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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.

*email: Margaret_Beck@brown.edu; The majority of this work was done while MB was affiliated with the
Department of Mathematics, University of Surrey, Guildford, GU2 7XH, UK
femail: cew@math.bu.edu



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, [Daf05, Liu00]. With regard to Burgers
equation, one key property is the following. If u* = wu*(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* — «° in an appropriate sense for any fixed ¢ > 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 y — 0 and ¢ — oo are not
interchangeable.

A phenomenon known as metastability has recently been investigated in Burgers equation with
small viscosity on an unbounded domain [KTO01]. 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 [KTO01], 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. (See figure 1 of [KT01] for a depiction of this phenomenon.) This terminology! is
due to the fact that the diffusive N-waves are close to inviscid N-waves. In [KTO01] this is proven
in a pointwise sense. Furthermore, in terms of scaling, or similarity, variables, they compute an
asymptotic (in time) 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 4 — 0 and ¢ — oo.

In this paper, we show that the metastable behavior in the viscous Burgers equation, described
in [KTO01], 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(|log pi]). 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 that this corresponds to an extremely long timescale t ~ O(e!/#) in the original
unscaled time variable. This scenario is illustrated in Figure 1.

In addition to [KTO01], a main motivation for this analysis is the observance of similar phe-
nomenon in the vorticity formulation of the 2D Navier-Stokes equations with small viscosity

!These diffusive N-waves are also discussed in [Whi99, §4.5], where they are referred to simply as N-waves.
Here, as in [KTO01], we reserve the term N-wave for solutions of the inviscid equation and diffusive N-wave for
solutions of the viscous equation.
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Figure 1: A schematic diagram of the invariant manifolds in the phase space of Burgers equation,
(2.3), and their role in the metastable behavior. The solution trajectory (dark blue) experiences
an initial fast transient of 7 = O(|log u|) before entering a neighborhood (green) of the manifold
of diffusive N-waves (red). 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 (light
blue).

[MSM*91, YMCO03]. In particular, [MSM*91, Figure 5] shows that the metastable states con-
sist of so-called vortex patches, localized regions with nonzero vorticity, which persist for very
long times. This phenomenon is similar to the metastability observed in Burgers equation be-
cause the metastable states can be related to solutions of the corresponding inviscid equations,
the Euler equations. Furthermore, as we explain below in §6, from the dynamical systems point
of view adopted in this paper, there are additional similarities between Burgers equation and
the vorticity formulation of 2D Navier-Stokes.

The phenomenon of metastability occurs not just in Burgers equation and 2D Navier-Stokes,
but in a wide variety of contexts. Some of the previous work that is closely related to that of
this paper can be described as follows. In the setting of shocks in viscous conservation laws and
fronts in gradient-type systems, such as Allen-Cahn and Cahn-Hilliard, all with small viscosity,
the metastable behavior often manifests itself as the slow motion of thin transition layers. Much
like the vortex patches for Navier-Stokes, these transition layers coalesce on very large time
scales, until only a single transition for the shock/front solution remains. It was first noted
in [KK86] that the convergence towards the viscous shock in Burgers equation on a bounded
domain can be very slow. Work towards understanding the dynamics of the transition layers in
gradient systems on bounded domains was begun in [FH89, CP89, CP90].

Further work includes asymptotic analysis for the motion of the transition layers and, in par-
ticular, the effect of the boundary conditions on this motion. For bounded domains, see
[RW95b, RW95a, SW99, LO99|. On semi-infinite domains, asymptotic analysis can be found in
[WR95], with rigorous justification in [LY97].



On unbounded domains, the analysis in [Che04] for gradient systems rigorously characterizes
the metastable behavior by breaking it down into four stages. Particularly relevant for this
paper is the result in [Che04] that the timescale of the initial transient is O(]log p|). We obtain
a similar result for Burgers equation. See Theorem 1.

