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Abstract

A conservation law is said to be degenerate or critical if the Jacobian of the flux
vector evaluated on a constant state has a zero eigenvalue. In this paper, it is proved
that a degenerate conservation law with dissipation will generate dynamics on a
long time scale that resembles Burger’s dynamics. The case of k-fold degeneracy
is also treated, and it is shown that it leads to a reduction to a quadratically coupled
k-fold system of Burgers-type equations. Validity of the reduction and existence
for the reduced system is proved in the class of uniformly local spaces, thereby
capturing both finite and infinite energy solutions. The theory is applied to some
examples, from stratified shallow-water hydrodynamics, that model the birth of
hydraulic jumps.

1. Introduction

Consider a conservation law with dissipative regularization in one unbounded
space dimension,

U; +FQU), =DU,,, xeR, UeR", (1.1)

where U is the state variable, F : R” — R” is the flux vector which is assumed to
be smooth and D is a constant n x n matrix satisfying

D+D” > 0. (1.2)

Let Up € R" be any constant vector. Then clearly Uy is a solution of (1.1). These
solutions are sometimes called uniform states in applications, and they form an
n-parameter family of solutions. A particular constant solution Up := p € R" is
said to be critical if DF (p), the Jacobian of the flux vector, is singular

det[DF(p)] = 0. (1.3)
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The flux vector is assumed to be hyperbolic at criticality: DF(p) has only real
eigenvalues and is diagonalizable. The set of all p € R” satisfying (1.3) defines,
generically, a hypersurface in R". This hypersurface is called the criticality sur-
face. In compressible fluid flow criticality corresponds to the case where the Mach
number of a constant flow is unity, and in shallow water hydrodynamics, criticality
corresponds to the case where the Froude number of the uniform flow is unity.

The purpose of this paper is to investigate the nonlinear problem when the
system is near critical. It is found that the dynamics splits into a part governed by
the Burgers equation, or a system of Burgers-type equations, and a part which is
enslaved to the Burgers dynamics.

The Burgers equation has been used as a simplified model for compressible
flow (for example Chapter 4 of WHiITHAM [29]), it has been widely used as model
equation in acoustics (for example CRIGHTON [10]), and it is a model for metasta-
bility (for example BECK and WAYNE [4]). Two coupled Burgers equations arise as
a model for polydispersive sedimentation (for example Esipov [14]).

Here, we are interested in showing that the Burgers equation or a coupled
Burgers equation emerges as a universal model from a larger set of PDEs. Burger’s
equation has been shown to be a universal model equation in other contexts: in the
complex Ginzburg-Landau equation (BERNOFF [6]), for channel flow governed by
the Navier—Stokes equations (HEwITT and HALL [18]) and for phase dynamics in
reaction—diffusion equations (DOELMAN ET AL. [11]). In all three cases, a single
Burgers equation is generated by modulation of spatially periodic waves. In the
case of DOELMAN ET AL. [11], a rigorous validity proof of the reduction to the
Burgers equation is given.

The emergence of Burger’s equation in this paper is due to a different mech-
anism. The Burgers dynamics is generated by the geometry of the flux vector,
evaluated on spatially uniform states, and the basic state is not modulated.

The dimension of the reduced system of Burgers-type equations is dependent
on the rank deficiency of DF(p). We will treat in detail the two most interesting
cases, where DF (p) has a simple zero eigenvalue, in which case a single Burgers
equation governs the dynamics, and secondly when DF (p) has a double semisimple
zero eigenvalue in which case a coupled pair of Burgers equations governs the
dynamics.

The basic idea of the formal reduction to the Burgers equation can be seen by
considering the simplified case when D = vI, for some positive constant v, and
DF (p) has a simple zero eigenvalue with right and left eigenvectors

DF(p)é =0 and »'DF(p) =0, (y.§)=1. (1.4)

Here and throughout (-, -} is the standard inner product on R”. Let ¢ be a measure
of the distance between a constant state Uy and a point p on the criticality surface.
Express U(x, t) as a perturbation from the point p

U(x,t,e) =p+eu(x,t,8)& + 82V(x, t,e) with (n,V)=0.
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Substitution into (1.1) splits it into two equations:

1
ur + —(, F(p + cué + 2V))y = viyy
§ (1.5)

1
Vi + S—Z(PF(p + suk +&2V)) = vVy,,

where P is a projection onto the complement of the kernel of DF(p). The second
term in the first equation simplifies to

1
g('l, F(p + cuk + £*V)), = e(y, D’F(p) (&, &))uu, + O(&?),

using (1.4), reducing the first equation to a Burgers equation to leading order

U + EKUUy = VUyy + -+, (1.6)
with
d2
K=93 (n, F(p + s8)). (1.7)
S7 1s=0

By introducing the scaling
X=¢ex and T = &%t (1.8)
into (1.6) it becomes e-independent to leading order
Ur + Kuuy = vuyxy, (1.9)

suggesting that it is natural in both the formal and rigorous reduction to work with
scaled time and space variables.

