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Traveling waves in rapid solidification *

Karl Glasner

Abstract

We analyze rigorously the one-dimensional traveling wave problem for
a thermodynamically consistent phase field model. Existence is proved
for two new cases: one where the undercooling is large but not in the hy-
percooled regime, and the other for waves which leave behind an unstable
state. The qualitative structure of the wave is studied, and under certain
restrictions monotonicity of front profiles can be obtained. Further results,
such as a bound on propagation velocity and non-existence are discussed.
Finally, some numerical examples of monotone and non-monotone waves
are provided.

1 Introduction

Continuum descriptions of phase transitions known as phase field models have
become popular in describing solidification processes [15, 9, 18, 21, 7, 23]. All
phase field models introduce an abstract order parameter ¢ which designates
the phase of the system. Without any loss of generality we will take these to be
¢ =1 (solid, for example) and ¢ = —1 (liquid, for example). The construction
of these models typically begins with an assumption about the free energy (or
alternatively, the negative entropy) of the system as a function of the phase
¢ and the internal energy density e. We will consider the specific functional
18, 21]

Flde) = / Vo2 + F(6,¢)dz

which has been written in nondimensional form. The gradient part accounts for
surface energy, and the function F (¢, e) is the bulk free energy density.
We will consider a form for F' similar to that proposed by Wang et al. [21]:

A 2
F(g,e) = 9(¢) + M = 5 (e + 3p(¢)) " (1.1)
The constitutive function g(¢) is typically a positive, symmetric, double well
potential with minima at +1, but we shall not always require this. The parame-
ter A designates the coupling between the two fields; for narrow phase interfaces,
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it is physically the ratio of interface width to capillary length [14]. We assume
F(¢;e) € C? and has the following properties:

e For each fixed value of e, the function F(¢,e) will have have exactly two
minima at +1. Specifically we suppose that

0? s
?&F(il’e) =o05(e) > 0. (1.2)
e For each fixed value of e, F'(¢, e) possesses a unique intermediate maximum
at some point ¢ (as an example, see figure 6).

e Outside of the interval ¢ € (—1,1), 0F/d¢ will be set to zero without any
loss of generality.

To complete the model’s description, a relationship between internal energy
and temperature u is needed. The choice we make has the general form

e=u+3p(¢)

where we will take p to be an increasing function of ¢. The dependence on ¢
accounts for latent heat released during the phase change. It can always be
assumed (by a linear change of the variable u, for example) that

p(£1) = +1.

The dynamics which arise from the above constitutive model result from a
gradient flow of F which simultaneously conserves total internal energy. In one
dimension this yields the system (see [21] for the derivation)

¢t = Puat+ f(yu) (1.3)

et = Duy, (1.4)
where oF

f(¢7u) = 8_¢ e(¢7u)

and the parameter D is a nondimensional diffusion coefficient.

The problem we are interested in is where a phase interface is propagating
from left to right into the state ¢ = —1. We also suppose that temperature
approaches constants u_,u far to the left and right, respectively. If we look
for constant velocity traveling wave solutions of the form ¢ = ¢(x — Vi), u =
u(z — Vt), we obtain the traveling wave problem

"+ Ve + flu) = 0 (1.5)

Du' +Vu— %Vp(d)) —Vew = 0 (1.6)
p— -1, u—uy as z — +oo (1.7)
p—1, u—u_. as x — —© (1.8)
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where eco = u_ — %p(l) is a constant which comes from one integration of the
second equation. Since u, — 0 as x — +00, u_, w4 must satisfy
u_ —wy = 3[p(1) — p(~1)] = L. (L9)

We define the nondimensional “undercooling” A to be to be
A=—uy=—-ex+3 (1.10)

so that u_ = —A + 1. We shall talk about the parameters A and e, inter-
changeably.

For certain singular limits of phase field models, u is approximately constant
near the phase interface, and an asymptotic analysis can be conducted to de-
termine the wave profile and propagation velocity [5]. When the rate of phase
change is rapid, however, this is not the case. In particular, both fields will vary
simultaneously, so the problem must be treated as a system rather that a single
equation. This gives rise to a number of features not seen in the one component
case, including non-existence, non-uniqueness and non-monotone behavior. We
therefore adopt an approach different from that of other traveling wave prob-
lems.

Several other authors have studied traveling waves in phase field systems.
Caginalp and Nishiura [6] prove existence when the coupling between the two
variables is weak, allowing for the use of a perturbative argument. In a more
recent study, Bates et al. [2, 3] establish existence of waves under the hypothesis
of hypercooling, when A > 1. In contrast, we are principally concerned with
the case A < 1 and where the coupling between the variables is significant.

The model we discuss here is quite general, and may very well pertain to
other phase transition phenomena, such as solidification of binary alloys [22, 7]
and superconductivity [8]. In one dimension at least, all of these models have a
similar mathematical structure.

The layout of the paper is as follows. In section 2 we establish some basic
properties of solutions. Existence results appear in section 3. We then prove
a bound on propagation velocity in section 4. With certain restrictions, mono-
tonicity is established in section 5. In section 6, it is shown that in a critical
region of parameter space, no solutions may be obtained. Finally, in section 7,
some computational examples of both monotone and non-monotone waves are
shown.

