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Abstract

The large-time behavior of solutions to Burgers equation with small viscosity is de-
scribed using invariant manifolds. In particular, a geometric explanation is provided for
a phenomenon known as metastability, which in the present context means that solutions
spend a very long time near the family of solutions known as diffusive N-waves before
finally converging to a stable self-similar diffusion wave. More precisely, it is shown that
in terms of similarity, or scaling, variables in an algebraically weighted L? space, the self-
similar diffusion waves correspond to a one-dimensional global center manifold of stationary
solutions. Through each of these fixed points there exists a one-dimensional, global, at-
tractive, invariant manifold corresponding to the diffusive N-waves. Thus, metastability
corresponds to a fast transient in which solutions approach this “metastable” manifold of
diffusive N-waves, followed by a slow decay along this manifold, and, finally, convergence
to the self-similar diffusion wave.
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1 Introduction

It is well known that viscosity plays an important role in the evolution of solutions to viscous
conservation laws and that its presence significantly impacts the asymptotic behavior of solu-
tions. Much work has been done to understand the relationship between solutions for zero and
nonzero viscosity. For an overview, see, for example, [Daf03] [Liu00]. With regard to Burgers
equation, one key property is the following. If u* = w*(x,t) denotes the solution to Burgers
equation with viscosity p and u® = u°(x,t) denotes the solution to the inviscid equation, then
it is known that u* — u° in an appropriate sense for any fixed t > 0 as u — 0. However, for
fixed yu, the large time behavior of u* and u is quite different, and they converge to solutions
known as diffusion waves and N-waves, respectively. Thus, the limits p — 0 and ¢ — oo are not
interchangeable.

Recently, a phenomenon known as metastability has been observed in Burgers equation with
small viscosity on an unbounded domain [KT01]. Generally speaking, metastable behavior is
when solutions exhibit long transients in which they remain close to some non-stationary state
(or family of non-stationary states) for a very long time before converging to their asymptotic
limit. In [KT01], the authors observe numerically that solutions spend a very long time near a
family of solutions known as “diffusive N-waves,” before finally converging to the stable family
of diffusion waves. This terminolog is due to the fact that the diffusive N-waves are close
to inviscid N-waves. In [KTOI] this is proven in a pointwise sense. Furthermore, in terms of
scaling, or similarity, variables, they compute an asymptotic expansion for solutions to Burgers
equation with small viscosity. They find that the stable diffusion waves correspond to the first
term in the expansion, whereas the diffusive N-waves correspond to taking the first two terms.
Thus, by characterizing the metastability in terms of these diffusive N-waves, they provide a
way of understanding the interplay between the limits ¢ — 0 and t — oc.

In this paper, we show that the metastable behavior in the viscous Burgers equation, described
in [KT01], can be viewed as the approach to, and motion along, a normally attractive, invariant
manifold in the phase space of the equation. In terms of the similarity variables, we show that one
has the following picture. There exists a global, one-dimensional center manifold of stationary
solutions corresponding to the self-similar diffusion waves. Through each of these fixed points
there exists a global, one-dimensional, invariant, normally attractive manifold corresponding to
the diffusive N-waves. For almost any initial condition, the corresponding solution of Burgers
equation approaches one of the diffusive N-wave manifolds on a relatively fast time scale: 7 =
O(|logu|). Due to attractivity, the solution remains close to this manifold for all time and
moves along it on a slower time scale, 7 = O(1/p), towards the fixed point which has the same
total mass. Note this this corresponds to an extremely long timescale ¢ ~ O(e'/#) in the original
unscaled time variable. This scenario is illustrated in Figure [l

Note that, in [Liu00], it was shown that the large time behavior of solutions to a general class of
conservation laws is governed by that of solutions to Burgers equation. Roughly speaking, this is
due to the marginality of the nonlinearity in the case of Burgers equation and the fact that any

!These diffusive N-waves are also discussed in [Whi99, §4.5], where they are referred to simply as N-waves.
Here, as in [KTOI], we reserve the term N-wave for solutions of the inviscid equation and diffusive N-wave for
solutions of the viscous equation.



"Arbitrary" trajectory

.

Fast transient:
0 O(l log( )

Diffusive N-waves
Invariant, normally attractive, manifold

metastabl
region
TO(1/p)

v —Self-similar solutions

center-manifold of
fixed points

Figure 1: A schematic diagram of the invariant manifolds in the phase space of Burgers equation,
[23), and their role in the metastable behavior. The solution trajectory (blue) experiences an
initial fast transient of 7 = O(] log p|) before entering a neighborhood of the manifold of diffusive
N-waves (green). It then remains in this neighborhood for all time as it approaches, on the slower
time scale of 7 = O(1/u), a point on the manifold of stable stationary states (red).

higher order nonlinear terms in other conservation laws are irrelevant. Therefore, the present
analysis for Burgers equation could potentially be used to predict and understand metastability
in other conservation laws with small viscosity, as well.

We remark that a similar metastable phenomenon has also been investigated in Burgers equation
on a bounded interval [BKS95, [SW99] and numerically observed in the Navier-Stokes equations
on a two-dimensional bounded domain [YMCO3]. Furthermore, metastability has been observed
in reaction-diffusion equations: for example, on a bounded interval [FH89, [CP89, and
spatially discrete lattice [GVV95]. In [CP90], the metastable states were described in terms of
global unstable invariant manifolds of equilibria.