The parameter « is associated with the nonlinearity. In order to have a non-
trivial nonlinearity, it will be assumed that « # 0, which is a condition on the flux
vector. The expression (1.7) is in fact the intrinsic second derivative of the flux
vector. It is intrinsic since it is evaluated on the kernel of the first derivative. This
terminology comes from singularity theory where it was introduced by PORTEOUS
[25] and is now widely used (for example ARNOLD ET AL. [1], GOLUBITSKY and
GUILLEMIN [17]). In Section 8 a geometric interpretation of the condition k # 0 is
given.

If the second equation in (1.5) is well defined in the limit ¢ — 0, and can be
solved for V as a function of u—a strategy similar to a center-manifold reduction—
then one might expect the dynamics to be governed to leading order by the Burgers
equation (1.9).

The above formal argument can be extended to the case where DF(p) has an
k-fold (k < n) semisimple zero eigenvalue, leading to a k-fold coupled system of
Burgers equations,

ur + Q)y = Duyy, ue R, (1.10)
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in scaled variables, which we call Q-Burgers. The reduced dissipation matrix has
entries

vi.j = D; j = (n;, DE;), (1.11)

where {&,..., &, }and {5y, ..., n;} are the right and left eigenvectors respectively
of DF(p). The reduced flux vector Q(u) is a homogeneous quadratic function. For
example, in the case k = 2, withu = (u1, uy),

11,2 1 11,2
yIuy + uiuy + 5 yhusy
Q(u)= lFZ 2+F2 +l]’~2 2
24t pU1Uu2 T 55U

where the Fll] are components of the intrinsic second derivative of the flux vector
generalizing (1.7). The geometry of the flux vector is presented in Section 8. The
formal argument reducing (1.1) to Q-Burgers when p lies in a criticality surface is
given in Section 2.

The main aim of this paper is to prove that the above formal argument makes
sense, and to identify appropriate function spaces in which it makes sense. The
choice of function space is dictated by the requirement that it is defined for functions
on the real line and it captures both finite energy and infinite energy solutions. An
example of the latter is fronts which are asymptotic to distinct nonzero constants
as x — =o0. The classical Sobolev spaces based on L?(R) are inadequate and
can be naturally replaced by the so-called uniformly local spaces. These spaces
contain constant and non-decaying functions, as well as finite energy solutions
and are widely used in the analysis of PDEs in unbounded domains. These spaces
have been used in the validity argument for reduction of modulated wavetrains to
Burger’s equation (cf. Chapter 5 of DOELMAN ET AL. [11]), and have been widely
used in the study of attractors of parabolic PDEs (for example [23] and references
therein).

Uniformly local spaces are defined as follows. Let B; ={yeR:|y—x| <1}
and let 2’ (R) be the space of distributions on R. Then

L2(R) = [u € 7'(R) : sup (/ |u(x)|2dx) < oo] : (1.12)
xpeR Bxl'o

with norm

1/2
”u”LZ = (sup/l |u|2 dx) = sup [[ull 22((xg—1,x0+11) (1.13)

X0 BXO xoeR

and the uniformly local Sobolev spaces Wé’Z(R) are naturally defined as the spaces
of distributions whose derivatives up to order / belong to L%(R). The essential
properties of these spaces have been developed by MIELKE and SCHNEIDER [22],
ZELIK [30] and EFENDIEV and ZELIK [12,13]. A comprehensive review of the
properties of these spaces is given in the encyclopedia article of MIRANVILLE and
ZELIK [23].
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The main result of the paper is the long-time validity of the Q-Burgers reduction
(1.10) for system (1.1) in the uniformly local spaces. Namely, it will be shown
(see Theorem 6.1 and Corollary 6.1) that, for every sufficiently smooth solution
u = (uy, ..., ug) of the O-Burgers system (1.10) on the time interval T € [0, 7],
there exists &g = e(u, 7) > 0 such that, for every ¢ < &, there exists a solution
U, (¢, x) of the initial problem (1.1) such that

k
Uet.x) —p—& > uj(et, ex)k; <ced?, relo0,T/e,
/=t Wyt ®)
(1.14)

where C is independent of €. Solutions of Q-Burgers stay close to solutions of the
original problem for a time interval tending to infinity as ¢ — 0. These validity
results are in contrast to asymptotic results which work precisely with a neighbor-
hood of ¢ = oo (for example SZEPESSY and ZUMBRUN [27] and references therein).
In [27] the large-time asymptotic behavior of a weak rarefaction wave, for a system
of the form (1.1), is analyzed and it is proved that the perturbed rarefaction data
converge in the limit # — oo to an approximate ‘“Burgers” rarefaction wave.

