PHASE TRANSITIONS AND SHARP-INTERFACE LIMITS
FOR THE 1D-ELASTICITY SYSTEM WITH NON-LOCAL ENERGY

CHRISTIAN ROHDE*

Abstract. The one-dimensional system of elasticity with a non-monotone or convex-concave stress-strain relation

provides a model to describe the longitudinal dynamics of solid-solid phase transitions in a bar. If dissipative effects are
neglected it takes the form of a system of first-order nonlinear conservation laws and dynamical phase boundaries appear
as shock wave solutions. In the physically most relevant cases these shocks are of the non-classical undercompressive type
and therefore entropy solutions of the associated Cauchy problem are not uniquely determined. Important dissipative
effects that lead to unique regular solutions are viscosity and capillarity where the latter effect is usually modelled by
at least third-order spatial derivatives.
Differently from these models we consider a novel type of non-local regularization that models both effects but avoids
high-order derivatives. We suggest a particular scaling for the dissipative terms and conjecture that with this scaling
the regular solutions single out unique physically relevant weak solutions of the first-order conservation law in the limit
of vanishing dissipation parameter. We verify the conjecture first by proving that the non-local system admits special
solutions of traveling-wave type that correspond to dynamical phase boundaries. Moreover it is proven that regular
solutions of a general Cauchy problem converge to weak solutions of the system of first-order conservation laws. The
proof is achieved by the method of compensated compactness.
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1. Introduction. We consider the Cauchy problem for the one-dimensional system of elasticity
which is given by

wy  — Vg = 0,
(1.1)
vy — o(w)

I
[=)

inR x (0,7), T >0, and
w(., 0) = Wy, U(.,O) = 9, (12)

in R. Here the strain w : R x (0,7) — (=1,00) and the velocity v : R x (0,7) — R are the two
unknowns depending on # € R and time ¢ > 0. The given function o : (—1,00) — R is the stress-
strain relation and wg : R — (—1,00), vg : R — R are the initial functions.

The system (1.1) governs the longitudinal dynamics of an elastic bar of infinite length at constant
temperature. We are interested in materials that occur in different phases and undergo dynamical
phase transitions. More specifically we consider the two following choices for ¢ which describe two-
phase materials:

(a) o is a monotone increasing function except in a bounded interval,

(b) o is a monotone increasing function but has concave-convex shape.

Examples for materials for which choice (a) applies are shape-memory alloys (see e.g. [31, 43]). The
two distinct intervals of strain state for which o is monotone increasing determine the two different
phases. An example for which (b) holds are rubber-like materials (see e.g. [32]). In this case the
two distinct intervals of strain states for which either o convex or o concave holds determine the two
different phases.

Formally the system (1.1) with choice (a) or (b) is a nonlinear conservation law. As such standard weak
solutions of (1.1) are shock waves connecting two end states. In particular dynamical phase transitions
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can be constructed in a natural way as shock waves with strain components of the end states in two
different phases. However, if they are of the physically relevant subsonic type, then they do not belong
to the class of classical Laxian waves like e.g. hydrodynamical shock waves for Euler’s equations with
a perfect gas. Rather these waves are called non-classical undercompressive waves ([34] or [23] for a
general classification of shock waves). One consequence of this non-standard structure is that entropy
solutions of the Cauchy problem (1.1), (1.2) are not uniquely determined anymore ([1, 29, 34]). By
an entropy solution for (1.1), (1.2) we mean here a weak solution (w,v)” € (L§2,(R x [0, T)))2 of the
Cauchy problem that satisfies the Clausius-Duhem inequality

H(w,v): + F(w,v); <0 (1.3)

in the distributional sense. The entropy H and the entropy flux F' in (1.3) are given by

2 w
H(w,v) := % —|—/ o(w) dw, F(w,v) := vH(w,v). (1.4)
0

This non-uniqueness problem is in contrast to the situation for one-phase materials governed by a
monotonely increasing and strictly convex stress-strain relation. In the latter case the entropy solution
is supposed to be the unique solution and allows only for compressive shock waves ([14] and references
therein).
Returning to the phase transition problem (1.1), (1.2) we note that a lot of research is devoted to
approaches that impose additional conditions for the undercompressive waves in order to enforce
unique solvability. We mention the so-called kinetic relations ([1, 13, 33, 28, 29]) and the entropy rate
criterium ([27]).
Here we will follow another in fact more traditional path to single out unique physically relevant
solutions of the Cauchy problem for (1.1). We regularize (1.1) by supplementing terms which model
the effects of viscosity and capillarity. Denoting the small regularization parameter by € > 0 this leads
to the problem

wy  — v, = 0,
(1.5)
U? - J(we)z = MEU%I - I:DE [wa]] z?
in Rx (0,7), and
w®(.,0) = wp, v°(.,0) = vy, (1.6)

in R. In (1.5) u and 7 are nonnegative viscosity and capillarity constants. To model the viscosity effect
we restrict ourselves to a simple linear term, the choice for the capillarity term D¢ will be discussed
below. We want to analyze the behaviour of solutions to (1.5), (1.6) in the sharp interface limit ¢ — 0.
To do this we must fix D® and identify an appropriate scaling with respect to € between the viscosity
and capillarity terms. Let us remark that one expects the capillarity effect to be necessary in order
to obtain dynamical phase boundaries in the limit of vanishing dissipation (see e.g. [42]).

As a first prototypical choice for the capillarity term D¢ we consider the local term

Df[w] = *wyy. (1.7)

Systems with capillarity terms like D¢ given by (1.7) have been analyzed by many authors ([2, 8,
29, 39]), also in the closely related case of liquid-vapour phase transitions in Van-der-Waals fluids
(3, 9, 19, 20, 26, 42]). In particular with the e-scaling given by (1.5), (1.7) solutions of the Cauchy
problem for (1.5) have been shown to converge to weak solutions of the Cauchy problem for the sharp-
interface limit system (1.1) which contain dynamical phase boundaries ([29]). In this way a unique
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weak solution of (1.1) is singled out and the modelling of the capillarity mechanism with the particular
e-scaling is justified.

However the choice (1.7) to model capillarity effects is not the only possible and considerations from
statistical mechanics suggest different non-local models ([5, 22, 37]). In this paper we shall focus
therefore on these non-local alternatives for (1.7) which typically lead to a capillarity term of the form

Dl = 2 [ o(*22) () - u@) ds @eR), (1.9

3 9

Here ¢ : R — R is a given nonnegative kernel function. Of course also (1.8) fixes a certain scaling
with respect to ¢ which is just postulated at this point. Note that the choice (1.8) does not lead to
higher-order derivatives in (1.5) as (1.7) does.