Burgers equation on unbounded domains has been analyzed in [KT01], which was mentioned
above, and also in [KN02]. In the latter, the authors focus largely on obtaining sharp decay
rates for the convergence of solutions of Burgers equation to the diffusion waves and diffusive
N-waves. This is accomplished by adding some additional parameters into the diffusion waves
and diffusive N-waves related to the center of mass of the initial data. Although the decay rates
are not stated in terms of the size of the viscosity coefficient, in [KN02, §4, §5] the authors do
relate their results to the metastability observed in [KT01] through some illustrative calculations
and numerical simulations. We also mention the related work [Sac87, Figure 5.9], in which slow
decay of the diffusive N-waves was observed numerically.

On the surface, it seems that the mechanism creating the metastability in gradient systems, like
Allen-Cahn, and in conservation laws, such as Burgers and Navier-Stokes, could be different.
For example, in gradient systems, the stable, limiting states can be thought of as minimizers of
some appropriate energy functional, and metastable states as near-minimizers of that functional.
Furthermore, in equations of the form u; = €*u,, — f’'(u), like those studied in [CP89, Che(4],
the zero-viscosity equation is just an ODE. Thus, well-posedness of the limiting equation is not
an issue. For conservation laws, it’s not clear that there is an appropriate way to formulate the
dynamics in terms of the minimization of an energy. Furthermore, the corresponding inviscid
equation is still a PDE, and one that is not well-posed in the same sense as the viscous one.

In addition, as mentioned above, logarithmic timescales are observed in the metastability of
Burgers equation, in this work, and also in gradient systems [Che04]. However, we believe the
mechanism is different. For the latter, an ODE governs the dynamics, to leading order, until
gradients of O(e) develop. This process takes place exponentially fast in time, which leads to
the logarithmic timescale. However, for the former, the leading order dynamics are governed
by an inviscid conservation law, and so the formation of gradients is controlled only by motion
along the characteristics, which is linear. The logarithmic timescale only appears in terms of
the similarity variables, which induce exponential growth on the characteristics. Thus, in terms
of the original (z,t) variables, the timescales for Burgers equation and the gradient systems
studied in [Che04] are actually different.

On the other hand, there are reasons to believe there could be important mathematical con-
nections between the two settings. For example, in the gradient setting, the energy functional
plays an important role. In some sense there is also an energy associated with Burgers equation
and Navier-Stokes, when written in terms of similarity variables. For Navier-Stokes it is the
Entropy functional, and it was used in [GW05] when analyzing the global stability of the Oseen
vortex. See also [DMO05]. A similar Entropy functional exists for Burgers equation, via the
Cole-Hopf transformation. However, these functionals are only defined for everywhere positive
(or negative) solutions. Since the metastable states are sign-varying, it’s not clear that these
functionals could be used to understand metastability for such systems.

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 1 and 2. In sections §3, §4, and §5 we prove Lemma 2.1, Theorem 1, and
Theorem 2, respectively. Concluding remarks are contained in §6. Finally, the appendix contains
a calculation that is referred to in §2 and that originally appeared in [KTO01].

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 — Uy
ul=g = h, (2.1)

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

\/?w (\/f__i_t,log(t—i— 1))

€= Niewi T =log(t +1). (2.2)

In terms of these variables, equation (2.1) becomes

u(z,t) =

Orw = L,w—wwe
w|7':0 = h7 (23)

where £,w = pdiw + 50¢(w).

We will study the evolution of (2.3) in the algebraically weighted Hilbert space

L*(m) = {w € L*(R) : wl|Z2gm) = /(1 +&0)"lw(€)[*ds < OO}-

It was shown in [GWO02] that, in the spaces L*(m) with m > 1/2, the operator £, generates a
strongly continuous semigroup and its spectrum is given by

m

a(ﬁu):{—%,neN}U{AEC:Re(A)<——§}. (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
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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 (2.1), 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

B o) = @0(©) 2.5

See [GWO02] for more details. Smoothness and well-posedness of equations (2.1) and (2.3) can
be dealt with using standard methods, for example information about the linear semigroups and
nonlinear estimates using variation of constants.

900(5) =

2.2 Invariant manifolds

We now present the construction, in the phase space of (2.3), 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 2
O (e + 5&0 — 5w ) =0.