The remainder of the paper is organized as follows. In §2 we state the equations and function
spaces within which we will work, as well as some preliminary facts about the existence of
invariant manifolds in the phase space of Burgers equation. We also precisely formulate our
results, Theorems [Il and 2l In sections 3] §4 and §8l we prove Lemma 2.1 Theorem [ and
Theorem [2], respectively. Concluding remarks are contained in §6l Finally, the appendix contains
a calculation that is referred to in §2

2 Set-up and statement of results

We now explain the set-up for the analysis and some preliminary results on invariant manifolds.
Our main results are precisely stated in §2.3



2.1 Equations and scaling variables

The scalar, viscous Burgers equation is the initial value problem

ou = u@iu—uuw
U|t:0 = h, (21)

and we assume the viscosity coefficient p is small: 0 < g < 1. For reasons described below, it
is convenient to work in so-called similarity or scaling variables, defined as

1 x
u(x,t) = \/1_+tw (\/m,log(t + 1))
I 7 =log(t +1). (2.2)

Vit+t

In terms of these variables, equation (ZI]) becomes

Orw = L,w—wwe
Wlr=o = h, (2.3)

where £,w = pdw + 30¢(w).

We will study the evolution of (23] in the algebraically weighted Hilbert space

L?(m) = {w € L(R): [l = [ (14 € ()P < oo} .

It was shown in [GW02] that, in the spaces L*(m) with m > 1/2, the operator £, generates a
strongly continuous semigroup and its spectrum is given by

a(ﬁu):{—g,neN}U{AGC:Re(A)Sl—@}. (2.4)

This is exactly the reason why the similarity variables are so useful. Equation (2.4]) shows that
the operator £, has a gap, at least for m > 1/2, between the continuous part of the spectrum
and the zero eigenvalue. As m is increased, more isolated eigenvalues are revealed, allowing
one to construct the associated invariant manifolds (see below for more details). In contrast,
the linear operator in equation (21I), in terms of the original variable x, has spectrum given by
(—00, 0], which prevents the use of standard methods for constructing invariant manifolds.

For future reference, we remark that the eigenfunctions associated to the isolated eigenvalues
A = —n/2 are given by

el = @) 2.5

See [GW02] for more details. Smoothness and well-posedness of equations (21]) and (23] can
be dealt with using standard methods, for example information about the linear semigroups and
nonlinear estimates using variation of constants.

wo(§) =
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2.2 Invariant manifolds

We now present the construction, in the phase space of ([23), of the explicit, global, one-
dimensional center manifold that consists of self-similar stationary solutions. We remark that
this is similar to the global manifold of stationary vortex solutions of the two-dimensional Navier-
Stokes equations, analyzed in [GWO05]. First, note that stationary solutions satisfy

1

1
O (pwe + §§w - §w2) = 0.

They can be found explicitly by integrating the above equation and rewriting it as

£2/(4
Oe(¢ /M) 1 _e2yayy
(652/(4“)’(1])2 2[u
Integrating both sides of this equation from —oo to £ leads to the following self-similar stationary

solution, for each oy € R:

L— g 5 e /tndy

w(§) =

Note that equation (23] preserves mass, and we can therefore characterize these solutions by
relating the parameter g to the total mass M of the solution. We have

= wed h e ¢/ d 9211 1og(1 T
B /—oow(g) 5_ o /—oo 1— g—ﬁf_foo 6—772/(4u)d7] 6 -k Og( _ao\/;)’

where we have made the change of variables # =1 — g‘—z ffoo e/ (4n) dn. Therefore, we define

—£2/(4p)
Ap(€) = ——C e \/Ea _ /) (2.6)
1— ;‘—E f—oo 6_772/(4“)617] e

These solutions are often referred to as diffusion waves [Liu00)].

For m > 1/2, the operator £, has a spectral gap in L?(m). By applying, for example, the results
of [CHT97], we can conclude that there exists a local, one-dimensional center manifold near the
origin. In addition, because each member of the family of diffusion waves is a fixed point for
23), they must be contained in this center manifold. Thus, this manifold is in fact global, as
indicated by figure [

Remark 2.1. Another way to identify this family of asymptotic states is by means of the Cole-
Hopf transformation, which works for the rescaled form of Burgers equation as well as for the

original form 21). If w is a solution of ([2.3), define

, ¢
W(E,7) = w(€, 7)e 3 oD = 9 exp (_i/ “’(y,f)dy) ' (2.7)

—00

A straightforward computation shows that W satisfies the linear equation

0. W = L,W. (2.8)

bt



Conversely, let W be a solution of ([Z8) for which 1 — i fio W(y,)dy > 0 for all § € R and
7 > 0. Then the inverse of the above Cole-Hopf transformation is

w(€,7) = —2d log (1 _ i /_ 1 Wiy, T)dy) | (2.9)

The family of scalar multiples of the zero eigenfunction, Bopo(§), where o is given in (23), is
an invariant manifold (in fact, an invariant subspace) of fized points for [28). Thus, the image
of this family under ([29) must be an invariant manifold of fized points for (23). Computing
this image leads exactly to the family (2.4), where By = /Ampay.

