) >0,

then

/Q F(s,0)-(r(s1) —r(so)) du(s,o) >0,

S1,€

which implies by (155) that also

/Q F(s,0)-(r(s1) —r(s0)) du(s, o) > 0.

1
81,€

Hence we find a point (t5,13) € Q;, . N supp p such that F(5,t5) - (r(s1) —
r(so)) > 0, i.e.,

(156) F(ti, tg) . (’I"(Sl) — ’I"(So)) < 0.
Case II. There is some point ((t5,t5) € Q3 . N supp p with
(157) F(t:,tg) - (r(s1) —r(so)) < 0.

As before, using the fact that supp p is closed we can let ¢ — 0 to obtain
either

(t3,ta) € ([s1, L] X {s1}) Nsupp 4,
in which case we denote s, := t3, or

(ts;t6) € (({s1} x [0, s1]) Nsupp p,

in which case we set sy := tg. (Notice again that s, # s1 in either case since
supp p stays away from the diagonal.)
In any case, (156) or (157) and the continuity of F' imply

F(s1,82) - (r(s1) —r(s9) <0,

which by (154) and elementary geometric arguments leads to

(158) Ir(s2) — r(s0)| = V/(20)2 + [r(51) — 7(50)2 = 20v/2.
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Now we can proceed in the same manner (starting with the identity (155)
with s; replaced by s3) to obtain a sequence of points {s;} C [0, L] satisfying
the analogue of (158), i.e.,

(159) [7(si11) — 7(s0)| > \/(20)2 + |7 (s5) — r(s0)|2 > 20V/i + 1.

Hence we have a divergent sequence of curve points 7(s;) as i — oo which
is absurd, since r([0, L]) is bounded. Consequently, our assumption of a
nonempty support for p was wrong. O

5.2 Further proofs

Proof of Corollary 4.35.

We set A\ = 1 in (51) due to transversality. The terms involving the
external force f, are of class BV ([0, L], R?). This implies m € BV ([0, L], R?).
If, in addition, (63) holds for f,, then we may use Fubini’s Theorem to write

[ (Ediul®) + Edafule)] n dr(e.€1,6) =

S

/ dyuw](t) A /D 1, (1,6 €) du(e', &) di

(160) +/ImwmAA§@w&8mm&€Mu

and similarly

L
(161) /® 0. (,€1,6%) = / (1. €.€2) du(€' €2) dt.

The terms on the right-hand side of (160) and (161) are absolutely continu-
ous, which is also the case for all the other terms present in (51), hence m €
Wh([0, L], R3) with (64). If ¢, is bounded, we get m € W1>°([0, L], R3),
since also f is uniformly bounded on S; by Lemma 4.2, part (i). O

Proof of Corollary 4.4. Note that, since m € BV ([0, L], R?), we get that
Wyi(u(.),.) = m-d;lw] € BV([0, L]) for ¢ = 1,2, 3. By the Implicit Function
Theorem we obtain (first locally and, by uniqueness, then globally)

U() = a(Wul (u()7 ')a W2 (U,(), ')7 Wu3(u()7 ')7 ')a
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where u is a continuously differentiable vector function in its four entries,
hence u € BV([0,L],R?). Now (4) implies that D’[w] € BV([0, L], R3*3).
In particular D'[w] € L*°([0, L], R3*3), and thus D[w] € W1*([0, L], R3*3).
Finally, r"[w] = d3[w] € BV ([0, L], R?) N L>=([0, L], R?) by (3). O

Proof of Corollary 4.5. According to Corollary 4.3 we know that m €
Wheo(]0, L], R?). This implies in a first step that W,:(u(.),.) = m - d;[w] €
WhP([0,L]) for i = 1,2,3. By the Implicit Function Theorem we find
u € WP([0,L],R?), hence D € W?2?([0, L],R**®) by (4). This in turn
gives Wyi(u(.),.) = m - d;[w] € WH>([0,L]) for i« = 1,2,3 leading to
u € WHe([0, L], R3). Again by (4), D[w] € W2*([0, L], R**3), hence r[w] €
W3o(]0, L], R3). O