2 Preliminary Results

We can rewrite the system (1.5 - 1.6) as a third order dynamical system by
introducing ¢ = ¢,:

¢x = _V¢ - f(¢v u) 2
e = L(—ut 1p(d) + ew) (2.3)

D
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For convenience, we set n = (¢,9,u), n— = (1,0,u_), ny = (—=1,0,uy), and
write the system compactly as n, = G(n). The task of finding a traveling wave
solution is the same as finding a trajectory connecting n_ to 7.

Because of the gradient construction of the original model, there is a natural
Lyapunov function for the system (2.1-2.3):

Lemma 1
d Dug\” AD
2P _ 142 z = V2 + 2242 2.4
dx{ (¢rem) ~ 302 -3 (57 } v 22w ()
Proof. This is just a straightforward calculation. O

We can now establish a necessary condition for existence.
Proposition 1 Any solution to (1.5 -1.8) must satisfy
F(—1l,ex) — F(1l,e00) = V/Oo Y2 (z)dx + % h u?(x)dz. (2.5)
In particular, forward moving solutions have
F(—1,ex) > F(1,e00). (2.6)

Proof. This is simply obtained by integrating (2.4). d
The final result of this section pertains to estimates for derivatives of ¢, u.

Proposition 2 Suppose ¢, u solve equations (1.5),(1.6), and (1.8). There exist
positive constants C1,Cs, depending only on e, so that

|¢x| <Cl, |uw| < (.
Proof. Integrating (2.4) from —oo to x, we can get
%‘ﬁi(m) < F(¢(2),e00) — F(1, €00)

which establishes the first bound. For the second, we take the derivative of (2.3),
multiply by the integration factor K (x) = V/D exp(Vz/D) and integrate, giving

w@) =3 [ K@) 27)

We can bound the term p(¢), by a constant, and the remaining integral evalu-
ates to exactly 1. O

3 Existence of traveling waves
In a separate paper [12], traveling wave solutions are constructed by formal

asymptotic expansions. The conclusions which were drawn from this analysis
are the following:
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e Solutions may not exist for all parameters. When the ratio D/ is small, a
saddle-node bifurcation in the non-hypercooled (A < 1) regime gives rise
to two monotone solution branches, a stable one where V' is large, and an
unstable one where V' is small.

e When D/ is large, ¢ is approximately the solution to

¢ww + V¢x + f(¢7u—) =0 (31)
p(-00) =1, P(+o0) = -1 (32)
This is a standard traveling wave problem, and much is known about

solutions (see [10] for example). For forward-moving (V' > 0) solutions to
exist, it is required that

[ Foun)ds >0 (3.3)

which is (provided g(¢) is an even double well potential) the same as
requiring A > 1. This is the hypercooled situation for which existence,
and sometimes uniqueness, is guaranteed [2].

e When D is small, the u variable is essentially slaved to the ¢ variable on
the fast solution branch. Then ¢ is approximately the solution to

Gz + Vo + f(¢7 €co T %p(¢)) = 0 (3'4)
p(—00) =1, P(+o0) = -1 (3.5)
This the same traveling wave problem as (3.1), but with a different source

term. The analog of condition (3.3) is actually the same as the earlier
condition (2.6) in this case since

OF (¢; €oo)
F(¢,e00 + 5p(¢)) = Tw
Provided (2.6) holds, there is a forward moving solution to this problem

[11]:

Proposition 3 The traveling wave problem (3.4 - 8.5) posses a solution
pair (9, V) = (Ps(x),Vs). D, is decreasing and unique up to translation.
Vs is positive and uniquely determined.

We shall now specify two types of traveling waves, each corresponding to
different types of source terms f(¢,u).

Waves of Type I: The first case is where, for fixed u, the function f(¢,u) is
of “bistable” type (see figure 1a). This is the usual situation where both phases
¢ = £1 are stable. We will further assume that g(¢) is an even function, with

(>0 é<0
g(¢){<o ¢ > 0.
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Figure 1: (a) Type I waves. The nonlinear function f(¢,u_) is of bistable type
for each fixed value of u_. (b) the function f(¢,u_) for waves of type II.

The results of sections 5-7 will pertain specifically to this case.

Waves of Type II: The second case is where f(¢,u_) is of monostable
type (figure 1b). The phase ¢ = 1 is actually now unstable, but this type of
wave has been exhibited in numerical simulations [1, 24, 13].

Typically, traveling wave problems are viewed as eigenvalue problems in the
propagation velocity V. In view of the first conclusion above, however, solutions
may not always exist when all other parameters are fixed. The approach we
adopt instead is to regard V as fixed. We then have two difference existence
results by regarding either D or A = —eq, + % as the unknown parameter.

In the first of two existence theorems, we take D to be unknown. There are
two properties which will be required:

F(-1l,ex) > F(1,ex0) (P1)

and
1
[ Sou)ds <o, (P2)

Property P1 is just the necessary condition established in proposition 1. For
waves of type I, properties P1 and P2 will hold when

1

5 <A<
For type II waves, property P1 takes the form

A> s > 0.

where \; is the value of A making F(—1,ex) = F(1,ex). In general, A,
will depend on A. Notice that property P2 is automatically satisfied, since
f(¢,u—) < 0. The theorem is



EJDE-2000/16 Karl Glasner 7

Theorem 1 Suppose V' € (0,V;) and properties P1, P2 hold. Then there exists
a triple (¢(x),u(x), D) solving the problem (1.5 - 1.8), with the property that
—1<¢<l.