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

2
Oele* /M) 1 2y

(/@) ~ 24

Integrating both sides of this equation from —oo to £ leads to the following self-similar stationary

solution, for each oy € R:
&06_52/(4.“)

1—go £ e /tmdy

w() =

Note that equation (2.3) preserves mass, and we can therefore characterize these solutions by
relating the parameter g to the total mass M of the solution. We have

M h d h e /e d 2ulog(1 T
—= = = — O — —),
/—oo w(é) é 0 /—oo 1— —(2"2 f—goo 6*772/(4M)d77 5 a g( 0\/;)

where we have made the change of variables § =1 — g—g fio e~/ dp. Therefore, we define

—€2/(4p)
Au©) = Tt 0= \/Eu — e M), (2:6)
1— g_s f_oo e~/ (41 dp ™

These solutions are often referred to as diffusion waves [Liu00].
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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
(2.3), they must be contained in this center manifold. Thus, this manifold is in fact global, as
indicated by figure 1.

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 (2.1). If w is a solution of (2.3), define

1 3
W(er) = ul e B0 — ey (<50 [ o). )

A straightforward computation shows that W satisfies the linear equation
oW =L,W. (2.8)

Conversely, let W be a solution of (2.8) for which 1 — ﬁ ffoo W(y,7)dy > 0 for all £ € R and
7 > 0. Then the inverse of the above Cole-Hopf transformation is

w(€, 7) = —2ud; log (1 - % / io W(y,7’)dy) . (2.9)

The family of scalar multiples of the zero eigenfunction, Bowo(§), where o is given in (2.5), is
an invariant manifold (in fact, an invariant subspace) of fixed points for (2.8). Thus, the image
of this family under (2.9) must be an invariant manifold of fized points for (2.3). Computing
this image leads exactly to the family (2.6), where By = /4w pay.

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

' _% ffoo’w(y,T)dy
H[w](’]—) = / w(f”[‘)eiﬁ ffoo w(y,T)dy log w(é-,T)e 1 . dg
R

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 (2.4), 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 = Ay + v and obtain

v = Ao — v
Afyv =L, — (Apv)e, (2.10)



where Aﬂ/l is just the linearization of (2.3) about the diffusion wave with mass M. One can
see explicitly, using the Cole-Hopf transformation, that the operators £,, and Aﬁ/[ are conjugate
with conjugacy operator given explicitly by

AU =UL,

U= 65 |:</g ) eiffmAM(y)dy] 7 Ul = ag |:</g ) efﬁ fEOCAAI(y)dy:| ) (2_11)

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

JE . enly)dy
@, (¢) = 0 el
1—% S € Mdn

where ¢, is an eigenfunction of £,. Notice that, up to a scalar multiple, ®; = 0:Ay;. If we
chose m > 3/2, by (2.4) we can then construct a local, two-dimensional center-stable manifold
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 (2.7), we define
V(€.7) = v(E )e 5 S0
and find that V' solves the linear equation
0.V = ANV

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

[ vieod-o. (2.12)
R
then the subspace will be one dimensional and given by solutions of the form

V(E,T) = an®(§)e 2.

One can check that condition (2.12) is equivalent to

/RU(S,O)df =0.

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

M= [ Aue)ds = [ wie,0pde

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 e™27.
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To extend this to a global foliation, we simply apply the inverse Cole-Hopf transformation (2.9),
as in Remark 2.1, to the invariant subspace

V(&7) = a1®:(§)} = {V(,7) = a0 An}.
This leads to the global stable invariant foliation consisting of solutions to (2.10) of the form

are 2 A} (€)

UN(&T) = 1 — g_/ie*%AM@)‘

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

ane” 5 A (6)
1—Grem2An(§)

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

Wy (&, 7) = Am(§) +on(€,7) = An(§) + (2.13)

The subspace span{y, 1}, corresponding to the first two eigenfunctions in (2.5), is invariant
for equation (2.8). Therefore, as in Remark 2.1, by using the inverse Cole-Hopf transformation
(2.9) we immediately obtain the explicit, two parameter family

Bowo(§) +51€_%sﬁ1(§)
fg )y — St~ (&)

wy(§,7) = (2.14)

where .y
Bo = /Ampag = 2u(1 — e 21). (2.15)