Remark 2.2. One can prove that this self-similar family of diffusion waves is globally stable
using the entropy functional

—on [ wly,m)dy
HIul(r) = [ wle,rye s S omingg | LETE .
® _e

e n

This is just the standard Entropy functional for the linear equation (2.8) with potential £ /(4u),
in combination with the Cole-Hopf transformation. For further details regarding these facts, see

[DiF03)].

We next construct the manifold of diffusive N-waves. Recall that, by (24, if m > 3/2 then
both the eigenvalue at 0 and the eigenvalue at —1/2 are isolated. The latter will lead to a one
dimensional stable manifold at each stationary solution.

To see this, define w = A); + v and obtain
vy = Aﬂ% — Vg
Ao = L0 — (Apo)e, (2.10)

where Aﬂ/] is just the linearization of (23] about the diffusion wave with mass M. One can
see explicitly, using the Cole-Hopf transformation, that the operators £, and Afy are conjugate
with conjugacy operator given explicitly by

AU =UL,

U = ag |:</§ ) eﬁ ffoo AM(y)dy:| , U—l — aﬁ |:</§ ) 6_% féooAM(y)dy:| . (211)

Thus, one can check that the spectra of the operators Afy and L, are equivalent in L?(m).
Furthermore, we can see explicitly that the eigenfunctions of Afy are given explicitly by

[5 . eny)dy
o (€ 2
— 5 o ey

where ¢, is an eigenfunction of £,. Notice that, up to a scalar multiple, ®; = 9 Ay, If we
chose m > 3/2, by (Z4]) we can then construct a local, two-dimensional center-stable manifold

Y
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near each diffusion wave. We wish to show that, if the mass is chosen appropriately, then this
manifold is actually one-dimensional. Furthermore, we must show that this manifold is a global
manifold.

To do this, we appeal to the Cole-Hopf transformation. Using (27]), we define
V(€)= (g m)e 3 el
and find that V' solves the linear equation
0,V = AV

Thus, the two-dimensional center-stable subspace is given by span{®,, ®;}. The adjoint eigen-
function associated with ® is just a constant. Therefore, if we restrict to initial conditions that
satisfy

/V(&O)dﬁ =0, (2.12)

then the subspace will be one dimensional and given by solutions of the form

V(E,T) = an®y(E)e 2.

One can check that condition (2.I2) is equivalent to

/Rv(g, 0)dé = 0.

Since w = Aj); + v, we can insure this condition is satisfied by choosing the diffusion wave that
satisfies

M= [ o) = [ wieoas

Thus, near each diffusion wave of mass M, there exists a local invariant foliation of solutions
. . . 1
with the same mass M that decay to the diffusion wave at rate e727.

To extend this to a global foliation, we simply apply the inverse Cole-Hopf transformation (2.9]),
as in Remark 2.1l to the invariant subspace

{V(&7) = ®:(§)} = {V(, 7) = 10 An}-

This leads to the global stable invariant foliation consisting of solutions to (ZI0) of the form

0416_%/13\/1(5)
1 — %e 2 Ay ()

2u

UN(ga 7_) =

Using the relationship between v and w, this foliation leads to a family of solutions of (2.3 of

the form .
are”2 Ay ()
1— ez An(€)

2p

wy(€,7) = An(E) +on (€, 1) = Am(§) +

(2.13)

Below it will be convenient to use a slightly different formulation of this family, which we now
present.



The subspace span{y, @1}, corresponding to the first two eigenfunctions in (2.3]), is invariant
for equation (2.8)). Therefore, as in Remark Il by using the inverse Cole-Hopf transformation
(Z9) we immediately obtain the explicit, two parameter family

50%(5) + Bre” 2 (€)

zuN(S,T)-— Do [ oly)dy — BreFipo(€)’

(2.14)

where "
Bo = VArpag = 2u(1 — e 2w). (2.15)

Based on the above analysis, (2.14]) and (Z.13)) are equivalent. Note that, although the method
used to produce (2.I4) is much more direct than that of (Z.I3]), we needed to use the operator
Ay and its spectral properties to justify the claim that this family does in fact correspond to
an invariant stable foliation of the manifold of diffusion waves.

We now explain why solutions of the form (2.I4) are referred to as the family of diffusive N-waves.
As mentioned in §1, this terminology was justified in [KT0I] by showing that each solution wy
is close to an inviscid N-wave pointwise in space. Since we are working in L?(m), we need to
prove a similar result in that space.

Recall some facts about the N-waves, which can be found, for example, in [Liu00]. Define

Y 00
p= —2inf/ u(z)dr, and gq= 2sup/ u(z)dx, (2.16)
Yy

v J_ Yy

which are invariant for solutions of equation (2.I) when p = 0. (Note that our definitions of p
and ¢ differ from those in [KTO01] by a factor of 2.) The mass satisfies M = (¢ — p)/2. We will
refer to ¢ as the “positive mass” of the solution and p as the “negative mass” of the solution.
The associated N-wave is given by

N(ZEt):{H‘Ll if —/plt+1) <z < \/qlt+1)

0 otherwise,

which is a weak solution of (2.1]) only when ;= 0. When 0 < p < 1 it is only an approximate
solution because the necessary jump condition associated with weak solutions is not satisfied.
One can check that its positive and negative mass are given by ¢ and p. In terms of the similarity
variables (Z2]), this gives a two-parameter family of stationary solutions

(6):{f o vp=t=va (2.17)

0 otherwise

N,

p.q

of equation (2.3)) when p = 0.