It is the aim of this paper to justify the capillarity term from (1.8) and the induced e-scaling. We shall
develop a theory for the non-local model (1.5), (1.8) which is comparable to the theory for the local
regularization (1.5), (1.7). Let us give a more specific outline. In Sect. 2 we give a short motivation of
the model (1.5) with capillarity term given by (1.8) starting from the equilibrium case. It is derived
by means of the principle of least action and the relations between (1.7) and (1.8) are discussed. The
model (1.5), (1.8) fixes a particular scaling with respect to the parameter €. The Sects. 3 and 4 will
show that the scaling prescribed through (1.8) for (1.5) is the correct one for the non-local approach.
As the first step to analyze (1.5), (1.8) we establish in Sect. 3 the existence of traveling-wave solutions
for (1.5) with capillarity term (1.8) which correspond to dynamical phase boundaries. By construction
and due to the selected e-scaling these traveling waves single out certain sharp-interface solutions of
(1.1). This non-local viscosity-capillarity criterium could be used to determine a unique solution of
e.g. the Riemann problem for (1.1).

The sharp-interface limit for the Cauchy problem is analyzed in Sect. 4 by means of appropriate a-
priori estimates and the method of compensated compactness. The main theorem of this section is
Theorem 4.5 which states that the limit function exists and is a weak solution of (1.1).

2. Derivation of the Non-Local Model. In this section we derive the non-local model (1.1)
with capillarity term (1.8) from basic principles. To illustrate the roots of the non-local modelling we
start with a short description of the time-independent equilibrium case. Even though the analytical
results that will be presented in Sects. 3, 4 are restricted to the spatially one-dimensional case we will
present here the models for arbitrary number of space dimensions.

2.1. The Energy Functional for the Equilibrium Case. Let Q C R% d € {1,2,3}, be an
open non-empty set and u = (uy,...,uq)” : @ — R? be a deformation field at fixed temperature.
Here the deformation is assumed to be a C'-function. We define the deformation gradient by

Vu:= (Vul‘ ‘Vud), (2.1)
and the matrix-valued function F : Q — R%*? with F = (F};,) by

Fip(X) == w0, (x) (i,k=1,...,d,x€Q), (2.2)

where the spatial coordinates are denoted by x = (z1,...,24)T.

The function W = W (F) : R4*? — R is the (isothermal) energy function which in particular defines
the different phases. For energy functions in the multidimensional case we refer to [17]. We will specify
the energy function only for the case d = 1 in Sect. 2.3 below. The associated total stored energy £°

is given by

E%u] :/QW(VU(X))CZX. (2.3)



4 C. ROHDE

Each equilibrium deformation field is expected to be a minimizer of (2.3) (in an appropriate function
space and under appropriate constraints enforced by a given extension, incompressibility, boundary
conditions,...). One problem is that even for d = 1 the minimizers for (2.3) are not uniquely determined
(see [16]). To circumvent this drawback usually one considers modified versions of £Y that incorporate
higher-order strain gradient terms of Van-der-Waals type. In this way the the functional is regularized
and the non-uniqueness problem can be removed (see e.g. [12] for the case d = 1), however on the cost
of higher regularity of the minimizers not present in the original problem. Moreover one is forced to
introduce new possibly non-physical boundary conditions.

Motivated by mathematical models for liquid-vapour phase transitions in fluid mechanics still first-
order but non-local approaches have been been suggested in [22] and also in [37]. Following these
authors we define for £ > 0 the non-local stored energy £g;,,,, through

o) = £+ 7 [ [ 6.6 = y)|Vu () = V() dyx. (2.4)

Here v > 0 is a fixed parameter and |.|, denotes the Frobenius norm for matrices. The e-scaled kernel
function ¢. € C1(RY) is defined by

b0 = 50 (%) (xem). (2.5)

Finally the function ¢ : R — R in (2.5) is some interaction potential in R¢. By an interaction
potential in R? we mean an even and nonnegative function ¢ € L!(R?) that satisfies

d(x)dx=1 and / o(x)|x| dx —l—/ B(x)|x|* dx < oo. (2.6)
Rd Rd Rd

We note that the conditions (2.6) are of more or less technical nature and simplify proofs while
nonnegativity and ¢ even are necessary properties.

We will not get absorbed in the discussion on minimizers for the energies €Y, Egtobar (see [22]) but

conclude with some notes on non-local modelling and switch then to the time-dependent case.

NoTE 2.1.

(i) A prototypical choice for an interaction potential ¢ is such that its mass is concentrated around
zero, say in a ball of radius 1 around zero. From (2.5) we have that ¢. is concentrated in a
ball of radius € around zero. In other words, the non-local contribution in Egslobal penalizes
variations of the deformation gradient on a length-scale of order €. Such variations correspond
to phase transitions which are supposed to be avoided in reality if possible.

(ii) We mentioned the standard local Van-der-Waals approach to penalize phase transitions. In
the simplest case d = 1 and Q2 = R with scalar deformation u® : R — R and x = x1 that would
lead to the total stored energy

g
fpeuli”] = £+ [ Jeut, P e (27)
Obviously minimizers of £, are required to have higher regularity than those for Eglobal n
the case d = 1, that is,
g
Eopalt’] = '+ T [ [ 0ule = luc(o) = i ()P dyda. (238)

If we now assume u® to be an e.g. C*-function and plug the Taylor approzimation u(y) ~
u(z) + us, (z)(y — x) into (2.8) we get with (2.6) for some constant C > 0

Gl =00+ 1 [ ([ 600552 ) luaa()P do = %] 49C2 [ Jus(o) P
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This is up to the constant 2C the expression E .,[u]. In this sense the local functional can
be seen as an approximation of the non-local one.

(iii) Apart from the technical problems that occur for local higher-order strain gradient terms there
is a more fundamental reason to favour non-local models. Energy functionals of type (2.4)
show up as continuum limits for models in statistical mechanics and atomic lattices ([5, 87]).

(iv) As mentioned above a main issue is to prove that for each € > 0 there is unique minimizer
for E5opar, which converges to a physically relevant minimizer of EY in the limit e — 0. In
this way the non-uniqueness problem for £° is resolved. Rigorous results on this topic can be

found in [4].