In other words, non-hypercooled type I waves always exist in a range of veloci-
ties, provided we can adjust D, typically by making it small. The same is true
of type II waves, provided A is large.

The second existence theorem pertains only to waves of type I. We take the
undercooling A to be unknown, giving the following result:

Theorem 2 Suppose V,D > 0. Then there exists a triple (¢(x),u(z), A) solv-
ing the problem (1.5 - 1.8), with the property that —1 < ¢ < 1.

This means that any velocity is accessible, provided the undercooling is chosen
properly.

The proofs are similar, and are given in a series of steps which we shall out-
line. The idea is to construct a shooting method with D (or A) as the shooting
parameter. The system (2.1 - 2.3) possesses a one dimensional unstable mani-
fold near the fixed point n—. When D is very large (or A small), the trajectory
which is formed from the unstable manifold never reaches a point where ¢ = —1.
But for small enough D (or large A), the trajectory will “overshoot”, that is
continue below ¢ = —1. Consequently, there should be some intermediate value
which gives ¢(400) — —1.

3.1 Behavior at infinity

We begin by considering the linearization of the third order system (2.1 - 2.3)
near the point _. Setting ' = n — n_ we obtain the linear system 7., = L/
where

0 1 0
L= o =V py
5P (1) 0 —F
and we define
of of
O+ 8¢(:F 7u:t)7 P+ 8u(:F 7u:|:)7

Note that o, p and o° are related by
of = o+ + 30 (F1)px+.

Lemma 2 Assume that condition (1.2) holds. Then L has one eigenvalue p
with positive real part and two with negative real part and p depends continuously
on D and A.

Proof. A straightforward calculation gives for an eigenvalue u the characteristic
polynomial

1+ (V+V/D)u? + (V?/D — o)u— V/D(03) = 0. (3.6)
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It follows that the product of the roots is positive and their sum is negative
by the requirement (1.2). The only possibility is that one of the roots is real
and positive, leaving the other two possibly complex with negative real part.
Continuous dependence follows from the formula for roots of a cubic equation.
O

We may conclude that for the linear system, there is a one dimensional
unstable manifold M which is the subspace

M ={an,|a € R}
where 7, is the eigenvector corresponding to u:

-1
N = _,'u . (37)
__ @)
2(14+uD/V)
Notice that 7, depends on D and A in a continuous manner.
Let 7 be the two dimensional subspace orthogonal to the linear unstable
manifold so that 7 & M = R3. We now state the existence of the unstable
manifold for the nonlinear system.

Proposition 4 In a sufficiently small neighborhood of n—, say
Bo ={In'| <o},
there is a unique C? map
T(n';D,A): MN By — T,

which has the following properties:

(a) T(0) =0

(b) VT(0) =0

(¢) T continuously depends on D and A

(d) If ' (z) is a solution to the linear system lying on M, then T(n'(z))+n'(x)+
1N— is a solution to the nonlinear system.

(e) Upper bounds on o~ and ||T| 2> depend only on ||G||c-.

The proof of this is a standard result of the theory of dynamical systems.
Since we will be concerned about what happens when D — 0, the bounds on
a and ||T||¢, are not sufficient. These bounds are, however, somewhat artificial.

Corollary 1 For all D € (0,00) there are constants Cy,Ca > 0 such that « can
be chosen so that
o > Cl, ||TH02 < (s

Proof. We can multiply the entire system by the factor
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and introduce the variable X = x/g, giving a new system nx = 8G(n). The
unstable manifold of the new system is also one for the old as well since only
the scale of the independent variable was changed. But for the new system,
B||G||c2 has a uniform bound for all D € (0, 00) as required. O

A starting point for the shooting method can now be given, by constructing
a trajectory which sits on the unstable manifold near the point 7_.

Proposition 5 There exists a solution n(z) : (—00,0] — R3 to (2.1-2.3) with
the following properties:
(a) There is a K > 0 such that

In(z) —n- — Keton,| < CK?e*

for some constant C > 0 independent of D.
(b) n(0) continuously depends on D, A.
(¢) There is some fized ¢po < 1, so that ¢p(0) = ¢g.

Proof. For arbitrary but small K and x < 0, the function
n(z; K,D,A) = n_ + Ke'*n, + T(Ke'*n,; D, A)

is well defined. Choose ¢y < 1 so that it is in the range of ng4 for all D > 0, the
subscript denoting the ¢-component. For small K, the function

$(0; K,D,A) =1— K+ Ty(Kny; D, A)

is decreasing in K, and therefore has a unique continuous inverse K (¢(0); D, A).
We can then set K = K(¢o; D, A), so that properties (b) and (c) are satisfied.
The estimate (a) follows from Taylor’s theorem and properties (a),(b) and (e)
in proposition 4. U

3.2 The limit as D — 0 and overshooting

For proof of theorem 1, we will be concerned about what happens in the limit
D — 0. The goal of this section is to show that when D is near zero, the
trajectory formed from the extension of the solution obtained in proposition 5
will eventually decrease past the value ¢ = —1, provided V < Vj.