We now relate the quantities 5y and f; in (214 to the quantities p and ¢. These calculations
follow closely those of [KT0I, §5]. Using equation (ZIH) and the fact that M = (q — p)/2, we
see that

4—p 21+ ex if ¢ >
Bo=2u(l — e~y = { H TR naop (2.18)
—2pe” - +O0(u) ifg<p,
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where exp = O(e~/") for some C' > 0. Using the calculation in the appendix, one can relate
the quantity £y in (2I4), for any fixed 7, to the quantities p and ¢ via

) 1
Bre~2 = —4u3/2\/meP/ ) — % +O(p) for 0<gq<np, (2.19)
T
and a similar result holds for ¢ > p > 0. Two key consequences of this, which will be used
below, are

e The quantities fy and [; are related via

5 = exp, (2.20)

e The values of p and ¢ for the diffusive N-waves change on a timescale of 7 = (’)(i) (Recall
they are only invariant for p = 0.)

This second property, which can be seen by differentiating (2.19) with respect to 7, will lead to
the slow drift along the manifold of diffusive N-waves (see below for more details).

The following lemma, which will be proved in §3| states precisely that there exists an N-wave
that is close in L*(m) to each member of the family wy, at least if the viscosity is sufficiently
small, thus justifying the terminology “diffusive N-wave.”

Lemma 2.1. Given any positive constants 0, p and q, let wy(&,7) be a member of the family
(2-14) of diffusive N-waves such that, at time T = 1y, the positive mass of wy(-, 7o) is q¢ and the
negative mass is p. There exists a pg > 0 sufficiently small such that, if 0 < p < pg, then

lwn (- 70) = Npg ()l 22my <0

2.3 Statement of main results

We have seen above that the phase space of (2.3]) does possess the global invariant manifold
structure that is indicated in figure [l To complete the analysis, we must prove our two main
results, which provide the fast time scale on which solutions approach the family of diffusive N-
waves and the slow time scale on which solutions decay, along the metastable family of diffusive
N-waves, to the stationary diffusion wave.

Theorem 1. (The Initial Transient) Fiz m > 3/2. Let w(&,7) denote the solution to the
initial value problem (2.3) whose initial data has mass M, and let N, ,(&) be the inviscid N-wave
with values p and q determined by the initial data w(&,0) = h(§) € L*(m). Given any § > 0,
there exists a T > 0, which is O(|log u|), and u sufficiently small so that

[w(T) — Npgllz2omy < 9. (2.21)



This theorem states that, although the quantities p and ¢ are determined by the initial data
w(&,0), w is close to the associated N-wave, N, ., at a time 7 =T = O(|log u|). The reason for
this is that p = p(7) and ¢ = ¢(7) change on a time scale of O(1/u), which can be seen using
equation (Z.19) and is slower than the initial evolution of w. The rate of change of p and ¢ also
determines the rate of motion of solutions along the manifold of diffusive N-waves, as illustrated
in Figure[[l Note that this theorem states that the solution will be close to an inviscid N-wave
after a time 7" = O(|log p1]). By combining this with Lemma 2] we see that the solution is also
close to a diffusive N-wave.

We remark that the timescale O(|logp|) was rather unexpected. We actually expected to
approach a diffusive N-wave on a time scale O(1), although we have not yet been able to obtain
this stronger result. However, these time scales correspond well with the numerical observations
of [KT0Il Figure 1], where one can see that, for p = 0.01, the solution looks like a diffusive
N-wave at time 2 and a diffusion wave at time 100.

Remark 2.3. To some extent, this fast approach to the manifold of N-waves can be thought of
in terms of the Cole-Hopf transformation (2.7), which depends on p. For small u, this nonlinear
coordinate change can reduce the variation in the solution for |£| large. This is illustrated in

figure 5.1 of [KNOZ]. If u is small enough, the Cole Hopf transformation can make the initial
data look like an N-wave even before any evolution has taken place.

Theorem 2. (Local Attractivity) There exists a ¢y sufficiently small such that, for any
solution w(-,T) of the viscous Burger’s equation (2.3) for which the initial conditions satisfy

w|'r:0 - w?\[ + ¢0>

where wY; is a diffusive N-wave and ||¢°|| r2(m) < co, there exists a constant Cy such that

'UJ(‘, 7_) = wN('a 7_) + ¢(> T)a
with wy the corresponding diffusive N-wave solution and

||¢(a 7_) ||L2(m) S C¢€_T.

By combining these results, we obtain a geometric description of metastability. Theorem [l and
Lemma[ZT]tell us that, for any solution, there exists a 7' = O(| log u|) at which point the solution
is near a diffusive N-wave. By using Theorem [2] with this solution at time 7' as the “initial
data,” we see that the solution must remain near the family of diffusive N-waves for all time. As
remarked above, the time scale of O(1/p) on which the solution decays to the stationary diffusion
wave is then determined by the rates of change of p(7) and ¢(7) within the family of diffusive
N-waves. In other words, near the manifold of diffusive N-waves, w(&,7) = wy (&, 7) + (&, 7),
where ¢(£,7) ~ e 7 and wy(&,7) is approaching a self-similar diffusion wave on a timescale
determined by the rates of change of p(7) and ¢(7), which are O(1/pu).