2.2. A Generalized Wave Equation for the Time-Dependent Case. Let us consider again
a non-empty open set Q C R? For T > 0 the isothermal dynamics of € in the time interval
(0,T) is completely described by the now space- and time-dependent displacement function u® =
(us,...,u5)T : Qx(0,T) — R? which we assume to be three times continuously differentiable in space
and time.
Following the principle of least action in our case the dynamical process for u® = u®(z,t) is then
governed in R? x (0,T) by extremal points of the Lagrangian

Tgiopa [0 / / (x,t)) — lut %)l /¢e x —y)|Vu®(x) — us(y)\gdy)dxdt.

According to the regularity of u® extremal points of I7;,,,, are classical solutions of the system of
Euler-Lagrange equations for I, ,,, which we compute now. We denote the partial derivatives of W,
i.e., the components of the stress by

W vu) Gk=1....d),

sik(V) = o0

where Fj;, are the components of F defined as in (2.2).
To determine the variation with respect to the components uf, i = 1,...,d, let 1 € C5°(Q2 x (0,T))
be an arbitrary test function, 7 € R and e’ be the ith unit vector in R¢. We compute

d ,
Ilglobal [UE + TT/JeZ]

7=0

/ / Zszk (VU (x, )9 (x, ) + us 4y (x, t)0(x, t) dxdt
/ / / b2 (x — (Vs (x, 1) — Vai (v, 1)) - (Vib(x, ) — Viy, 1)) dydxdt.

Since the kernel ¢ is supposed to be an even function we get

d ,
Efglobaz [UE + TT/)el}

T d
s 2 [oa(Vu e )], $06 ) + w0 00, )
=1
+7/0T/Q (/ D (x —y)(Vus (x,t) — Vuf(y,t))dy) - Veb(x, t) dxdt

d

/OT/Q (uf,tt(x t) Z |:Szk: (Vu®(x,t)) — W’(% * uf,zk — uf»zk)Lk>¢(X7 t) dxdt.

k=1
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In the last equation and henceforth * denotes the convolution symbol. i.e., for some function w : Q2 — R
we have

[ * w](x) = /qus(x —yw(y)dy (x€Q).

The fundamental lemma of variational calculus implies that u® satisfies a system of equations given
by

M=

[qﬁs U, — uimk]xk (i=1,...,d)

d
u?,tt - Z [Sik(vus)]xk =

k=1 k=1

in Qx(0,T). The irreversible viscosity effect is not deduced from Hamilton’s principle. We supplement
viscosity terms and obtain for p > 0 the equations

d d

(S Z [sik(VuE)]mk = pelu;, — 'yz [qbg RUG o — uflk]rk (i=1,...,4d). (2.9)
k=1 k=1

Note that the scaling with respect to £ between the viscosity and the capillarity term is still only
postulated at this stage and has to be verified later.

2.3. The One-Dimensional Case. If we choose d = 1 in (2.9) and define x := 21 we get for
:= u§ the equation

iy — o (ug)e = peug,, — v([9e xus (- )](x) — ui(2,1)) - (2.10)

Here 0 = s11 : R — R is a given stress-strain relation which is a one-dimensional counterpart the
tensor (s;x) in (2.9). For notational simplicity we will from now on extend the physical range (—1, o)
for the strain to the whole real line. Moreover we choose €2 to be the whole real line R. The strain
w® : R x (0,7) — R and the (longitudinal) velocity v* : R x (0,7) — R are then defined as partial
derivatives of the displacement u° : R x (0,7) — R. For (z,t) € R x (0,7 we have

uE

we(z,t) = uS(x,t),
(2.11)
v (xz,t) = uf(x,t).

Obviously we can rewrite (2.10) in the evolutionary form (1.5) with D¢ given by (1.8).
NOTE 2.2.
(i) The local approach in d = 1 with stored energy given by (2.7) would have led us to the equation

uit - [O(Ui)]z = /’(’Euima: - 7€2uixmz' (212)

A Taylor approzimation as in Note 2.1(ii) establishes again that (2.12) is an approzimation
of the non-local wave equation (2.10).

(i) For other time-dependent non-local models in the framework of phase transition problems we
refer to [21, 24]. The paper [21] provides an overview on non-local Allen-Cahn equations and
[24] deals with a non-local Cahn-Hilliard equation.

As said in the introduction we consider for o two different choices. The following assumption

makes precise what we need for the analysis.
ASSUMPTION 2.3. The function o € C3(R) satisfies either condition (a) or condition (b) below.
(a) There are numbers oy, as € R such that a; < as holds and such that

o' (w) >0 for w € (—o0,a1) U (a2,00) and o' (w) < 0 for w € (a1, )

holds.
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4 A

By o o, B, o

Fi1G. 2.1. Graph of the stress-strain relation o for case (a) (left-hand figure) and case (b) (right-hand figure) from
Assumption 2.3.

(b) The function o is monotone increasing and there is a number o € R such that
o’ (w) <0 for w € (—o0,a) and o”(w) > 0 for w € (a, 00)

holds.

The non-monotone shape of ¢ for case (a) in Assumption 2.3 allows to define different phases in
the following way. The strain values in the interval (—oo, o] are identified with a low-strain phase and
strain values in the interval [ag, 00) with a high-strain phase. All other strain values are called elliptic.
If Assumption (b) applies we associate with w € (—o0, @) (w € (@, 00)) a low-strain phase (high-strain
phase). In Fig. 2.1 we present the graphs of examples for the stress-strain function, together with the
associated energies.

We record some remarks for the first-order conservation law (1.1) that we obtain if we neglect the
dissipative effects in (1.5), resp. (2.10). Let

f(w,v) == < ) (w,v) € R2.

—o(w)

The eigenvalues A+ = As(v,w) and associated eigenvectors ry = r+(v,w) of the Jacobian of f are
given by

Alos) = TV o) = (s ).

provided (w,v) € R? are such that ¢/(w) > 0 holds. Otherwise there are no real eigenvalues. Moreover
we compute for the classification of the characteristic fields

VAz(v,w) -re(v,w) = :Fi) (w,v) € R?. (2.13)

The (sign of the) expression VAz -r generalizes the notions of convexity /concavity to a vector-valued
function, here the flux f (see [14] for instance).
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Let now Assumption 2.3(a) be true. From the calculations above we observe that the first-order
system (1.1) is hyperbolic in the low and high strain phases (—oo, @] N [@1,00) but not in (ay, ag).
Furthermore we note that there are unique numbers 81, 82 € R with 1 < $2 and o(81) = o(f2) such
that

B2
| e -aeras=o =12, (2.14)

These are the Maxwell states (see Fig. 2.1).