Formally setting D = 0, we have u = %p(qﬁ) + e and obtain the reduced
system

wx = _Vw"—Fd?((baeoo) (39)

As long as ¢ is monotone decreasing, it will be useful to work in phase space,
viewing ¢ as the independent variable. Then 1 (¢) solves the non-autonomous
equation

ﬂ - V4 Fy (o, eoo). (3.10)

d¢ (0
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Given a solution to this equation, the traveling wave profile may be obtained
by inverting the one to one function

m(¢)—/jdm—/j%. (3.11)

The constant ¢y is the value ¢ takes at x = 0; choosing it removes the translation
invariance of the original problem.

When V = V; there is a unique decreasing solution ®, given by proposition
3, whose derivative ¥, must satisfy (3.10). We will first construct a trajectory
which decreases “faster” than ®,.

Proposition 6 When V < V; there is a solution ¥ : (—1,1) — R of equation
(8.10) with the following properties:

(a) U(¢) < ¥y(¢) <0.

(b) () =0 as ¢ — 1.

(c) For any ¢ € (—1,1),

-1
/ % 18 bounded.
b0

/ tds

o Y(9)

Proof. Let ¥, (¢) be the backwards solution to the initial value problem (3.10)
with ¥,,(1) = —1/n, which exists down to a point where ¥,, — 0. We claim that
U, (¢) < ¥y(¢). This must be true near ¢ = 1 since ¥, approaches zero there.

Suppose then that there is some largest ¢ = ¢* at which U(¢*) = U (¢*). At
that point we have

(d) For any ¢o € (—1,1),

d¢ n \E d¢

which is impossible since ¥,, < ¥ when ¢ > ¢*. U,, therefore exists on the the
whole interval (—1,1).

We now pass to a limit as n — co. A uniform bound on ||¥,||c: is obtained
by noticing that

dvy, (¢") = -V + F¢(<§,€oo) oy, 4 Fel@hee) Y, (¢*)  (3.12)

F, 0
< |V|+‘7¢($’e )’ < |V|+‘

F¢(¢v eOO)
U,

v, d¥
de de

There exists some subsequence which converges uniformly in C! to a limit we
shall simply call ¥, solving equation (3.10).

Now to verify that ¥ has the stated properties. For (a), clearly we have
U* < ¥,. But if they are equal at some point, an argument similar to that in
equation (3.12) would give a contradiction.

]<|V|+|vs|+‘
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For (b), we observe that
02 Wn(¢) 2 -1/n—-C(1-9¢)

where C is a positive uniform bound on the derivatives of ¥,,. Taking n — oo
gives

0> W(g) > —C(1— 9) (3.13)

which proves (b).
For (d), the inequality (3.13) gives

L ode R L )
—<C - .
/¢O\P<¢>< Ao¢—1 >

For (c), suppose instead
-1
d¢
—_ = 4.
/¢0 )

Formula (3.11) then may be used to obtain a solution ¢(z) to the traveling wave
problem (3.4-3.5) with speed V' # V;, which is impossible. O
We can use formula (3.11) to obtain a solution z(¢) from ¥, and by property

(d) above, © — —oc0 as ¢ — 1. The inverse of this function, ®(x), is a solution
to the system (3.8 -3.9) with

(Hm ¢(@) = 1.
Additionally, by virtue of property (c) in the proposition, there is some x at
which both ®(z) = —1 and ¥(z) < 0. Consequentially there is some €, z* for
which

P(z")=-1-¢

We next study the limit of the full system as D — 0. It will be shown that
the limit of solutions to the full system will be the solution of (3.8-3.9). The
first result shows that u can approximately be regarded as a function of ¢.

Proposition 7 Let (¢,v,u) be a solution to the system (2.1-2.3) satisfying
(1.8). Then there exists a positive constant k, so that

lu(z) — 3p(¢(z)) — €no| < kDY(x)
where _
Y(z) = S ]

Proof. Multiplying (2.3) by the integrating factor

K(x)= %exp(Va:/D)
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and integrating gives
u(r) = /; K(z —2') [3p(¢(2))) + e da’. (3.14)
An exact Taylor expansion of the p(¢(z')) term around z gives
wa) = [ K=o [d0(e) + ] d
[ K@l @)’ - a)as’

where z* (') € (2, z). The first integral explicitly integrates to 1p(¢(x)) + eco.
For the second integral, we may bound term involving x* by a constant times
(), and the remaining term integrates to exactly D/V. O

Now let (¢, 1, u) be the solution obtained in proposition 5. Since ¢ is mono-
tone decreasing at least up to x = 0, we may again regard it as the independent
variable, and ¥ (¢), u(¢) solve

@ _ ., 90+ 3 \u(¢)p' (¢)
do W
We will also write E((b) for the function defined in the previous proposition. It

is important to note that, at least when ¢ is near 1, property (a) in proposition
5 indicates that ¢ is also monotone decreasing, and consequentially

¥ =yl =y

We may now show that a solution of this equation approaches the expected limit
as D — 0.