Based on the above analysis, (2.14) and (2.13) are equivalent. Note that, although the method
used to produce (2.14) is much more direct than that of (2.13), 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 (2.14) are referred to as the family of diffusive N-waves.
As mentioned in §1, this terminology was justified in [KT01] 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

) 0
p= —2inf/ u(x)dr, and gq= QSup/ u(z)de, (2.16)
v

¥ J_ oo y

which are invariant for solutions of equation (2.1) when p = 0. (Note that our definitions of p
and ¢ differ from those in [KT01] 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, (a:t):{t% it —Vp(t+1) <o < /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 (2.2), this gives a two-parameter family of stationary solutions

Npq(§) = {f T =vp=&<va (2.17)

0 otherwise
of equation (2.3) when p = 0.

We now relate the quantities Gy and f; in (2.14) to the quantities p and gq. These calculations
follow closely those of [KT01, §5]. Using equation (2.15) and the fact that M = (¢ — p)/2, we
see that

q—p 2u + ex if g >
Bo = 2u(1 — 6_(47“)) " _(ql,),,) . - (2.18)
—2ue” % +0O(p) ifg<p,

where exp = (’)(e‘c/ #) for some C' > 0. Using the calculation in the appendix, one can relate
the quantity f; in (2.14), for any fixed 7, to the quantities p and ¢ via

. 1
Bre 3 = —dyP2 fren/() _ _\/\/; +O(u) for 0<q<p, (2.19)

and a similar result holds for ¢ > p > 0. Two key consequences of this, which will be used
below, are

e The quantities Gy and 3, are related via

bo _ exp, (2.20)

5

e The values of p and ¢ for the diffusive N-waves change on a timescale of 7 = O(}%) (Recall
they are only invariant for = 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 §, p and q, let wy(§,7) be a member of the family
(2.14) of diffusive N-waves such that, at time T = 1q, the positive mass of wy(-, 7o) is ¢ and the
negative mass is p. There exists a pg > 0 sufficiently small such that, if 0 < p < pg, then

[wn (- 70) = Np.g ()l 22m) <0
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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 1. 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 p sufficiently small so that

[|[w(T) = Npgll2(my < 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 (2.19) 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 1. 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 2.1, we see that the solution is also
close to a diffusive N-wave.

We remark that the timescale O(|log u|) is similar to the timescale obtained in [Che04] when
analyzing metastability in gradient systems. Furthermore, this time scale corresponds well with
the numerical observations of [KT01, Figure 1], where one can see that, for = 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 p, this nonlinear
coordinate change can reduce the variation in the solution for |£| large. This is illustrated in
figure 5.1 of [KN02]. If p 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’TZO - w?\f + ¢07

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

U}(-,T) = wN('v T) + ¢('7T)7

with wy the corresponding diffusive N-wave solution and

o(, Tl z2(m) < Cge™".
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By combining these results, we obtain a geometric description of metastability. Theorem 1 and
Lemma 2.1 tell us that, for any solution, there exists a 7' = O(] log p|) 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/u) 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/u).

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

3 Proof of Lemma 2.1

We now prove Lemma 2.1.

In [KT01], Kim and Tzavaras prove that the inviscid N-wave is the point-wise limit, as y — 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 3.1, below.

Using equation (2.13) we can write the diffusive N-wave with positive and negative mass given
by ¢ and p at time 7, as

50900(5) + Bre™™ 2 () _ Bopo(§) + 51901(5)
B [* poly)dy — Leml2p0(€)  1— 2 [ py(y)dy — gy (£)

wy(§,70) =

where for notational simplicity we have defined §; = S1e~™/2. If we now recall that o;(£) =
—%(po(f), we can rewrite the expression for the wy as

5_M

wy (€, 70) = . }5 i (3.22)

51 900

We need to prove that

/ (11 @) (wn (€ 70) — Nygl6))? < 8

We'll give the details for
| @t m) — Nuul€)? < 8/2.
0
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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 — €, /g + €] 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, Il, and I11 respectively and bound each of them in turn.