Proof of Corollary 4.6. By Corollary 4.3 m € W'*(|0, L], R?), which
implies that

(162) m(s) := Wu(u(s),s) = C(s)(u(s) — u(s))

is of class WP([0, L], R?). Since C' is uniformly positive definite on [0, L],
hence invertible with inverse C~ € L"([0, L], R3*3) as well, we can invert
(162) to obtain

(163) u(s) = C7(s)m(s) +u°(s),

from which we deduce v € L"([0, L], R?). Then (4) implies D € W' ([0, L], R?),
rlw] € W2T([0, L], R?). (ii) follows from (163) in the same way. In a first step
one obtains u € WH?([0, L], R3), which leads to D € W??([0, L], R®*3) by
(4). Now Wui(u(.),.) = m - d;[w] € WH=([0, L],R?), i = 1,2,3, and (162)
again gives u € WH([0, L], R?). The regularity for D[w] and r[w] follows
from (4). O

A Fréchet derivatives of the directors

According to Lemma 5.5, the mappings (@,s) — cvik[ﬁj](s), k=1,2,3, are
continuously differentiable on Bs(0) x [0, L] and thus

(164) dwdi[]() € C°(Bs(0) x [0, L], L(Y,R?)), k=1,2,3,
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where £(Y,R3) denotes the space of continuous linear mappings from Y to
R3. In the following we will give an explicit characterization of this derivative.

A A

Lemma A.1. For all = (u, ro, 34) €Y, se€|0,L], one has
(165) By [0](s) = 2z(s) A di[w](s), k=1,2,3.
Here, z € W1>([0, L], R3) is the function

(166) z(s) = z(0) + /05 Z u “(1)d;[w](T) dr,

where z(0) is uniquely determined by
(167) 2(0) A difw](0) = (DU (0) @)y

In particular, we obtain z(0) =0 for w= (ﬁ, r,0) € Y.

Proof.  The tangent space of SO(3) at the identity is given by the set of skew
symmetric matrices so(3) := {C € R**3|CT = —C}, see [12, vol.II, Ch.17].
Since we know by Lemma 5.5 that D[.|(s) := (dy[.](s)|da[.](s)|ds].](s)) is con-
tinuously differentiable on Bs(0) C Y, we may look at the Fréchet derivative
OwR][.](s) of the function

R[(s) := D[)(s)(D[w](s))™" : B5(0) C Y — SO(3)

for arbitrary fixed s € [0, L]. Notice that R[0](s) = Id € SO(3) and that
0w R[0](s) is a linear mapping of Y into so(3). Hence

0. R[0](s) = 0, D[0](s) (D[w](s)) ™

is a linear mapping of Y into so(3). That means, by multiplication with
DJw](s) from the right, we obtain for each wey

(168) 8, DI0](s) w= C(s)D[w](s), for C(s):=8,R[0](s) W € so(3).

The skew symmetric matrix C(s) is determined by three coefficients z(s) =

(21(s), 22(5), 23(s)) € R3, depending on w, via

0 —z3(8)  z(s)
(169) C(s) = 23(s) 0 —2z1(8) for s €0, L],
—2(8)  z1(s) 0
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which gives rise to rewriting (168) in terms of the columns of D[w](s)
(170) By [0](s) 0 = 2(s) A di[w](s).

It remains to be examined how z depends on W . For this reason we differ-
entiate (170) with respect to s, which we may do by [23, Cor.2.2] to get

Loudil0](s) 5 = 2/(5) A dufu](s) + 2(5) A (5
= 2'(s) A dyfw](s) + 2(s) A ([Z ul(s)difw](s)| A dy [w](s))
(171) — 2'(s) A dyw](s) + (z(s) A [Z ul(s)d: [w](s)]> A dy[w](5)

+ [iul(s)dz[w}(s)} A <z(s) A dk[w](3)>.

On the other hand, [23, Corollary 2.2] tells us that
d

(172) gawakm](s) w= 0ydy'[0)(s) W .