For the case (b) the hyperbolic state space is the complete space R? but the characteristic fields change
their type in w = « according to (2.13) and the convex-concave behaviour of o. But even in this case
it makes sense to speak of different phases as defined above.

3. Dynamical Phase Boundaries and Non-Local Viscosity-Capillarity Profiles. In this
section we prove that the system (1.5), (1.8) has special solutions which correspond to dynamical
phase boundaries. Throughout the section we suppose that Assumption 2.3 (a) holds, i.e. ¢ has a
non-monotone shape. Let us stress that all definitions, notations etc. are specialized to (1.1) or (1.5)
and not meant to hold for general conservation laws.

3.1. Shock Waves and Phase Boundaries. We start to consider the first-order system (1.1).
Let (wy,vy) € R?, and s € R be given. A function

()= (o) =L e

is a shock-wave for (1.1) with speed s connecting the states (w_,v_) and (wy,v4) if the conditions
—s(wy —w_) =vy —v, =s(vy —v) = o(wy) —o(w-) (3.2)

hold. A shock-wave with speed s connecting the states (w_,v_) and (w4,v4) is called a phase
boundary for (1.1) if w_ and wy lie in different phases but not in the interval (o, as).

We note that (3.2) is nothing but the Rankine-Hugoniot relation. It ensures that each shock wave is
a weak solution of (1.1), (1.2) with the jump initial datum wy = w_, vg = v_ for x < 0 and wy = wy,
wo = v4 for z > 0.

We classify shock waves according to the following definitions. A shock wave (w?,v9)T for (1.1) is
called a Lazxian or compressive shock wave if either

Ao(w_,v_) > s> A_(wy,vy) or Ap(w_,v_) > s> Ay (wg,vy)
is satisfied. A shock wave (w®,v%)T for (1.1) is called an undercompressive shock wave if
Ap(w_,v_) > s> A_(wy,vy) and Ay (wg,v4) > s> A_(w_,v_)

is satisfied (see Fig. 3.1). Phase boundaries can be compressive or undercompressive. If the chord
connecting the points (wy, o (w4 )) intersects the graph of o in a third point they are undercompressive.
Since these connections are close to the equilibrium configuration, i.e., the shock wave with speed zero
connecting the states with w-component equal to the Maxwell states and vanishing v-component, it
is believed that such waves are the physically most relevant ones ([1]). We will focus on this kind of
phase boundaries in the sequel. Let us mention that undercompressvie waves have also been observed
in the magnetohydrodyamics (see [23] for a review) and in the theory of thin films ([10, 11]).
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/,/’(/w+, vy)

(0, v-)

0 0

(a) Laxian shock wave (b) undercompressive shock wave

Fic. 3.1. Shock lines {(z,t) € R x (0,00) |z = st} for shocks with speed s € R and characteristic curves
(dotted lines) in the (x,t)-plane. The two characteristic curves for a state (w—,v_) are the lines with slopes
1/A-(w—,v-) and 1/A4(w—,v_) intersecting the horizontal axis at some negative x-value. The two charac-
teristic curves for a state (w,v4) are the lines with slopes 1/A_(74,v4+) and 1/ ¢ (w4, vy) intersecting the
horizontal axis at some positive x-value.

3.2. Non-Local Viscosity-Capillarity Profiles. We turn now to the non-locally regularized
system (1.5), (1.8) and discuss the admissibility problem of undercompressive phase boundaries. For
the sake of simplicity the capillarity constant - is set to 1.

Let (wi,v1) € R? and s € R be given such that (w®v%) from (3.1) is a shock-wave with speed s
connecting the states (w_,v_) and (w,v,). A function (w,v)? : R — R? with

we CYR), veC*R)

is a mon-local viscosity-capillarity profile for (w® v°)T if it solves the differential-integro boundary
value problem

—sw—v=—-sw_—v_, —(pxw—w)+pud=—-0c(w)—sv—(—c(w_)—sv_)inR,
(3.3)
w(xoo) = wy, v(£oo) =v4.

Here ¢ : R — [0,00) is an interaction potential as defined in (2.6) in the case of d = 1. For some
given non-local viscosity-capillarity profile we have [¢ x w](z) — w(z) — 0 for £ — 400 by using
¢ € L*(R) and Lebesgue’s theorem. Since w.,v+ and s obey the Rankine-Hugoniot conditions (3.2)
we see then that the states (w4, vy ) are rest points of the generalized flow associated with (3.3). From
the definition of a viscosity-capillarity profile we deduce the following statement.

COROLLARY 3.1. Let (w4,v+) € R? and s € R be given such that (w®,v°)T from (3.1) is a shock-
wave with speed s connecting the states (w_,v_) and (wy,vy). Assume that there exists a non-local
viscosity-capillarity profile (w,v)T : R — R? for the shock wave (w®,v°)T.

Then for each &€ > 0 the functions w® € C*(R x (0,T)) and v¢ € C*(R x (0,T)) defined by

3 3

ws(x,t)—w(x_8t>, vg(x,t)—’t)(w_St) ((2,) € R x (0,T))

are classical solutions of (1.5) with v = 1.
Moreover we have for almost all (z,t) € R x (0,T)

we(x,t) — w'(x,t), v°(zx,t) — 0°(x, ).

Proof. Straightforward calculation using (1.5), (1.8), (3.3), and the definition of the e-scaled
potential in (2.5). O
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We observe that admissibility of a shock wave in the sense of a non-local viscosity capillarity
criterium means to prove the existence of a solution for the e-independent problem (3.3).
The e-independence of (3.3) underlines that our conjecture on the e-scaling between viscosity and
capillarity terms in (1.5) is correct.
Before we proceed let us put down the following useful consequence of (3.2).

h(wy,w_,s?) = 0, (3.4
h(r,',q) = —(q(r—=71")—=0o(r)+o()) (r,r' €R,q¢q>0). '

With (3.4) we can reduce the problem (3.3) to a first-order differential-integro problem for w alone:
¢ xw—w + sp = h(w,w_,s?), w(*oo) = wL. (3.5)
The velocity v is then determined from the first equation in (3.3).