The simplest one to bound is the integral I1. Note that, using equations (2.15) and (2.19), 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+4q9)™

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

117 = /f (1+ €)™ (1w g€, )Pl (3.23)
G+

To estimate this term we begin by considering the denominator in (3.22). Using (2.18) and
(2.19), we have

Do / L @o /
1—— dy = @0 4 20 dy. 3.24
on | Py =e tou ) P (3.24)
Thus, the full denominator in (3.22) has the form

_ 2 { Bo d }:1_ 4y 12 (=) €2 /( ﬁOfé voly
@ 2u/g Poly)dy 5 " <Po(§)
4\/7_T,LL3/2

=1+ e (P=) o8/ (4) exp

L/ £ O(7)
64” (62_(1)
R O(pLer/(m) + exp,
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 f;o wo(y)dy/po(€) was
bounded uniformly in p using the estimate

o S2 1 172
/ e zds < —e 2z, 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 11 by
< 2
mr<c [ a+eyme— 220 4 ok
Vaq+e 61

where the constant C' can be chosen independent of p for p < g if g is sufficiently small. This
integral can now be bounded by elementary estimates, and we find

(62—Q))*2d£’

IIT < Ce V21,
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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~Lﬂo + é&eﬁ(EZ—Q) + é‘exp

o _ B1
wP»‘](§7 7—0) qu(g) - (1 i e(€2—q)/4u + exp)

However, using our expressions for 3y in terms of p and g and the fact that in term I €2 —q <
—€,/q we see that all of these terms are exponentially small. Since the length of the interval of
integration is bounded by /¢ we have the bound

I < Cqe™VUU) 4 exp.

Combining the estimates on the terms I, I1, and I11 we see that if we first choose ¢ << § and
then p << ¢, the estimate in the lemma follows. This completes the proof of Lemma 2.1.

Remark 3.1. The calculation in the appendiz shows that 31 = 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
in which it looks like an inviscid N-wave.

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 1.

Remark 4.1. Here we will use a different form of the Cole-Hopf transformation than that given
in (2.7). In particular, we will use

1 xT

Uz, t) = e 2 - WD (4.25)

Equation (2.7) is essentially the derivative of (4.25), and both transform the nonlinear Burgers
equation into the linear heat equation. Fach is useful, for us, in different ways. Equation (2.7)
preserves the localization of functions, for example, whereas (4.25) leads to a slightly simpler
inverse, which will be easier to work with in the current section.

Using the Cole-Hopf transformation (4.25) and the formula for the solution of the heat equation,
we find that the solution of (2.1) can be written as

i (xzy)e,i(%<x,y)2+,,(y)) dy
f e‘ﬁ(%(m—y)“h’(y))dy

u(z,t) =

Y

where H(y) = [?__ h(z)dz. If we change to the rescaled variables (2.2), this gives the solution

to (2.3) in the form

[(€ — e~ Gl +aE ) g
I 0" (%(5*7))2+H(67/2n))ah7

w(&, ) = (4.26)

14



We will prove that, if we fix § > 0, then there exists a u sufficiently small and a T sufficiently
large (O(|log u|) as i — 0) such that

Hw(~,T) - Np,q(')HLQ(m) <0.

We estimate the norm by breaking the corresponding integral into subintegrals using (—oo, —,/p—

€), (=P — €6, —P+e€), (—/D+e€ =€), (=€), (6,/q7—¢€), (71— ¢€+/q+¢€) and (\/q+ ¢€,00).
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 > 0, there exists a p sufficiently small and T > 0, of O(]log u|), such that

/ T @) u(e e < 6.
Jite

Consider the formula for w, given in equation (4.26). To bound this, we must bound the
denominator from below and the numerator from above. We will first focus on the denominator.