Using the notation

(81) and (170) imply that
Owdy,'[0](s) w m Owh[0](s) W Ady[w](s) + h[0](s) A Dpdy[0](s) W

(173) & Ouh[0](s) W Ady[w](s)

+ [Zui(s)di[w](s)} A (2() A dafw](5)).
By (171)—(173) we conclude that for k = 1,2, 3,

3

(174) 2'(s) Ady[w](s) = [awh[()](s) @ —z(s)/\Zui(s)di[w](s)] Ady[w](5).

=1
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Now using the product rule and (170) we deduce

— Z ui(s)d;[w](s) + z(s) A Zul(s)dz[w](s)

i=1 i=1
Inserting this into (174) we arrive at the identity
3 A
Z(s) =) u'dwl(s),
i=1

since {d[w](s)}3_, furnishes an orthonormal basis of R?, which immediately
implies (166).

To compute the initial value z(0) in dependence on w we first evaluate
(165) at s =0
(175) 0 di[0](0) W= 2(0) A di[w](0), Kk =1,2,3.

Now we differentiate the identity dy[w](0) = (DoU(a))), (cf. (81)), and
obtain

(176) 0udy[0)(0) = (DU’ (0) &)y, k=1,2,3.

(175), (176) imply the initial condition (167) which uniquely determines
z(0) by w, since di.[w](0), k£ = 1,2,3, is an orthonormal basis of R®. For

JAN

w= (ﬁa ro, 0) €Y, ie., a= 0 we readily get z(0) = 0. O

Remark. If z is expressed by means of the matrix C defined in (169),
then (167) can be written as

C(0) = D,U'(0) a D"
Since the derivative U’(0) is invertible, we obtain
(177) U'(0)"! [Dy'C(0)Dy] = &,
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which implies that for any given vector & € R3, we find ac R3 with (177),
such that & = z(0), where z(0) determines C(0) via (169).

Note. For a € R? we have the explicit representation

sin |« 1 — cos|a]

Ula)=1d + Aa) +

||

0 —a3 Qo o7
AMa) = s 0 o for a=| as .
—Ql9 a1 0 Qs

Hence U’(0) : R? — s0(3), (where so(3) is the tangent space of SO(3) at the identity
consisting of the skew matrices in R3*3) is given by

||

where

paN

U'(0) a=A(a) forall ac R

which has an obvious inverse U’ (0)~! : so(3) — R3.

B Clarke’s generalized gradients

Here we summarize some basic properties of Clarke’s generalized gradients
for locally Lipschitz continuous functions, and we derive a special chain rule
necessary for our analysis. For a more comprehensive presentation of this
nonsmooth calculus we refer the reader to Clarke’s monograph [4].
Consider a locally Lipschitz continuous function f: X — R, where X is

a real Banach space. The generalized directional derivative f°(w; ﬁi) of f at
w € X in the direction we X is defined as

P ) = timsup LD =S

v—w t

t\.,0

The mapping Wi 1O (w; ﬁ)) is positively homogeneous and subadditive, and
satisfies | f°(w; ﬁ])| <l w || x, where [ denotes the local Lipschitz constant

of f near w € X.
The generalized gradient O f(w) of f at w is the subset of X* given by

of(w) ={f"e X" <f*7@>X*><X < fo(w;ﬁ)) for all we X}

Jf(w) is a nonempty, bounded, convex and weak*-compact subset of X*. For
continuously differentiable functions f the generalized gradient 0f(w) is the
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singleton {f’(w)}, whereas for convex functions f the set df(w) is the usual
subdifferential of convex analysis. For our purposes we need the following
additional properties of the generalized gradients:

Proposition B.1. Let f,g,9;,1 =0,...,n be Lipschitz continuous near w €
X. Then the following holds.

(i) O(af)(w) = adf(w) for all o € R.
(i) 93 i gi(w) C > 2, 0gi(w).