We remark that it is not the spectrum of £, that determines, with respect to pu, the rate of
metastable motion. Instead, this is given by the sizes of the coefficients [y and 5, in the spectral
expansion and their relationship to the quantities p and gq.
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3 Proof of Lemma 2.7

We now prove Lemma 211

In [KT01], Kim and Tzavaras prove that the inviscid N-wave is the point-wise limit, as u — 0,
of the diffusive N-wave. Here we extend their argument to show that one also has convergence
in the L?(m) norm. For simplicity we will check explicitly the case in which 0 < ¢ < p - the case
in which ¢ is larger than p follows in an analogous fashion. However, we note that we do require
that both p and ¢ be nonzero which is why we stated in the introduction that our results hold
only for “almost all” initial conditions. See Remark B.1] below.

Using equation (ZI3) we can write the diffusive N-wave with positive and negative mass given
by ¢ and p at time 7y as

50800(5) + Bre ™2y (€) B 50800(5) + Bﬂﬂl(ﬁ)
B [€ poly)dy — Zem/2po(€) B [€ eoy)dy — 2eo(€)

where for notational simplicity we have defined 5; = Bie~™/2. If we now recall that ©1(§) =
—igpo(g), we can rewrite the expression for the wy as

wy(§,70) =

¢ — u
. - (3.22)
5155(5 - 573 ffoo wo(y)dy}

WwN (57 TO) =
We need to prove that

/_ (14 @) wn ) — Nypgl©)) < 8

[e.e]

We'll give the details for

/ T @) wn () — Npy()? < 82

0
The integral over the negative half axis is entirely analogous.

Break the integral over the positive axis into three pieces - the integral from [0,,/q — €], the
integral from [,/q — €, /q + €] and the integral from [,/g+ €, 00). Here € is a small constant that
will be fixed in the discussion below. We refer to the integrals over each of these subintervals as
I, 11, and 111 respectively and bound each of them in turn.

The simplest one to bound is the integral IT. Note that, using equations ([2I5) and (2I9), the
denominator in (3.22)) can be bounded from below by 1/2 and, thus, the integrand is can be
bounded by C(1 + (/g + €)?)™q. Therefore, if € < /g, we have the elementary bound

IT < Ceq(1+449)™.

Next consider term I11. For £ > /g, N, 4(§) = 0 so

II] = /f (14 &)™ (wy 4(€,70))dE (3.23)
q+e

11



To estimate this term we begin by considering the denominator in ([B.22)). Using (2I8) and

(ZI9), we have

1 —25—;/_00 poly)dy = e =0 5—;/ vo(y)dy. (3.24)

Thus, the full denominator in ([8.22)) has the form
2 o 4

A {eﬁ(p—Q) + @/ goo(y)dy} —1_ \/_,u L 52 /(4p) 50 fg 900
G 21 Je B 51 800(5)

3/2
—1 Ay 1 (p—q) €2/ (4p)
+ 37207 () e e + exp
Ly/mp3/2er/ ) + O(\/1n)

64"“ (52_[1)
= Trogtermmy | TP
where exp denotes terms that are exponentially small in p (i.e. contain terms of the form

e P/ or e~/ yniformly in €. Note that, in the above, the term f5 wo(y)dy/o(€) was
bounded uniformly in p using the estimate

o0 82 1 1132
/ e zds < —e 2, for x>0,
- x

which can be found in [KS91], Problem 9.22]. But with this estimate on the denominator of wy,
we can bound the integral 111 by
o 2
<o [ areye - BRpay en e,
Va+e 51
where the constant C' can be chosen independent of p for p < pg if g is sufficiently small. This
integral can now be bounded by elementary estimates, and we find

II] < Ce~ V21,

where the constant C' depends on ¢ but can be chosen independent of .
Finally, we bound the integral /. Note that for 0 < & < /g, N, (&) =&, so

2 4 e 4 coxp
(1 —+ 6(52—‘1)/4N + exp)

wyq(§;70) — Npgl(§) =

However, using our expressions for fy in terms of p and ¢ and the fact that in term I £ — ¢ <
—e,/q we see that all of these terms are exponentially small. Since the length of the interval of
integration is bounded by ,/q we have the bound

I < Cqe~ VY@ 4 exp.

Combining the estimates on the terms I, I1, and I11 we see that if we first choose ¢ << 9 and
then 1 << €, the estimate in the lemma follows. This completes the proof of Lemma 2.11

Remark 3.1. The calculation in the appendiz shows that $; = 0 if and only if p =0 or ¢ = 0.
Therefore, in that case, wy is really just a diffusion wave, and so there is no metastable period
wn which it looks like an inviscid N-wave.
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4 Proof of Theorem (1

In this section we show that for arbitrary initial data in L?*(m), m > 3/2, the solution approaches
an inviscid N-wave in a time of O(]log u|), thus proving Theorem [Il

Remark 4.1. Here we will use a different form of the Cole-Hopf transformation than that given
in (27). In particular, we will use

Ux,t) = e~ 2 S o w0y, (4.25)

Equation (2.7) is essentially the derivative of {{.23), and both transform the nonlinear Burgers
equation into the linear heat equation. Each is useful, for us, in different ways. Equation (2.7)
preserves the localization of functions, for example, whereas ([{.27) leads to a slightly simpler
wnverse, which will be easier to work with in the current section.