We will write the denominator as

1(1 2 /2 —Re~7/ 1 (1 2 /2

o0

+ / e‘ﬁ(%(&—n)%H(e”Qn))dn
Re—7/2

R€77/2 7L(l(§* )2+H(67/2 ))

+/ e 2a\zT M) dn
,Re—T/Q

= Il + [2 + Ig,

for some R > 0 that will be determined later. Consider the first integral, /;. In this region

. n "
H(efn)| = 1+ )% h(y)d
| H (ezn)| I/oo (1+y2>7( y~) 2 h(y)dy|

-R 1 (4.27)
< HhHm/ mdy
< C(R, [|h]]m),

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

»

z

e 2,

z 22 2
ez < e 2ds <
1+ 22 ;

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

fRe%
C(R,[[h]Im)
[1 Z 6_2“/ e_ﬁ(f_n)zdn

—c@lnllm) 2u(€ + Re™™/?)  _erre=%)?
e 2p ¢ m
21+ (§ 4+ Re™2)?
— 671 2
> Cie C(Rz,uhl\m)e_(é-s-RLm 2)
Va

—C(R,||h|lm) 7R267T 7&
Z 0—5_6 2p e e 2
q

(4.28)

where we have used the fact that (a + b)? < 2a* + 2b?. In order to bound I, we will use that,
for > Rez, similar to (4.27)

|/ y)dy| = |M — / y)dy| < M+ C(R,|1]]n)-
Therefore,

I, > o BOMHOR) / - e*ﬁ@*’?)an
Re™ 2

£—Re

S+ /1 / i 5y (4.29)

> O~ 2 MACERIRI) /1

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

Consider I3. We can bound

Therefore,

Re_%
NPT / Ea (4.30)

Taking the largest of equations (4.28), (4.29), and (4.30), we obtain

/e 5 (HE D) 5 0 o= 35 OEHCRA) (4.31)
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Now, we will bound the numerator in equation (4.26) from above. We will split the integral up
into the same three regions as above, and denote the resulting terms by Jy, Jo, and J3. First,
we have

Re_7
|J1|—|/ (€ — pe~ T EM et En gy

—Re™
C(R,|[hllm) B
<le = /_ (5—77)6 w1 | (4.32)

o0

C(R.[|AlIm) _ (e+Re”3)2
=€ 2p e Ap

C(Rnlm) _ 2
<2ue e

Next, consider J,. We have

(Bl =1 | (€= mem & ety
Re™ 2

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

|Jo| < C',uef%eﬁ[qf(é*&q/z)z] + ef%| / . e*ﬁ(5*77)2h(ef/Qn)eJri(M*H(efn))dm‘ (4.33)

We now turn to J;. Again we use the fact that H(e2n) > M — (¢/2). Then

|Js| < 2CRe 53¢ 2 (€ + Re ™5 )emld € R ?)], (4.34)

Combining the estimates for the J;’s, equations (4.32) - (4.34), and the estimate for the denom-
inator (4.31), we have

9] - 2
+ ™ w(E, T < + 1 6757(15
Vq+e Vit
+ C (]_ _|_ 52)7’”416%0(}%7“}1“”»(Re—%)Q(é + Re_Q) 62H [q (f Re— 7/2) ]dé-
Va+e %
+c/°° (14 &)m MeiC(R\\h\lm)eﬁ[qf(g,Re—T/z)z}dé
Vaqte
S 1 ]
i 0/ (L+ gy —enc®ltl | e~ 7 (e 2p) et o (M—HE0) g2 g
\/64*6 'LL —7/2
=I+1T+1IT+1V.

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

A 0 (6 Re—T/2)2 1,2 1.2 1
62/‘[(1 (§—Re™T )]Se 217 e € e 2;‘6\/5‘
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Therefore, we have

3

12 1.2 1
56)6 %% e w2V

C 1 >
1) < Sk [0 ot i e+ Vi
0

1 1 2

e T

This can be made as small as we like (for any ¢) by choosing R large enough so that C'(R, ||h||m) <
€2/16 and p sufficiently small.

Term IV can be bound by

1 2
1V] < ORI ) g 2) 3o

where f(z) = (1 + |z|™)h(e7/?2) and g(z) = (1 + |z|m)efﬁz2, and we have used the fact that
(1+1[&™) < C(1+ € =n|™)(1 + |n|™). Estimating the convolution by the L' norm of g and the
L? norm of f, we arrive at

1V < CemPen@I| )

In order to make this term small, we much chose R so that C'(R, ||h||n) ~ p 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 >

Term IV will then be small because e~ /2 is.