(i) (Lagrange Multiplier Rule) Let w be a local minimizer of f subject to
the restrictions g(v) < 0 and g;(v) = 0,i = 0,...,n. Then there exist
constants ¢, A > 0, and \; € R, not all zero, such that

(178) 0 € X0f(w)+ Ng(w) + i Xidg;(w),

and A\g(w) = 0.
In our analysis we have to deal with functions of the form

(179) g(w) := maxG(p(w,t)), w e X.

teT
We assume that
(a) T is a metrizable sequentially compact topological space.
(b) The map p: U x T — R"™, where U C X is open and bounded, satisfies

(1) p(.,t) is continuously differentiable on U for each ¢t € T.
(2) pwl(.,.) is continuous on U x T

(3) p(w,.) is continuous on T for all w € U.
(¢) G : N — R, where N C R" is an open neighbourhood of the set
p(U,T) C R", is continuously differentiable, and there is a constant

A > 0, such that

(180) |G'(z)] < A for all z € N.
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Since T' is compact, the function ¢ is well defined, and
(181) A(w) = {t € T : g(w) = G(p(w, 1))}
is a nonempty closed subset of T.

Proposition B.2. Suppose that (a)-(c) are satisfied. Then g is locally Lip-
schitz continuous on U, and for each g* € Og(w),w € U, there is a probability
Radon measure p on T supported on A(w), such that

(182) <g*,ﬁ)>X*><X = /TG'(p(w,t)) - pu(w, ) w du(t) for all we X.

Proof. Fix wy € U. Since py(.,.) is continuous and 7" is compact, we can find
a neighbourhood Uy C U of wq such that p(.,t) is Lipschitz continuous on Uy
for all t € T with a Lipschitz constant independent of t € T' (compare [19,
Lemma 6.9]). G(.) is Lipschitz continuous with Lipschitz constant A on N by
(180). Thus G(p(.,t)) is Lipschitz continuous on Uy with a uniform constant
with respect to ¢ € T. Furthermore, for each ¢t € T, the function G(p(.,t)) is
continuously differentiable on Uy, and the derivative G'(p(w, 1)) - pw(w, t) is
continuous on Uy x T. The continuous function G(p(w,.)) is bounded on the
compact set 7. Thus we can apply [4, Theorem 2.8.2, Corollary 2] to get the
assertion. Note that the continuous derivative of a function agrees with its
strict derivative introduced and used in [4, p.30,31]. O

Acknowledgements. Both authors were supported by the Max-Planck In-
stitute for Mathematics in the Sciences in Leipzig and the Sonderforschungs-
bereich 256 at the University of Bonn. The second author enjoyed the hos-
pitality of the Forschungsinstitut fiir Mathematik at the ETH Ziirich.

References

[1] L. AMBROSIO, N. FUSCO, D. PALLARA, Functions of bounded varia-
tion and free discontinuity problems. Oxford Math. Monographs, Claren-
don Press, Oxford (2000).

2] J.C. ALEXANDER, S.S. ANTMAN, The ambiguous twist of Love.
Quarterly Appl. Math. 40, (1982) 83-92.

57



3]

[4]

[5]

[11]

[12]

[13]

S.S. ANTMAN, Nonlinear Problems of Elasticity. Springer, New York
(1995).

F.H. CLARKE, Optimization and Nonsmooth Analysis. John Wiley &
Sons, New York (1983).

B.D. COLEMAN, D. SWIGON and I. TOBIAS, Elastic stability of DNA
configurations. II. Supercoiled plasmids with self-contact. Physical Re-
view E 61, #1 (2000) 759-770.

J.J. DELROW, J.A. GEBE and J.M. SCHURR, Comparison of hard-
cylinder and screened Coulomb interactions in the modeling of super-
coiled DNAs. Biopolymers 42, (1997) 455-470.

M. DOI and S.F. EDWARDS, The Theory of Polymer Dynamics.
Clarendon Press, Oxford (1986).

L.C. EVANS, R.F. GARIEPY, Measure Theory and Fine Properties of
Functions. Studies in Advanced Mathematics, CRC Press Boca Raton,
New York, London, Tokyo (1992).

M.H. FREEDMAN, ZHENG-XU HE, and ZHENGHAN WANG, On the
Mobius energy of knots and unknots. Annals of Math. 139 no. 1, (1994)
1-50.

O. GONZALEZ and J.H. MADDOCKS, Global curvature, thickness,
and the ideal shape of knots. The Proceedings of the National Academy
of Sciences, USA 96 no. 9, (1999) 4769-4773.