Using the Cole-Hopf transformation (£.25]) and the formula for the solution of the heat equation,
we find that the solution of (ZII) can be written as

u(z,t) =

where H(y) = [?__h(z)dz. If we change to the rescaled variables (2.2), this gives the solution
to (Z3) in the form
J (€ = mye- B e+ ) g

w(é,7) = [ et Gl e ) g,

(4.26)

We will prove that, if we fix 6 > 0, then there exists a p sufficiently small and a 7" sufficiently
large (O(|log i1]) as u — 0) such that

[w (-, T) = Npg()ll z2m) < 0.

We estimate the norm by breaking the corresponding integral into subintegrals using (—oo, —,/p—
6)7 (_\/T9 -6 _\/T)_‘_ E)a (_\/T)_‘_ €, _E)a (_Ea 6)7 (67 \/C_I - 6)7 (\/C_I - \/a + 6) and (\/a +€ OO)
Note that the integrals over the “short” intervals can all be bounded by Ce, so we’ll ignore
them. We'll estimate the integrals over (e, /g —¢€) and (/g + ¢, 00) - the remaining two are very
similar.

First, consider the region where £ > /g + €. In this region, N(§) = 0, so we only need to show
that, given any § > 0, there exists a p sufficiently small and T > 0, of O(]log u|), such that

/ T @) e, ) e < 6.
Jite

Consider the formula for w, given in equation ([A26). To bound this, we must bound the
denominator from below and the numerator from above. We will first focus on the denominator.
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We will write the denominator as

—Re~7/2
/ e (BemPHHE ) g / e (et ) g

. / e (BenPHE ) g
Re—7/2
Re~7/2
_|_/ e‘ﬁ(%(i—ﬁy-l-H(@T/Qﬂ))dn
_R677/2
= ]1 -+ ]2 + [3,

for some R > 0 that will be determined later. Consider the first integral, I;. In this region
- |/ T ) Ehy

1 (4.27)
< ||h||m/ mdy

< C(R, |[h[m),

where the constant C' (R, ||hl||,,) — 0 as R — oo or ||A||,, — 0. In addition, note that the error
function satisfies the bounds

Z 22 & 52 1 Z2
¢ = | eFds< e,
14 22 . z

for z > 0 [KS91], pg 112, Problem 9.22]. Therefore, we have that

—Re?
_C(RthHm) N T}
L >e / e~y

[e.9]

—o@lnlm) 2u(E + Re™™/?)  _(erre %)
€ 2p e

- v Erhe (4.28)

—C(RIIMIm) _ (E+Re )2
Z Cie 2u - e Ap
V4
—C(R|lhllm) _ R%2e~T €2
ZC%@ 2p (& moe 2“)
q

where we have used the fact that (a + b)? < 2a® + 2b%. In order to bound I, we will use that,
for n > Rez, similar to (m

[ bl = - [, Byl < A+ CCR Il

Therefore,

|
(SRl

— B MHCRIAD) /1 / VI e (4.29)

> O MO /17
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Note that in making the above estimate, we have chosen 7 large enough so that |Re™ 3| < €/2,
and so & — Re™7/2 > 0. Thus, the error function is bounded from below by /7 /2.

Consider I3. We can bound

Therefore,

—5; (M+3) e — 1 (E-m)?
I3 > e 2 2 e i dn
Re™ %

Re™ %
> e—ﬁ(M-l—%)e—% / e_gdn (430)

—Re bl

_1 ay _& _R277
> e 2 MT2 e 5ioRe e o .

Taking the largest of equations (L.28), (4.29), and (£30]), we obtain

Now, we will bound the numerator in equation (£.26]) from above. We will split the integral up
into the same three regions as above, and denote the resulting terms by J;, Jo, and J3. First,
we have

—Re 2 -
|1l = ‘/ (€ —p)e” € gmmtlen gy

omnlm  [RE A2
<le / (€ —n)e % ay (4.32)

[e.e]

CRIIMIm)  _ (E+Re” 2)2
—e 24 2,ue m

C(R,||hllm) _ &2

<2ue e A,

Next, consider J,. We have

[Tl = [ (€ —nem e emmteTn gy
Re 2

If we now integrate by parts inside the integral and use the fact that H(ezn) > M — (¢/2), we
obtain

| Jo| < Cﬂe—%eﬁ[q—(ﬁ—f?e””)ﬂ 4 e_%| i e‘ﬁ@_")Qh(eT/zn)eJrﬁ(M_H(e?”))dn\. (4.33)
Re™

We now turn to J3. Again we use the fact that H(ezn) > M — (g/2). Then
|Ja| < 2CRe~%¢ % (€ + Re™% )emli=(E-Re7/2)%] (4.34)
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Combining the estimates for the J;’s, equations ({{.32)) - (£.34)), and the estimate for the denom-
inator (€31]), we have

/ (1+§2)m|w(§,7)|2d§ < C/ (14—52) ,uelffeiC( JIRllm) 2Md§
vate Vq+e
+C (14_5awaleﬁcummmﬂ(R€_gy(£+_R€_%yeﬁﬂ¢%&4%fﬂ%ﬂd£
Vaq+e v
+ C/OO (1 + 52) ueiC(R \\h||m)ei[q_(f_Refr/z)z}dg
Vqte
+C (1+gamﬂ C(Rhll)) m€4ﬂ5m}“gﬂmé@HM4ﬂﬂmwm%%
Vaq+e .
=I+1T+1IT+1V.