Our traveling-wave analysis relies on a result from [7] for general boundary value problems of type
(3.5). We summarize what we need from this paper.

THEOREM 3.2 (Bates et al.). Let ¢ € CT(R) N W™L(R) for r € N be an interaction potential in
R. Let u_,uy € R and F € C"(R) be given. For the unknowns u : R — R and v € R consider the
problem

prxu—u+vi = F(u),
(3.6)
u(£oo) = wug.

We suppose that the states uyx € R and the function F satisfy

i) u— > uy,

i)  F(ugx)=0, F'(ugx) >0,
i) Flug € (uy,u_) : F(ug) =0,

(
(
(
(iv) w€ug,u_]= F'(u)+1>0.
Then exactly one of the following statements holds true.
(i) There is a monotonely decreasing function u € C™1(R) and a unique v € R\ {0} such that
(3.6) holds.

In this case we have

v="H(u_,uys) (/00 (u(€))? d§> - , Hu—,ug):= /uu+ F(u) du. (3.7)

— 00

(i) There is a monotonely decreasing function u € C"(R) such that (3.6) holds for v = 0.
In this case we have

H(u—_,uq) =0. (3.8)

In both cases the function v is unique up to translation.

An analogous theorem holds for the inverse inequality in condition (i) of the last theorem.
We present directly the following result on the existence of non-local profiles and recall the definition
of the Maxwell states in (2.14).

THEOREM 3.3. Let ¢ € CHR)NWL(R) be an interaction potential in R. Moreover suppose that
o satisfies Assumption 2.3(a), that 20" > —1 holds, and that o' vanishes only at a finite number of
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PoInts.
Then there exists a number §g > 0 such that for all states

(w—,v_) € {(w,v) € (az,00) x R||o(w) — o(B1)| < do} (3.9)
there exists a number p > 0, a speed s € R\ {0} and a state
(wy,v4) € (—o0,a1) X R

with the properties
(i) wt,v+,s satisfy the Rankine-Hugoniot condition (3.2),

(ii) the phase boundary (w°,v°)T with speed s connecting (w_,v_) with (wy,vy) has a non-local
viscosity-capillarity profile (w,v)T € C*(R) x C?(R),

(iii) the phase boundary (w°,v®)T is undercompressive.

Before we prove Theorem 3.3 let us give some remarks on the statement.

NoTE 3.4.

(i) In Theorem 3.3 the left-hand state (w—_,v_) was chosen such that w_ is located in the high-
strain phase. Of course an analogous theorem holds for w_ located in the low-strain phase.

(ii) We get existence of non-local viscosity-capillarity profiles for dynamical phase boundaries that
are undercompressive and have strain end states close to the Mazwell states. As we mentioned
before such phase boundaries are expected to exist in reality.

(#i) In this section we handled the case (a) in Assumption 2.3. In fact Theorem 3.2 can also be
applied in the purely hyperbolic case (b) in Assumption 2.3. We refer to [38] for the detailed
treatment of a closely related scalar problem.

(iv) From Theorem 8.3 (in fact from 3.2) we observe that for a given phase boundary the existence
of a wviscosity-capillarity profile depends crucially on the viscosity coefficient u which controls
the ratio between wviscosity and capillarity. Recall that the capillarity constant has been set
to 1 in this section. This is in complete agreement with existence results for the local model
(1.5), (1.7) and related systems. We refer to [8, 30, 42].

Proof of Theorem 3.3: For § > 0 we define

S5 = {w € (=00, 1) U (g, 00) | |o(w) - J(ﬁﬂ! < 5}.
Furthermore we introduce for wy,ws € R with w; # wo the quantity

qlwy, wa] = —0(11;1)3 :Z(sz).
Now we choose dg > 0 so small such that we have for all
wy € S5, N (a,00) and wg € Ss, N (—00, ay)
the properties

min{c’(w1), o' (w2)} > qlwi, wa], (3.10)

, (3.11)

|~

Q[whw?] <

the chord connecting (ws, o(ws)) with (wy, o(wy)) intersects the graph of o in (a1, a2). (3.12)

Note that we always find a §p > 0 with these properties since we have

q[ﬂl?ﬁQ] =0
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by construction of the Maxwell states in (2.14) and since the chord connecting (31,0(81)) with
(B2,0(B2)) intersects the graph of o three times. Note moreover that Assumption 2.3(a) implies
that the slope of o close to the Maxwell states is bounded from below by a positive constant.

Now according to the assumptions of the theorem we choose an arbitrary state

(w_,v_) € (Ss, N (cx2,0)) x R.
Furthermore we take a number w, with
Wt € S5, N (—00, 1)
and
o(wy) < o(w-). (3.13)
Consider the auxiliary problem to find i € R and w € C1(R) such that
prxw—w+pw = hlww_,qw_,04]), w(—o00) =w_, w(co) = Wy (3.14)

holds. Note that q[w_,w.] is positive due to (3.13).

We apply Theorem 3.2 with F(w) = h(w,w_, glw_,w4]) to solve (3.14) and check conditions (i)-(iv).
Condition (i) is clear since w_ > w4 by construction. The Rankine-Hugoniot relations (3.2) imply
F(w_) = F(w4) = 0. We have for w € R

0 _ -

a_wh<w’ w—, q[w*’ w+]) = U,(w) - q[w,7 er]'

The latter quantity is positive for w = w_, w4 due to (3.10). Thus (ii) holds.

Condition (iii) is a direct consequence of the definition of h (cf. (3.4)), (3.12) and the fact that ¢’ < 0
in (a1, az) due to Assumption 2.3(a).

Using (3.11) we compute for w € (W04, w_)

0 . -
%h(w,w_,q[w_,w+}) +1=0"(w) —qw_,wi]+1> 0" (w) +1/2.
The assumption ¢’ > —1/2 on the stress-strain relation assures condition (iv).
We can apply Theorem 3.2 which tells us that there is a unique (up to translation) function w € C1(R)
and a unique number /i € R that solves (3.14).
In the next step we want to show that @, can be chosen such that & # 0 holds. To determine the
sign of fi it suffices by (3.7) and (3.8) to compute the sign of the term
Wt
M) = [ b wmsglu, @4]) do.

w—

We obtain for some function W with W’ = —¢ and (3.4) after straightforward calculations

W(@gj = Z/_(w)>

J A e G R UREE

— Grwo G wy).