0. GONZALEZ, J.H. MADDOCKS, F. SCHURICHT, H. VON DER
MOSEL, Global curvature and self-contact of nonlinearly elastic curves
and rods. Cale. Var. 14 (1), 29-68 (2002).

G. GROSCHE, V.ZIEGLER, D. ZIEGLER and E. ZEIDLER (eds.),
Teubner-Taschenbuch der Mathematik II. Teubner Stuttgart Leipzig
(1995).

V. KATRITCH, J. BEDNAR, D. MICHOUD, R.G. SCHAREIN, J.
DUBOCHET and A. STASTAK, Geometry and physics of knots. Na-
ture 384, (1996) 142-145.

58



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

[23]

[24]

D. KINDERLEHRER, G. STAMPACCHIA An Introduction to Varia-
tional Inequalities and their Applications. Academic Press, New York
(1980)

A. MARITAN, C. MICHELETTI, A. TROVATO, J.R. BANAVAR, Op-
timal shapes of compact strings. Nature 406, (2000) 287-290.

N.H. MENDELSON, Helical growth of Bacillus subtilis. A new model
of cell growth. Proc. Natl. Acad. Sci. USA 73 no. 5, (1976) 1740-1744.

J. O'HARA, Energy of knots. in A. Stasiak, V. Katritch, and L.H. Kauff-
man, eds, Ser. on Knots and Fverything 19, World Scientific, Singapore
(1988) 288-314.

T. SCHLICK and W.K. OLSON, Supercoiled DNA energetics and dy-
namics by computer simulation. J. Mol. Biol. 223, (1992) 1089-1119.

F. SCHURICHT, A variational approach to obstacle problems for shear-
able nonlinearly elastic rods. Arch. Rational Mech. Anal. 140, (1997)
103-159.

F. SCHURICHT, Regularity for shearable nonlinearly elastic rods in
obstacle problems. Arch. Rational Mech. Anal. 145, (1998) 23-49.

F. SCHURICHT Variational approach to contact problems in nonlinear
elasticity. MPI for Mathematics in the Sciences, Leipzig, Preprint 63,
(2000).

F. SCHURICHT, Global injectivity and topological constraints for spa-
tial nonlinearly elastic rods. MPI for Mathematics in the Sciences,
Leipzig, Preprint 1, (2001).

F. SCHURICHT, H. VON DER MOSEL, Ordinary differential equa-
tions with measurable right-hand side and parameters in metric spaces.
Preprint 676 (2000) SFB 256 Univ. Bonn.

F.SCHURICHT, H. VON DER MOSEL, Global curvature for rectifiable
loops. Preprint 742 (2000) SFB 256 Univ. Bonn, MPI for Mathematics
in the Sciences, Leipzig, Preprint 80 (2001).

59



[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

J. SCHVARTZMAN, J. SOGO and A. STASIAK, Noeuds et ADN: Les
noeuds de ’ADN éclairent la réplication. Pour la Science 259, (1999)
25-26.

M. SPIVAK, Differential Geometry vol. I. Lecture Notes, Brandeis Univ.
(1970).

A. STASTAK, J.H. MADDOCKS, Best packing in proteins and DNA.
Nature 406, (2000) 251-253.

M.J. TILBY, Helical cell shape and wall synthesis in a bacterium. Nature
(Lond.) 266, (1977) 450-452.

H. VON DER MOSEL, Minimizing the elastic energy of knots. Asymp-
totic Anal. 18, (1998) 49-65.

H. VON DER MOSEL, Ezistence and Regularity for Nonlinear Elastic
Self-Contact Problems. Habilitation thesis, Universitat Bonn (2001).

T.P. WESTCOTT, I. TOBIAS and W.K. OLSON, Modelling self-
contact forces in the elastic theory of DNA supercoiling. J. Chem. Phys.
107, (1997) 3967-3980.

E. ZEIDLER, Nonlinear functional analysis and its applications, vol.I1B:
Nonlinear Monotone Operators. Springer, New York Berlin Heidelberg
(1990).

60