We now estimate term II. Terms I and III are similar. Define z = { —,/q—¢ € (0,00). Recalling
that 7 has been chosen sufficiently large so that Re™2 < ¢/2, we have

1 —7/2)\2 1 2 1
6@[‘1_(5_}%5 /2)2] <e 257 e B 6—%5\[
Therefore, we have

2 1 2 1
e mS e m VI,

o x 3. ..
1] Sﬁe}ic(}z’h”m)/ (1+ (4 VT + )"+ Va+ 500 %
0

SC(\/C_I)Qm+1€_2*‘Ef\/1ﬁ e,

This can be made as small as we like (for any ¢) by choosing R large enough so that C'(R, ||h||n) <
€?/16 and p sufficiently small.

Term IV can be bound by

|”W<Ce CUIRI |1 £(2) % g7,

where f(2) = (1 + |2|™)h(e7/?2) and g(2) = (1 + |z\m)6_ﬁ22, and we have used the fact that
(1+¢]™) < C(1+]€—=n™)(1+ |n|™). Estimating the convolution by the L' norm of g and the
L? norm of f, we arrive at

[IV| < Cem™/2enCUERIM) p 2.

In order to make this term small, we much chose R so that C(R,||h||,,) ~ @ as p — 0. One
can check that C(R, ||h||m) < C||h||m/R*™ . Since we have required that Re™7/? < €/2, this
means we must chose 7 large enough so that

>
T om—1

| Tog(p)]-

Term IV will then be small because e~ /2 is
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Next consider the part of the integral contributing to ||w(-,7) — N(-)|[» for e < & < /g — €.
We assume, as above, that Re™™/2 < ¢/2. From [@28) and the fact that N(¢) = ¢ for € in this
range, we have

I ne” 2 (%(f—n)%rH(eT/%))d77

w(&ﬂ') - N(g) = f e_i(%(é_n)z-i_}[(e‘rmn))d’r]

As above we will split the denominator up into three pieces, I; - I3, to bound it from below, and
split the numerator up into three pieces, J; - Js3, to bound it from above. Many of the estimates
are similar to those above, and so we omit some of the details.

For the denominator, we have

_ 677/2
_LC(vathm) f _L(l(f_n)Q)
|| > e 2 e 2w\2 dn

— 00

2
> Cpe~ 2 CRIRlIm) o~ 57

Also,
|I| > C\ /e 2 MHOR IR

where, as above, we have used the fact that £ — Re~™/? > 0. Finally, we have

I3 > ¢~ 2w QRe~ /2" 1 € R,

For the numerator, we have

cEAblm)  [RETT L2
|1 <e” 2 —ne” WS dp
—0o0
CRAlhlm) [ 2
<e (z —&)e *dz
E+Re~7/2

C(RIhllm) _ (§+Re”T/2)2 _ (+Re”T/2)2

<Cpe™ 2z e T + Cuée u

2

< Cute™ 5,

where we have used the fact that & > 0. Next,

77'/2
C(R.||hllm)
| o] <e” T / (& —\/4uz)e

M CRllhllm) _ (&—Re”T/?)2

< Cuke e 20 e

Lastly,
M C(R.JIAllm)

|J3| < (Ce e 2 (R6—7/2)26—$(§_R6—r/2)2
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Therefore, we have

Vq—¢€
[ aseriuen - NP

M CRABIm) (=R~ T/2)2 \ 2

Ve e e e "
< 1 2\m
< O/E (1+&%) e 3 MO RTkIn) o

B ({7R677/2)2

Va—¢€
Scl/ (1+§2)m+16%C(R,||hHm)e Tdé‘
HJe

2 zZE€ z2

1 Va2 5
H 0
< 0L ECEIMIm) -5

VH

where we have used the change of variables £ = z + €. This can be made small by first choosing
R large enough so that 2C(R, ||h]|,,) < €2/8, and then taking p small.

5 Proof of Theorem

In the previous section we saw that in a time 7 = O(]log ) we end up in an arbitrarily small
(but O(1) with respect to u) neighborhood of the manifold of diffusive N-waves. In the present
section we show that this manifold is locally attractive by proving Theorem [l

Remark 5.1. An additional consequence of the proof of this theorem is that the manifold of
diffusive N-waves is attracting in a Lyapunov sense because the rate of approach to it, O(e™7),
is faster than the decay along it, O(e~7/?). Note that this is not immediate from just spectral
considerations since this manifold does not consist of fixed points. Therefore, the eigendirections
at each point on the manifold can change as the solution moves along it.