To analyze the function G(w_,.) we compute

d —2 / " 2
%g(w,,w) = m (W(w) - W(w) - W' (w)(w- —w) — §W (w)(w- —w) )
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The preceding computation and the assumption that o vanishes only in finitely many points implies
the following. If G(w_,.) vanishes in wy and thus we have i = 0 in (3.14) there is a specific volume

wy € Ssy N (—00, 1)
close to w4 with
o(wy) < o(w-). (3.15)

such that G(w_,w;) does not vanish. In this degenerate case we take the new specific volume w
(and let it as it was if G(w_,.) does not vanish in w, ) as a new end state in (3.14).

By repeating all arguments above with the new end state and applying Theorem 3.2 we obtain a
solution (ji,w) € R\ {0} x C%(R) of (3.14).

In the final step we construct a solution of the original problem (3.5) by

s 1= sgn(fi) M7 u;:@'
W —wy Is|

To fulfill the Rankine-Hugoniot conditions for the velocity components we set
vy =v_ — s(wy —w_).

Note that v_ was given. We have proven (ii).
By construction it is clear that also (i) holds. Moreover (iii) is true since the condition (3.12) is true
for w1 = w_ and wy = w, and implies that the associated shock wave (w?,v%)T is undercompressive

(see discussion at the end of Sect. 3.1). O

4. The Sharp Interface Limit for a General Cauchy Problem. In this section we do not
consider special solutions of (1.5), (1.6) and consider the sharp-interface limit for these solutions as in
Sect. 3. Rather we consider (quite) general initial data for the Cauchy problem (1.5), (1.6) where o
ic chosen according to Assumption 2.3(b). In this case we show that a sequence of classical solutions
for (1.5), (1.6) converges to a weak solution of (1.1) (Theorem 4.5). Even if one cannot say anything
on the structure of this weak solutions the result underlines that the chosen e-scaling is correct and
leads to a well-defined limit-process. We will first collect some preliminaries in Sect. 4.1, present the
crucial e-independent estimates in Sect. 4.2, and state and prove the main theorem in Sect. 4.3. Let
us note that the analogous analysis for the local version (1.5), (1.7) has been performed in [29].

4.1. Global Existence of Classical Solutions for the Non-Local Model. We consider the
Cauchy problem for (1.5), (1.6). For the rest of this section we suppose that initial data, kernel
functions, and stress-strain relations are chosen according to the following assumption.

ASSUMPTION 4.1.

(i) The stress-strain function o satisfies Assumption 2.3(b) with o =0 and fulfills

o 0" € L}(R) N L*=(R), o(0) = 0.
Moreover there are constants a, A > 0 such that we have for all w € R
a<o'(w) <A
(ii) The interaction potential ¢ in R is in C*(R) and satisfies
supp(¢) € [—1,1].

The function ¢. is given by (2.5) for d = 1.
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(iii) The initial functions wg,ve belong to C*(R) and satisfy
wWo, Wog, Vo € LQ(R) (41)

A consequence of Assumption 4.1(ii),(iii) is that we have for all ¢ > 0 the estimate

/WMWWKﬂmM®<w
R

Here the mapping E° : L2(R) — L'(R) is given by
Elule) =7 [ - i)(wl) - w@)’dy (we LR), w € ) (4.2
R

The conditions on the stress-strain relation ¢ in Assumption 4.1 look quite restrictive. We have

chosen them in way such that the theory of compensated compactness as developped by Serre and
Shearer applies ([40]). For us the important point is that o is not convex. This allows still the
construction of undercompressive shock waves for the first-order system (1.1) which have physical
relevance ([29]). Finally we note that the choice o = 0 is no restriction but only a simplification of
notation. The analysis holds for arbitrary position of the inflection point.
For T' > 0 let the set CZ(R x (0,T)) denote the set of real-valued functions on R x [0, 7] such that all
spatial derivatives up to order 2 and the first-order time derivative is continuous in R x (0,7"). By a
classical solution of (1.5), (1.6) we mean a function (w®,v¥)T € (C#(R x (0,7)))? such that (1.5) and
(1.6) hold pointwise. We need the existence of a sequence {(w®,v®)}.~¢ of classical solutions of the
Cauchy problem for (1.5) to analyze the limit behaviour for e — 0. We make the following assumption
on the existence of classical solutions.

ASSUMPTION 4.2. For each € > 0 there exists a unique classical solution (w®,v*)T € (C}(R x
(0,7)))? of (1.5), (1.6) with

we,vf,ws € C([0,T); L*(R)), w®,v° € C3(R x (0,T)).
The classical solution satisfies for t € (0,T)

VE (1), Wi, 1), w, (1) € L2(R).

rT

As a consequence of Assumption 4.2 we have for ¢ € (0,T] the decay properties

tim (s (@, )] + | (2, 0)] + o (@, )| + |5, D] ) =0, (4.3)

|z|—o0

Since the term (1.8) is of first order we can absorb it into the flux term —o(w), in (1.5) and
obtain a problem that has formally the structure of a hyperbolic-parabolic problem like (1.5), (1.6)
with v = 0. For the latter case the existence of classical solutions for an initial boundary value problem
under Assumption 4.1 has been proven in [25] (see also [6]). We conjecture that this result can be
extended to our case if one considers the non-local capillarity term as a contribution to the flux. Since
we are not interested in the case for positive but fixed value for € we do not give the proof of this
statement but focus on the limit process ¢ — 0. We note that the existence of weak solutions for
(1.5), (1.6) under Assumption 4.1 has been shown in [39].
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4.2. Estimates independent of . The first step to the convergence statement is an estimate
on the family {(w®,v®)}es0 of classical solutions which is uniform with respect to the regularization
parameter . We obtain this estimate only in terms of some LP-norms with p # co. For system (1.5)
and also its local counterpart global-in-time L°°-estimates independent of ¢ are not available. These

have only be derived for systems equipped with additional non-physical viscosity (see e.g. [15]).

The estimate rather exploits the properties of the physical energy H € C*(R?) given by

2

H(w,v) = % +W(w) (v,weR).

Here the function W € C*(R) is defined by

- /wwo—(m)dw (w € R),

which leads by Taylor expansion and Assumption 4.1(i) to the estimate

:b.

0<%w2§W(w) 5 2 (weR).