(3.15)

Proposition 8 Let () be a solution to equation (3.15) obtained in proposition
5, and let U(¢) be a solution to equation (3.10) as obtained in proposition 6.
There is a positive constant k1 so that

[(¢) — V(D) < k1D, ¢ > ¢o.
Proof. Set © = ¢ — U. Using proposition 7, O solves the equation

40 Fyldrex)  _ U(@)

d¢ Wep (4

where

U(6) = 50(é)lu(d) — 3p(0) — ex

For any ¢y < 1, we can define the integrating factor

— ex ¢ F¢(¢/7e<><>) /
Kﬂ@_ep<¢ow¢mwvw>'
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Note that since ¥, and Fj are all negative near ¢ = 1, Ko < 1 for ¢ > ¢o.
Multiplying by K3 and integrating from ¢y to some ¢ yields

- ¢
K(6)0(6) - Oln) = [ Kofo) "o

Taking the limit ¢ — 1, we obtain

o0l - [ U9 4y] < b,

O

We conclude this section by showing that the solution to the full problem

overshoots when D is small precisely because the “slaved” (D — 0) limit is
being approached.

Proposition 9 Let (4,1, u) be the solution obtained in proposition 5. There
exists x*, so that if D 1is small enough, ¢p(z*) = —1 for some x < x*.

Proof. By an appropriate translation of the limit solution ®(z), we can make
®(0) = ¢(0) = ¢o. Using proposition 8 we have ¥(0) = (0) + O(D). Since
¢ has a uniform bound, u(z) = 1¢(z) + ex + O(D), therefore (¢,7) solve a
system of the form

% = 1P
Yy = _V¢+F¢(¢7eoo)+R(x)

where R = O(D). Now suppose that ®(z*) = —1 — e. By elementary theory,
solutions are continuous both with respect to initial data and perturbations of
the equation. Consequentially for D small enough we have ¢(x*) < ®(z*)+€ =
—1. ([

3.3 Proof of Theorem 1

We now formally define the shooting procedure which is used to obtain a solu-
tion. For M > 0 set
Em(D) = ¢(M)

where 1 = (¢, 1, u) is the solution to (2.1-2.3) obtained in proposition 5. Since
¢ varies continuously both with respect to its initial data and parameters, it
follows X(D) is also continuous. For each M, we will vary D so that ¥ = —1,
and so obtain a solution 73,. We will conclude by passing to the limit M — oo
and showing that the limiting solution has the correct asymptotic behavior.
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Proof of Theorem 1. Step 1: Overshooting

For large M, we have already shown that ¢ can obtain the value —1 when D is
small. Past this point, it is easy to see that ¢ < —1 since ¥ converges to zero
in an exponential fashion because f = 0. This ensures ¥ < —1.

Step 2: Undershooting

When D = oo (i.e. D™! = 0) we claim that ¥ > —1. Suppose instead there
exists some x* for which ¢(z*) = —1. u(x) is constant in this case, taking the
value u_. Multiplying (2.2) by ¢ and integrating from —oo to z* gives

1 z*
L2 (i) = L F(dru_)d— V/m 2 (x)dz < 0

by virtue of property P2, which is impossible.

Step 3: Uniform bounds and passing to the limit
We now define

Dy = sup{D|Xp (D) = -1}

which must exist by steps 1 and 2 and the fact that ¥ is continuous. Associated
with each D)y is a solution nyr = (dnr, ¥ar,upr) of (2.1 - 2.3) with D = Dyy.
Since ¢js may not decrease past —1, we have

-1<¢m <1
We claim that Dj; is non-decreasing in M. For € small, let M; = M + €. Then
o (Dym) = om(M + €) < o (M) = -1

so that Dyps, < Dps. This uniformly bounds Dy from below. Using the uniform
bounds on ¢, and u, there is a constant C' so that

Il nar ot =m0y < C.

We can find a subsequence M; — oo so that Dy, — D and na, — 1 = (9,9, u)
locally in the C' norm, giving a solution to (2.1-2.3) on (—00, 00).

By construction, the limiting solutions must satisfy the left hand far field
conditions (1.7). We need only show that the right hand conditions (1.8) hold.

Step 4: Behavior as £ — 400
The existence of a limit follows from the gradient character of the system by
the following lemma:

Lemma 3 Suppose lim,_,o I(x) = I'*, and that there is some positive constant
C so that |I4(z)| < C. Then limy_o0 Ix(x) = 0.

Proof. For € > 0, let z; be so large that

|I* —I(z)| <€, z>a.
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For any x > x4,

I(z) = I(z1) + Ip(21)(z — 1) + /m /w Lo (2')dx" dx'.

Then using the bound on the second derivative and setting  — 1 = ¢, we have

c C
| (e0)| < 11(2) — I(n)| + S < (14 5)¢
which means I'(z1) < Ce. O
To continue the proof, let I(z) be the Lyapunov function in lemma 1. Since
I is increasing and bounded from above, the limit lim,_, ., I(x) exists. A bound
on the second derivative of I follows from the bounds on derivatives of ¢ and .
Therefore ¢, u; — 0 as * — oo, and consequentially lim; o F(¢;ec) exists.
Since ¢ is continuous, it must also approach a limit ¢. Using equation (2.3) it
follows that
. o 1,(7\ — =
zh_{rgo u(r) = eco + 5p(¢) = .
Then (¢,0,7) must be a fixed point of the system (2.1 - 2.3), which is the same
as saying that ¢ is a critical point of the function F(¢; e~ ). Three possibilities
exist:

@61
(b) ¢ = ¢, the intermediate maximum of F(¢;es).
(c) p=—1land = —A.
We can show that the first two are impossible.
If (a) holds, then equation (2.5) implies that 9, u, = 0, which is impossible.
Suppose instead that (b) holds. Let € to be small enough that

F(d,e00) — F(—1,e00) > € (3.16)

when ¢ is in some small neighborhood of (ﬁ; this is always possible since (]3 is a
maximum of F (¢, ex). Since ¢, u, — 0 as z — 0o, there must exist some point
X for which (3.16) holds for ¢ = ¢p(X) and

D2
2P (X) + AT (wan)s (X) < e (3.17)
for large values of M. By integrating (2.4) from X to M for each 1y, we get
D2
3% (X) + Az ()2 (X) > F(on (X)ieoo) = F(=Liew) > (3.18)

which is a contradiction of (3.17).
This concludes the proof of Theorem 1.



EJDE-2000/16 Karl Glasner 16

3.4 Proof of Theorem 2

The proof of theorem 2 is very similar to the first existence theorem, so we will
only point out the differences. We again construct the “shooting” function

Em(A) = ¢(M)

which is continuous in A. The steps in completing the proof are the same as
above:

Step 1: Overshooting

We will first establish a comparison solution by an existence result for the one-
component equation.

Proposition 10 Let V be given. There exists V > V,U < 0,® solving
Bup + VO + f($,U) =0 (3.19)
with the boundary conditions ®(+oo) = F1, where ® is decreasing.

Proof. Notice that (since we are dealing only with waves of type I) the term
f(#,U) is of bistable type for each U. Therefore (3.19) has a solution pair (®, V)
for each fixed U, where ® is decreasing. We need only show

V = 400 as U — —o0.

Regarding ® as the independent variable, the derivative of ®, call it U(®), will
solve

W g®)+3Up (@)
F= v - . (3.20)
Suppose that as U — —oo, V remains bounded. Multiplying (3.20) by ¥ yields
d (1 A -
— (z0?) = J(®)+ZUpY(®)-VVT
i (3%) = d@+5u@-v

C1 <%\112> + CoU + Cs

IA

where C7, etc. will denote positive constants. Applying the usual Gronwall
lemma gives

[W(¢)| < CulU|Z +C5 for ¢ € (—1,1).
Now multiplying (3.20) by ¢ and integrating from ¢ = —1 to ¢ = +1, we obtain

~ A
V = 17[] (3.21)
J2, ¥ (e)do
> CelU|? - Cr. (3.22)
But then V — 0o as U — —o0, a contradiction. O

With this comparison solution we can easily show, provided A is large
enough, that the solution to the full system will overshoot.
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Proposition 11 Let (¢,1,u) be a solution obtained in proposition 5, with A >
—U + 1. Then there exists x*, so that ¢p(z*) = —1.

Proof. We will again work in phase space, so as before 1(¢), u(¢) solves
@ _ . 90+ 3ud(9)
d¢ (G

which is valid so long as ¢ is decreasing; in particular, it is true near ¢ = 1.

First we claim that if ¢(¢*) = ¥(¢*) at some point ¢*, then ¥(¢) > VU (¢)
when ¢ > ¢*. This follows from the inequality

(3.23)

av ., - g (¢") + 3UP (¢%)
d_¢(¢ ) v+ \1:2
v g'(¢") + Zu(@)p'(¢*)  dv,

As a consequence, there is some small neighborhood of ¢ = 1 where ¥ and
do not cross. Suppose that ¥ < ¢ there. Then by virtue of ¢'(¢) < 0, just as
in (3.24) we obtain that

dyp AU
e (3.25)

But integrating div/d¢ from ¢ up to ¢ =1 gives

lim ¥(6) > lim ¥(6) =0,

which is impossible since ¥ — 0 as ¢ — 1.

It follows that ¢ (¢) exists on the whole interval (—1,1), and that ¢ (¢) <
U(¢). Finally near ¢ = —1, by virtue of ¢g’(¢) > 0 we obtain (3.25) again, and
consequentially

Jim 4(9) < lim ¥() = 0.
This means, according to formula (3.11) that there is some z* for which ¢(z*) =
—1. U

Step 2: Undershooting

We claim, with A = %, that ¢ never reaches —1. Suppose that it does, at
x = z*. Then integrating (2.4) from —oo to z* gives

2 z* x*
— 193 (z*) - )\%u(m*) = V/ 2 (z)dx + % u?(z)da

which is impossible.

Step 3: Uniform bounds and passing to the limit
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By steps 1 and 2, we may find Ay, which is some value of A satisfying
I<Ay<-U+1

giving ©(Ajs) = —1. The C*! bounds on ¢, u are as before, and we pass to a limit
via a subsequence M; in the same manner, obtaining a solution on (—o0,c0)
which we again call n = (¢,v, u) and set A = limps; 00 A, -

Step 4: Behavior as £ — 400

The existence of the limit is obtained as before, and the rest of the proof is
essentially unaltered, with one exception. In equation (3.16), the quantity e
is replaced by the limiting value €5 = —A + 1. Then (3.18) is still true as long
as M is large enough so that (e )y = —Ap + 1 is sufficiently close to 0. O

4 A Bound on the Propagation Velocity

In theorem 1, it was required that the propagation velocity be less than that of
the slaved system, which has a unique velocity V;. In fact, we can show that
Vs is actually an upper bound, at least for monotone waves. The proof of this
relies on a comparison technique, commonly called the “sliding method” [4].
The main result is the following:

Theorem 3 Suppose @, is the decreasing solution given by proposition 3 and
suppose ¢ is a decreasing solution to the problem (1.5 - 1.8). If there is some
translate of ¢ such that ¢(x) < ®s(x), then V < V.