Remark 5.2. In [KN0Z, §5], the authors make a numerical study of the metastable asymptotics
of Burgers equation. Their numerics indicate that, while the rate of convergence toward the
diffusive N-wave (e”7 in our formulation) seems to be optimal, the constant in front of the
convergence rate (Cy in our formulation) can be very large for some initial conditions. In fact,
our proof indicates that this constant can be as large as O(1/p) max{1, eM/2}

To prove the theorem note that by the Cole-Hopf transformation we know that if w(§,7) =
wn (&, 7) + ¢(&, 7) solves the rescaled Burger’s equation, where wy is given in equation (214)),
then

W(E,7) = (wn(€,7) + 6(€, 7))o= Fmlon b rolomit

is a solution of the (rescaled) heat equation:

oW = L,W. (5.35)
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We now write W = Vy+ WV, where Viy = wy exp(—2L _500 wy (y, T)dy) = Bowpo (&) + Bre ™21 (€).

That is, Vi is the heat equation representation ofy the diffusive N-wave, which we know is a
linear combination of the Gaussian, g, and ¢;.

With the aid of the Cole-Hopf transformation we can show that ¢ decreases with the rate
claimed in the Proposition. To see this, first note that if we choose the coefficients fy and 3,
appropriately we can insure that

[vieo = [ewe.0i-o

This follows from the fact that the adjoint eigenfunctions corresponding to the eigenfunctions
¢ and g, respectively, are just 1 and —¢. This in turn means that there exists a constant C,
such that

[T, )| 22my < Cype™, (5.36)
at least if m > 5/2. Integrating the Cole-Hopf transformation we find
3
[ Gt vy = 2 eI g} (g

¢
and, in the case ¢ = 0, ffoo VN = —2u {e_if*w W _ 1}. For later use we note the following
easy consequence of (5.37)):

Lemma 5.1. There exists a constant oy > 0 such that for all 7 > 0 we have

|
b / o V(. 7) + W (y,7)) dy = SN US> 5y
o

Proof. For any finite 7 the estimate follows immediately because of the exponential. The only
thing we have to check is that the right hand side does not tend to zero as 7 — oo. However
this follows from the fact that we know (from a Lyapunov function argument, for example) that

wn (&, T)+0(E,T7) = Ay (§) as T — oo, where Ay is one of the self-similar solutions constructed
in Section [l and hence

<
¢~ 3 SN ol dy _y =3 [ An) (oM / poly)dy > min{1,e™} > 0.

O
Next note that by rearranging (5.37)) we find
¢ L= [ (Vn(y.m) + Oy, 7)) dy
/ ¢(y, 7)dy = —2plog = f“”l( Ng( )+ ¥%,7) : (5.38)
—00 1— ﬂf—oo VN(yuT)dy
Differentiating, we obtain the corresponding formula for ¢, namely,
1 W(ET) JE Vivly, )y — Viv(§,7) [, Wy, 7)dy — 200 (€, 7)
¢(&, 1) = (5.39)

T2 (1= SVl 7) + (. m)dy) (1= & [ Vivly, T)dy)
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But now, by Lemma [5.1] the denominator of the expression for ¢ can be bounded from below by
6%, while in the numerator ffoo Vn and Vi are bounded in time while fio U and ¥ are each
bounded by Cy we™" which leads to the bound asserted in Theorem [2

6 Concluding remarks

In the above analysis, the global, one-dimensional manifold of fixed points governing the long-
time asymptotics is constructed directly, in a manner similar to that of [GWO05] for the Navier-
Stokes equations in two-dimensions. However, we then utilized the Cole-Hopf transformation to
extend the stable foliation of this manifold to a global foliation, which consists of the diffusive
N-waves that govern the metastable behavior. Ultimately one would like to obtain a similar
geometric description of, for example, the numerically observed metastability in [YMCO03] for
the two-dimensional Navier-Stokes equations. In order to do this one would need an alternative
way to construct a global foliation of the manifold of fixed points. This would be an interesting
direction for future work.
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8 Appendix

We now give the calculation that leads to (ZI9). Using the definition of p in (2.I6]), we find
that

Y Y 3
p=—2ini / (. T)E = Ay / O log [1—5—; / ¢o<y>dy—§—;e—%¢o<£> at

—00 —00

Y

ﬁO/ 61 _T :|
=4pusuplog |1 — — z)dz — —e 2 .
psup g[ o _00900() 2 ©o(y)

A direct calculation shows that the supremum is achieved at

* Qﬂﬁo

v Bie”2
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Substituting in this value and rearranging terms, we find

p p y* p
eﬂ—lgeﬂ—(l—@/ <p0(z)dz)§eﬂ—e_%
if M >0, and

y*
et — e % < eli — (1—25—0/ gpo(z)dz) <eli—1
T

if M < 0. Because po(y) > 0 and p > 2|M|, we see that, if p is sufficiently small, then §; < 0.
Furthermore, $; = 0 if p = —M /2, ie M < 0 and ¢ = 0. Using the fact that ¢(y) < 1/y/4mpu,

we see that
—Bie”3 > 2un/Amp [641; — <1 — c@)] ,

where ¢ € (0,1). This leads to the estimate (ZI9), at least when both ¢ # 0 and p # 0.

We remark that 8; < 0 and the fact that

B (Y v (e7%,1) if M >0
1——0/ zdz:l—l—e_%/ 2)dz € € !

o )P ( )| el (1,e73) if M <0

implies that the denominator in the definition of wy (ZI4)) is never zero.
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