To derive the a-priori estimate in Lemma 4.4 below we need a technical result.
LEMMA 4.3. Let w € C2(R x (0,T)) such that we have for all t € (0,T)

w(., 1), we(.,t), we(.,t), Wee(., t) € L*(R).

Then we have fort € (0,T)

and

%/}REa[w(.,tﬂ(ﬂU) dx = —’y/R [[qﬁg*w(.,t)](x) —w($7t):|wt(;(;’t) dx

/ Ef[w, (., t)](x) dx = /R “¢5 ww(.,t)](z) — w(x,t)} We (2, 1) da.

Proof. We compute for ¢t € (0,T)

This is (4.4

e / / bo(@ — y)(w(y, t) — w(z, 1) dyda
- 1 [ | 6z = ) wly.t) = wla, O)wly, ) dyda
+%//¢>6 —z)(w(x,t) —wy, t)w(z,t) dyde

y / / Do — ) (w(y, t) — w(z, ) wily,t) dyds
_ —fy/R([qSE*w(.,t)](:c)—w(a:,t))wt(a:,t)dx.

. Note that we used the symmetry of ¢. To derive (4.5) consider for ¢ € (0,T)

e 7 z —y)(wy(z, t)w —w(x x
//E wltl@de = =3 [ [ =) w06~ wd(e.0) dya
_ %/}wa(x,t)([cﬁa*ww(.,t)](m)—wm(x,t)) dz

/me(x,t)([qss «w(.,t)] —w(z,t)) de.

ro |2
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We can now proceed to verify the announced e-independent estimate.
LEMMA 4.4. Let Assumptions 4.1 and 4.2 be satisfied.
Then we have for all t € [0,T)

a 2 1 2 2
5Hw5(~>t)||Lz(R> + §Hve(~at)||L2(R) +AE6[WE(-7t)]($) dx +5||”;||L2(R><(O,t))

(4.6)
1 €
< [ Hewo@) dot Gl + [ Bl ds
and
eV a0 + 205 [ Bz 0)(o) do
(4.7)

< lewhalage + [ Hwo()do + Junlaqe + [ B fuol(e) de
Note that Assumption 4.1(i) implies that inequality (4.7) gives also an uniform estimate for the term
5||w§||2Lz(Rx(o,t))-
Proof of Lemma 4.4. We multiply the two equations in (1.5) with the components of
VH(w,v°%) = (a(w),v%)T.

From the first equation in (1.5) we obtain for ¢ € (0, 7))

d € — [ o(w(x,t))vi(x T =
E/RH(’U} (z,t)) dx /R (w®(z,t))vs(x,t) d 0. (4.8)

From (4.3) we observe that v®(x,t) and vZ(x,t) vanish for £ — oo and ¢t € (0,T). Therefore, using
w; = v, the second equation gives

% R%(vs(:z:,t))de—Ave(x,t)(a(ws(x,t)))xdx
_ —E/R(v;(x,t)) d:v—&—'y/wa(m,t)([és*we(.7t)](x)—ws(x,t)) da.

Due to Assumption 4.2 we can apply Lemma 4.3 for w® and we conclude

1 2
S0 (D)o — [ 0 (2, t)(o(w(2,1))), da
2di m /R (4.9)

d
- —s/(u;(z,t))2 do— 2 / B[t (, 1)](x) da.
R dt Jg
We add up (4.8) and (4.9) and get after integration with respect to ¢ the estimate (4.6) from the decay
properties (4.3) of v, w® and Assumption 4.1(i).

To prove (4.7) we multiply the second equation in (1.5) by ewZ and get using wi = v< after integration
with respect to time and space

6/OT/Rw;(x,t)vf(x,t) dxdt—E/OT/R(wi(x,t))Qa’(w(x,t))da:dt

_ EQ/OT/RM;(x,t)w;t(x,t)d:rdt’ys/OT/Rw;(:c,t)([gbs*w;(.,t)](x)wi(z,t)) dadt.
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This is equivalent to

5[/}Rw;(x,t)v€(a¢,t) Ts/T/vfm(x,t)vE(z,t) dxdt5/T/(wi(x,t))ch’(w(x,t))d:cdt
= —/ /dt (z,t)) d;vdt—l—Q’ya/ /E8 (., t)](x) dadt.

Note that we used Lemma 4.3 again. We rearrange the terms in the last equation and arrive at

275/ /E6 °( dzdt+€/ / (z,t)) %0’ (w®(x,t)) dedt

= {—:/Rw;(z,T)vE(x,T) dx—s/RwOm(x)vo(:c)dm

+5/T/(v;(x,t))2dxdt— i/R(w;(x,T)fdm—i— %/R(wogg(x))%m

—/ (x,T))*dr + = /( “(z ,T))%lx—&—%/}R(w%(m))Qdm—&-%/R(vo(x)fdx

€
+5||vz“L2(R><(o,T)) E/R( e (x,T))> dm+—/ woz (7)) da

IN

< Netnalage + [ Hlwn) do + unlage + [ B¥lunl(a) de

This is (4.7). Note that we used (4.6) for the last estimate. O

4.3. The Limit Process of Vanishing Dissipation. To perform the limit ¢ — 0 in (1.5), (1.6)
we use the framework of compensated compactness. Since we have only LP-estimates from Lemma 4.4
and moreover ¢ is not convex but has a (single) inflection point we cannot use the standard version
due to DiPerna but rely on the extensions by Shearer and Serre ([41, 40]).
THEOREM 4.5. Let Assumptions 4.1 and 4.2 be satisfied.
Then there exists a subsequence {(w*,v*)T Y en of the family {(w®,v®
of (1.5), (1.6) and a function (w,v)”T € L*(R x (0,T)) x L*([R x (0,7))
(i) the subsequence converges for k — oo to (w,v)T in (L (R x (0,
(ii) (w,v)T is a weak solution of (1.1), i.e.,

/ /( )w@ t)— ( (UUS( ’t)t)))%(x,t)dxdtzo (4.10)

for allp € CF(R x (0,T)).
Before we can present the proof of Theorem 4.5 we need the following lemma.
LEMMA 4.6. Let the assumptions of Theorem 4.5 be valid.
Then there exists a constant C > 0 independent of € such that

Yeso of classical solutions

)"
such that
7)))?, q € [1,2),

||¢8 *w® — ws||L2(lR><(O,T)) < C€||wi*HL2(R><(O,T))'

Proof. Let (x,t

,t)
consider I : R x (0,T

€ R x (0,T) be arbitrary but fixed. Denote B.(z) = {y € R||z —y| < e}. We
) — R with

I(z,t) = [¢pe xw®(., 1)](x) — w(x,t) = /Rgbs(x —y)(w(z,t) — w(y,t)) dy.
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Assumption 4.1(ii) and the Morrey-type inequality (see Sect. 5.6.2 of [18])

1/2

x+2¢e
wr(z)|2dz> (r €R, y € B.(x), w € C'(R))

w(z) - w(y)| < cwz( /

show that the following estimate holds.