Proof. Suppose that ¢(x) < ®,(z) already holds. By a suitable translation,
we can ensure that ¢(z) < ®4(z) and that there is at least one point z*where
o(x*) = O4(x*). At this point, ®, = ¢, = —c < 0 and the following holds:

0< (25 = Blaw = (V= Va)(—0c) + 520" (9) (3P(0) + €0 — ). (4.1)

Since p(¢(x)) is decreasing, formula (3.14) implies

u(z”) >/f K(2' — ") [3p(6(z")) + exc] da’ = p(¢(z”)) + exx.

Using this in (4.1) gives V — V < 0 as required. O
The fact that ¢ may be translated so that ¢ < &, depends on the decay
rates of each function at +oo. In particular, as x — 400, we have

¢~ F(1 - Cexp(pstz))

and
®s ~ F(1 = Cexp(piz))
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where p_,u® > 0 and py,p < 0 may be obtained by linearizing about the
fixed points ¢+. Rather than exhibiting lengthy proofs, we merely describe the
outcome of this analysis in a brief, informal fashion.

As £ — —o0, the decay rate p_ is simply the positive eigenvalue found in
section 3.1. We can rewrite the characteristic polynomial (3.6) as

1
(n+V/D)p? + V= 05) = = W' (9-)?
so that
pr +Vu_ —os <0. (4.2)

It is easy to obtain a similar characteristic polynomial for the slaved system,
and the positive decay rate u® solves

()2 + Vip® — 0% =0
Using (4.2) we have
p-(p— + V) < pZ(p + V). (4.3)

To analyze what happens as x — +o00 we will assume that p'(¢_) = 0 for
the sake of simplicity. Then o = o5 and pq, u% solve

()2 +Vpy —05 =0
and
(B3)* + Vaps — 03 =0
so that
p (g + V) = pi (u + Vi) = 0. (4.4)
Suppose now that V' > V,. From (4.3) and (4.4) we obtain
0<p—<p, py<pi <O

This means that ®, decays faster than ¢ as x — —oo and ¢ decays faster that
®, as © — 400, ensuring that a suitable translation of ¢ to the left will give
¢ < ®5. We may now employ the theorem, which of course contradicts our
hypothesis that V' > V.

5 The uniform structure of solutions
For the remainder this paper, we will only discuss type I waves. The discussion

will also be limited to e, € F, where FE is some bounded interval of admissible
values. It follows that traveling wave solutions have u € E 4+ (—3, 3). With the
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further assumption of A being small, we will show that solutions are monotone
and there are uniform bounds on the width of the interface profile.

We begin by describing three different ¢ intervals. This first corresponds to
the interface layer, and it is defined as

L={§F(¢,e)— F(~L,e) >, ecE}. (5.1)

where we arbitrarily choose v = % 9(0). When A is small, L is nearly centered
at zero and has a width bounded away from zero. The other two intervals
correspond to the “tails” of the phase profile. We define them to be

T, = (olf(0u)> T -9) for weBt(-LY)} (2
and
T (olfow) < T 4d) for weE+(-51)  (53)
We will assume that these intervals overlap, that is
(-L,1)CLUT_UT,. (5.4)

It is easy to show this happens when A is small (how small depending of course
on the interval E). Corresponding to each of these intervals are the sets

I = {aloe) € L}
T = {z|é(x) e T-}
T? = {alé(x) € T})

so that L* UT* UTY = (—00, 00).
We can prove the following about the structure of ¢:

Theorem 4 Assume that (5.4) holds. Then

(a) ¢ and u are both monotone decreasing

(b) There are constants w, W, depending only on the functions g and p, for
which w < |L*| < W.

Proof. Suppose first that ¢(z) € L*. Integrating (2.4) from z to oo gives the
bound

2
Ly2(2) > F($(x), eon) — F(—1, e00) — A <D5x> |

Notice that Du,/V has a uniform bound by using (2.3), so for small A we can
ensure that there is a constant By with

()] > By (5.5)

Therefore ¢ is monotone on each connected component of L*. Also, multiplying
(2.2) by the integrating factor K; = exp(Vz) and integrating from —oo to z
gives

v = [ Kl - ) f6(),ula))
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which is negative provided ¢ is in the tail region T';. A similar argument shows
¢ is also decreasing in the other tail region T, therefore ¢ decreases everywhere.
Using the formula (2.7), it follows that u is also decreasing.

For part (b), suppose the interval L* = (g, dp). Then

/L ¢odx

Denote the lower and upper bounds on |¢,| in the interval L* by B; and C4
respectively. Then it follows that |L*| < |L|/By and |L*| > |L|/C}. O.