Next consider the part of the integral contributing to ||w(-,7) — N(-)|[, for € < £ < /g — €.
We assume, as above, that Re™™/2? < ¢/2. From (4.26) and the fact that N(¢) = ¢ for ¢ in this
range, we have

o pe 2 (2 E HHE ) g

I o3 (3> +H (e /2n) 4

w(&,7) = N(§) =
Ul

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; - J3, 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

_Re~T/2
o [ 5 (3(6-m?)
|| > e 2 e 2m\2 dn

—0o0

2
> Cpe~ 2 CBIblm) =57

Also,
|| > C\/re 2 MHOR IR
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where, as above, we have used the fact that £ — Re~7/2 > 0. Finally, we have

] > et Reri2e e nT

For the numerator, we have

ol TR
|=]1‘ SeQu/ —ne 4#(5 n)? dn
—0o0
C@RInllm) [ o2
<e / (z —&)e ndz
E+Re~7/2
C(R.||h|m) _ (E+Re"T/2)2 (E+Re~T/2)2

<Cpe 2 e + Cuke™
&
< Cpge .

where we have used the fact that £ > 0. Next,
/2

C(R,||hllm)
[ < e B e S g / (€ — VAnz)e

M C(Rlhllm) _ (E=Re~T/%)2

< Cupke 2me 20 ¢ M

Lastly,
M C(R|IAllm)

|J3‘ <Ce QueT<R6_7/2)267ﬁ(£7R6_T/2)2

Therefore, we have

Vaq—e€
[T e - NP

Va—e 9 e~ %ecm;\:um)e (S_RZ;T/ZP
< 1 "
< C/E (1+¢&7) \/ﬁe—ﬁwwm,nhnmn d

({—ReiT/Q)Q

1 a-e 2
< C—/ (1 + 52)m+1€;C(R,||h||m)€*Td£
HJe

Va—2e &2 ze 22
< ol eQC(RHhH )/ (1+(Z+€) ) e~ 8;/,6 2ue” 2u(dz
M 0

2 €2
< oL EoRImm 5
Vi

where we have used the change of variables ¢ = z 4+ ¢. This can be made small by first choosing
R large enough so that 2C(R, ||h||m) < €2/8, and then taking p small.

5 Proof of Theorem 2

In the previous section we saw that in a time 7 = O(]log u|) 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 2.
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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 [KN02, §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 (e7 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/u) max{1, eM/2}.

To prove the theorem note that by the Cole-Hopf transformation we know that if w(&,7) =
wn (&, 7) + ¢(&, ) solves the rescaled Burger’s equation, where wy is given in equation (2.14),
then e

W(ET) = (wn(€,7) + B(&,7))e 2 [ lemr Holumy

is a solution of the (rescaled) heat equation:
oW = L,W. (5.35)

We now write W = Viy+ W, where Vy = wy exp(—ﬁ ffoo wy (y, 7)dy) = Boo(€)+Bie 720, (€).
That is, Vi is the heat equation representation of 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 3y and 3,
appropriately we can insure that

[0 = [eveods—o

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

||\II(77_)HL2(m) < wae—7'7 (536)
at least if m > 5/2. Integrating the Cole-Hopf transformation we find
3
/ (VN(y7 T) + \Ij(y7 T))dy - _Q,U {e_i Eoo((wl\’(yfr)‘f‘(b(yﬂ—))dy — ]_} (537)

¢
and, in the case ¢ = 0, f_’goo Vn = —2u {eiif—oo Wi _ 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

€1
b / o (VWw(y,7) + (g, ) dy = ¢ = Enlonwnoundds > 5
u

—0o0
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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 (&, 1)+ (&, 7) — Ay (§) as T — oo, where Ay is one of the self-similar solutions constructed
in Section 1 and hence

3
e*ﬁ I (N (y, )+ (y,T))dy N e*ﬁ IS Am(y) _ 1_(1_6—M/2M)/ SOO(ZJ)dy > min{l, e—M/2u} ~0.

O
Next note that by rearranging (5.37) we find
¢ L= 5[5 (Vnly,m) + B (y, 7)) dy
/ oy, 7)dy = —2p log{ 2 — . (5.38)
—0 1— o0 Joo Viv(y, T)dy
Differentiating, we obtain the corresponding formula for ¢, namely,
LU T) [E Valy, m)dy = Viv(6,m) J5, Wy, 7)dy — 200 (€, 7)
P&, 7) = (5.39)

(1= L )+ )y (1 o [ V(. m)dy)

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 ffoo ¥ and ¥ are each
bounded by Cy e~ which leads to the bound asserted in Theorem 2.