—2¢

I(zt) < /B bz — )| (W (2, 1) — w (3, 1)) dy
5(1) x+2¢ 1/2

< ovil  aa-v) ( / |wz<z7t>|2dz) dy
Bs(x) xr—2¢
T+2€e 1/2

Cive (/ Jwe (2, 1)]? dz) .

—2¢

A

Now we integrate |I(z,t)|? with respect to space and obtain with the substitution z = z+ 2 arctan(Z)

x+42e
/\I(m,t)|2 dx Cla/ (/ |we (z,t)|? dz) dx
R R T—2¢
4e 2 4e 1
— £ i 5 R
= Cls/R (/R‘wx<a:+ - arctan(z),t)‘ dm) = dz

4e? . 2 L

. 2
szszz(wt)”L?(R)'

IN

Integration with respect to time yields the statement of the lemma. O

We conclude the paper with the

Proof of Theorem 4.5. From Lemma 4.4 we know that the family {(w®,v%)T}.5¢ of classical
solutions of (1.5), (1.6) is in particular uniformly bounded in L?(R x (0,7)) x L*(R x (0,7)). We
shall now show that the inclusion

n(w®,v%), + q(w®,v%), C compact set in W~%(Q) + bounded set in M(Q) (4.11)

holds for all open bounded sets @ C R x (0,7") and two special entropy pairs (1, q) € C?(R? R?) for
(1.1) that have been constructed in [41]. Then the Lemma of Murat ([36]) and the theorem of Shearer
and Serre (see [35] for instance) apply: Statement (i) follows. We have to establish (4.11). We do
not give the exact formulae for the Shearer entropies which can be found in [41]. For our purposes it
suffices to note that there is a constant C' > 0 such that the entropies of a Shearer entropy pair (7, q)
satisfy the estimates

Hnw/\/;”pc(ﬂe?) + H77v||Loc(R2) + Hnwv/\/‘?”Lw(R?) + Hnww/U/”Loo(R?) + ||77®vHLoc(]R2) <C. (412
Let such an entropy pair be given. We compute with (1.5)
WS, 0), + g 0%), = e, v g, + (e, %) (6 % wF — ),
= IT+1I.

In the sequel let § € W, (Q) and ¢ € C5°(Q). We start with the term IS which we rewrite in the
form

IE = en(ws, o), —e(w,v?)Vin(w®, o) (w,v%)T — eny (w®, v )ws,

= I +If + Ii3.
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The terms can be treated exactly as in [41] and one obtains using (4.12) for some e-independent
constant Ci9 >0

tin ({75, 6)] = 0 and [(T, )] < Cuol[6] - (4.13)
To work out the term If; we take into account the splitting
Ify = e(u(w®, v*)ws), — Ve (w®, v%) - (wg, v5) Tws =: Iig + I5g,

and compute with (4.12) and Lemma 4.4

[(If5,,0)] = E‘/nw(wa(:v,t),UE(:UJ))w;(w,t)Hx(ﬂc,t)dwdt
Q
= OV W wl g 10llws 2 () (4.14)
— 0 (e—0).
Furthermore, for If;, we estimate
(i) = €] [ (o) 0% s

(05 (1), 0% (2, 4))05 (2, 6) S 1)) b, ) drd|

< 01325’/ 20" (w® (@, 1)) (w5 (2, £))? + 5 (1) dadt| (4.15)
Q
2
< 01325(||\/0’(w5)w§”L2(Q)+||Uf:||2L2(Q))||7/J||Loo(Q)
<

Crs2l[Yll oo () -
We proceed with I5 which we split up according to

£ e , € 0 2 e € w; 0
I =~ Vﬁ(w,v)' be * W — wE -7 VU(’LU’U) v | be * WE — WE
= A5 + 5.

Here V27 is the Hessian matrix of the entropy 7.
Using Lemma 4.6 and again (4.12), Lemma 4.4 leads to

501 = o /Q””(w%’t>vvs<xat>><[¢s w(,0))(@) — w (2, 0)) 0, (2, 1) dadt
< Conllbe * wF = wfl| 2 16l w2 ) (4.16)
- 0 (¢—-0)
and
[{L52, )
= ’Y’/Q77wv(w6(l'at),va(xat))wi(%t)([%*we(.,t)](x)we(x,t))dz(x,t)dzdt’
+v( /Qntzv(wg(z,t),Uf(x7t))vfc(l‘,t)([¢€ «w (., 1) (z) — we(z,t))Y(2, t) dzdt’ (4.17)
< Cony(IVo sl gy + 105l 2y ) 16e #07 — w lpaq I¥lg)
<

C22”Y||7/1||L<>O(Q)-
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Collecting the results from (4.13) ,(4.14), (4.15), (4.16), and (4.17) we observe that (4.11) holds.

We proceed with statement (ii).
Since the elements of the converging subsequence {(w®*,v¥¥)T},cy are classical solutions of (1.5),
(1.6) we have for k € N and for all ¢ € C§°(R x (0,T)) also

[ (0 e - (a0 Y ot asa
— _/OT/R(Ekvs,?(x,t)>¢m($,t)dxdt (4.18)

- Py/OT/R ( (e, * wgk(_,t)?(x) —w (1) ) Yy (z,t) dadt.

Since all expressions on the left-hand side of (4.18) are globally Lipschitz-continuous in v* and w®*
(recall Assumption 4.1(i) for o) the convergence of {(w®*,v**)T }rey in (LL (R x (0,7)))%, ¢ < 2,

loc
implies convergence to the left-hand side of (4.10). The same argument shows that the first term on

the right-hand side of (4.18) vanishes as ¢, — 0. Finally the last term term on the right-hand side of
(4.18) vanishes due to Lemma 4.6 and Lemma 4.4. O
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