:¢b_¢a:|L|

6 Criticality and non-existence

When A > 1, traveling waves always exist, but this is not necessarily true when
A < 1119, 16, 17]. In fact, there is a critical value of the ratio A/D, below
which no solutions exist. On the other hand, if D is small, solutions must exist
by virtue of Theorem 1.

Two technical bounds are needed to prove the main result, which are given
in the following lemma. They both depend on the monotone structure of section
5, so we assume that A is small enough so that theorem 4 holds.

Lemma 4 There exists positive constants I, J, depending only on g and p, for
which

/Oo 2 dx > 1, /Ool—p(¢)2dm§J. (6.1)

— 00

Proof. Setting B to be the lower bound on ¢, in the interval L*  we have
(oo}
/ (bi dx > ¢i dx > wBZ2.

For the second bound, note that by the definition of the tail regions (5.2-5.3)
there must be some constant C' so that when ¢ € Ty,

11— p(¢)? < C|f(¢,u)l.

We can split the integral into integrals over the sets L, T and 7. Then

/ 1—p(¢p)?de < |L.| < W

and

/ 1 p(@)2de<C [ fléwde=C [ ¢uet Vosdr.
.

e "

The last integral is evidently bounded by some constant which depends only on
Vs. A bound on the integral over T is obtained in the same way. O
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Theorem 5 Suppose that A < 1. There exists a constant C, so that if
A 21
2 <22
D~ J

then there is no solution to the traveling wave problem (1.5-1.8).

Proof. We will show that when A/D is small, the equation (2.5) can’t hold.
Suppose that (¢,u) is some solution. The the right hand side of (2.5) has the
estimate

. (6.2)

| >

A
rhs = 5(2A -1)<
For the left hand side, we introduce the negative constant
0=A-1.

Notice that the function u + § is always negative, and has the asymptotic be-
havior

0 _
u+5ﬁ{ as e oo (6.3)
-1 as = — o0

We can transform the integral of u2 as follows:

/oo wldr = — /oo U (1 + 8)dax (6.4)
- %/O; g (u+0) — 3p(¢)2(u + 6) dz (6.5)
% - % _Z P(0)(u+ 6)dx (6.6)

where we have integrated by parts and used equation (1.6). By using formula
(3.14) we have

i) =3 [ K - 2)po() - Uds.

Using (6.6), we can therefore obtain the estimate

T = 535 [ _voten: [ FIbtote) - tad'as
> 22 [T e [ o) - e
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15 20 25 30 35 40

Figure 2: A monotone traveling wave. The phase variable ¢ is solid, temperature
u is dashed. In this case, D = .0628.

where integration by parts was used for the second equality. Then an estimate
for the left hand side of (2.5) is

A AV
lhs >VI4+ = ——J .
s>VI+ 5 2DJ (6.7)
Comparing this to the right hand side estimate (6.2), it follows that for (2.5) to

hold, one needs
A 21

D~ T
O
Remark. Sharp values for I and J can be obtained by letting ¢ solve

(bx:c - gl(¢) =0
and setting I = [ ¢2dx and J = [ 1 — p(¢)?dz.

7 Numerical examples

In this section, we discuss some numerical computations of both monotone and
non-monotone wave profiles. The numerical method for obtaining these was,
in fact, identical to the proof of theorem 1. All parameters but D were fixed,
and a trajectory of the system (2.1-2.3) was computed forward for some fixed
amount of time, starting at a point near n_. Then D was adjusted so that the
trajectory tended toward 7. There was always at least one value of D which
gave this behavior, and sometimes several. In any case, the smallest value
of D corresponded to a monotone profile, where larger values gave oscillatory
wavefronts.
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Figure 3: An oscillatory wave, D = .077.
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Figure 4: An oscillatory wave, D = .124.
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Figure 5: An oscillatory wave, D = .205.
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Figure 6: A plot of the function F(¢;ex) for esg = —A+ 2 =—4
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Figures 2 - 5 show four different wave profiles, each corresponding to a
different value of D, but otherwise with the same parameters A = 2, A = .9,
and V = .02. The functions g and p were

1

9(¢) = 1

15 2 1
1 — 2)2 _ 90y 243, 15
(1= ()= (0= 30"+ 6)
which yield the energy function F(¢;e) whose graph is given in figure 6.
The results of the numerical study suggest a number of open problems. An
fairly exhaustive search of parameter space was conducted, and from this we
conjecture the following:

e There is a unique monotone wave, in the sense that exactly one value of
D gives such a wave profile. As a consequence, when A is small, there is a
unique value of D giving a solution.

e As ) is increased (equivalently as the wells of the energy s become more
uneven), more solutions appear, corresponding to higher values of D and
having more oscillations.

e For fixed D and A > 1, there is exactly one monotone wave whose velocity
increases with A.

8 Conclusion

We have given an in-depth analysis of the traveling wave problem for phase field
models. To some extent, the questions of existence, uniqueness, monotonicity
and non-existence have all been addressed. Quantitative results regarding ve-
locity bounds and non-existence have also been provided.

We have made no attempt to address the dynamics of the waves under
consideration. Some work in this direction is presented in [12]. As for the non-
monotone solutions, our suspicion is that they are unstable; this is frequently
the case for oscillatory traveling waves [20]. The interested reader also may wish
to look at some of the numerical experiments in [17] for some unusual dynamical
features.
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