6 Concluding remarks

Our main motivation for the above analysis was the numerical observation of metastable behavior
in the vorticity formulation of the 2D Navier-Stokes equations [YMCO3]. Although there are, of
course, many differences between the 2D Navier-Stokes equations and Burgers equation, there
are also many similarities between the two, when analyzed from the point of view of dynamical
systems. For example, in [GWO05], the dynamical systems viewpoint was successfully used to
prove global stability in 2D Navier-Stokes of a one-parameter family of self-similar solutions,
known as the Oseen vortices. In addition, it was shown that this family can be thought of as
a one-dimensional center manifold in the phase space of the equation. This is analogous to the
globally stable family of self-similar diffusion waves in Burgers equation.

In order to carry out the above metastability analysis for the 2D Navier-Stokes equations, one
would need to adapt the analysis so as not to rely on the Cole-Hopf transformation. Cole-Hopf
was utilized to extend the stable foliation of the center manifold to a global foliation, and also
to give an explicit representation of solutions that was used in some of the estimates. It is not at
all clear how to construct a global folliation of the center manifold for Navier-Stokes. Regarding
the estimates of the metastable time scales, however, one possible way to do this without Cole-
Hopf is via energy estimates. In other words, prove that if the solution to 2D Navier-Stokes is
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near one of the metastable states, which correspond to solutions of the inviscid Euler equations,
then the evolution can not occur at a rate faster than some slow rate that is given by energy
estimates.

Other than 2D Navier-Stokes, another interesting future direction could be to look at variants
of Burgers equation, such as the non-planar Burgers equation [SRSR02] or the complex Burgers
equation [LZ95]. Both of these equations are relatively simple and can potentially be analyzed
via the self-similar variables used here. However, the Cole-Hopf transformation does not linearize
these equations. We remark that slow decay of solutions has been observed for the planar Burgers
equation in [Sac87, Figure 5.9].

Finally, we remark 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 higher order nonlinear terms in other conservation laws are irrelevant.
Therefore, the present analysis for Burgers equation could also potentially be used to predict
and understand metastability in other conservation laws with small viscosity, i.e. equations of
the form uy = pug, — f(u),.
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8 Appendix

We now give the calculation that leads to (2.19) and, in a slightly different form, was originally
presented in [KTO01]. Using the definition of p in (2.16), we find that

Y Y 3
p=-2int [ wntenide =ausw [ acton 1= 22 [ iy - e tinle)]

ﬁO /y 61 _T }
=4pusuplog |1 — — 2)dz — —e" 2 .
psup g[ o _00900() 2 ©o(y)
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A direct calculation shows that the supremum is achieved at

* 2“50
Yy T

 Bie3
Substituting in this value and rearranging terms, we find

_%eggoo(y*) — i — (1 — 5—;/ @0(Z)dz) :

—0o0

Since ff'oo wo(2)dz € (0,1), the value of 3y in (2.15) implies that the right hand side satisfies

y*

et — 1 Seﬁ — (1—@/ gpo(z)dz) Seﬁ et
21 J

if M >0, and

) v
ei—e_%gei—<1—2ﬁ—o/ gog(z)dz)gei—l
1)

if M < 0. Because ¢o(y) > 0 and p > 2| M|, we see that, if u is sufficiently small, then 3; < 0.

Furthermore, 5y = 0 if p = —M /2, ie M < 0 and ¢ = 0. Using the fact that ¢(y) < 1/y/4mu,
we see that

where ¢ € (0,1). This leads to the estimate (2.19), at least when both ¢ # 0 and p # 0.

We remark that 3; < 0 and the fact that

v o [V 1) it M
1—@/ gpo(z)dz:l—(l—e_%)/ <p0(z)dz€{(€ 7M) 1 =0

21 ) o (Le72e) if M <0

implies that the denominator in the definition of wy (2.14) is never zero.
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