Another approach which leads to a Burgers-type reduction is to use center-
manifold theory on the steady problem, and then an Evans function analysis on
the linear stability problem (for example FREISTUHLER and SZMOLYAN [16] and
PLAazA and ZuMBRUN [24]). In this approach, one studies the steady problem (1.1)
relative to a moving frame, which reduces to an ODE,

DU, = FU) — cU, UeR",

(modulo a vector-valued constant of integration). When [DF(U) — cI] has rank
n — k, then a center-manifold reduction can be used to reduce it to an ODE, which
is steady Burgers (or steady multi-fold Burgers). Denote the front solution by U.
The linearization of (1.1) about this solution with the spectral ansatz, d; — A, is

AU — cU, — (DF(U)U), = DU,,.

Since U tends to a constant as x —> +o00, this system can be reformulated as a
A—dependent system of ODEs, of dimension 27, in standard form for an Evans
function analysis. The advantage of this approach for Burgers shocks, or multi-fold
Burgers shocks, is that rigorous results on linear stability can be obtained. On the
other hand, the reduction to time-dependent Burgers, or Q-Burgers, invites analysis
of all solutions of (1.10), with the proviso that their relevance for (1.1) can only be
guaranteed for a time interval of order 2.

There are three steps in the proof of validity in this paper. The first step is to
prove that the reduced Q-Burgers (1.10) is well posed in Li for some time interval
[0, 7). In the case k = 1, it follows from a maximum principle argument that
T = oco. When k > 1 it is not in general true that solutions of Q-Burgers exist
globally in time. However, we are able to prove global existence of Q-Burgers
for any k when Q(u) is a gradient function. In the case k = 2 we can appeal to a
result of SCHAEFFER and SHEARER [26] that assures that Q(u) is a gradient function
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if DQ is hyperbolic. The proof of regularity, uniqueness and global existence for
Q-Burgers is presented in Section 4.

The second stage of the proof is to derive estimates in le7 for the class of linear
parabolic PDEs

1
u; + —Au, — Du,, = h(?), (1.15)
&

for given h, where A is a constant symmetrizable matrix. Systems of this type
arise when analyzing the second equation of (1.5). The regularity properties of the
solutions of (1.15) are presented in Section 5.

The third stage is the validity proof. Take initial data for (1.1) and take the
projection of this initial data onto the kernel of DF (p) as initial data for Q-Burgers.
Look at the distance between these two solutions over time, measured in a uniformly
local norm. In Section 6 it is proved that the distance between these two solutions
is of order £3/? for a time interval which tends to infinity as & — 0, confirming the
estimate (1.14).

In Sections 9 and 10 the theory is applied to examples from shallow water
hydrodynamics, and it is shown there that the reduction to Burgers is associated
with the generation of hydraulic jumps. We also show how to modify the theory if
dissipation does not act on all components; for example, when one of the equations
in (1.1) is a pure conservation law.

2. Formal Reduction to Burgers Equations

Let & be a small parameter that measures the distance from the criticality surface.
Suppose that DF(p) has a k-fold semisimple zero eigenvalue with

Ker(DF(p)) = span{§,, ..., &;} and Ker(DF(p)T) = span{nq, ..., N},

with the standard normalization (y;, & i) =2dij.
Introduce the Burgers scaling (1.8) into the full equation (1.1),

1
Ur + EF(U)X = DUyy, 2.1
and express U(x, 7) in (1.1) in terms of functions of the scaled variables,
k
UGt e) =p+e ) uj(X. T, o)k +e?V(X. T, ¢), 2.2)
j=1
with
(nj,V(X, T,e))=0, forj=1,..., k.

The space R" has been split into the kernel of DF(p) and its complement. Let P
denote the projection onto the complement of the kernel of DF(p).



Reduction and Validity of Burgers Dynamics

Substitute (2.2) into (1.1)

U,—s3z /E]+84VT

k k
F(U); = &’DF(p)Vy + 1¢°D*F(p) Zujgj + ¢V, zujg, +eV] +---
j=1 j=1 ¥

K 9%u;
L 253 Z axzjéj+8VXX
j=1

Split into two parts according to the splitting of R”
8144 k 32u i
— T _
—r+ ZZ Sujuj —szjaxz—i-eSE, e=1,....k, (23)
i=1 j=1 j=1
with v; ; defined in (1.11), and
k k
e Vr +PDF(p)Vx + 3PD’F(p) | D u&;. D> uj§;

j=1 j=1 X

k 2
8uj
=PD Z%W + ePDVyyx + -,
—

or
d k k
Lpn2
ox | PPF®V + ;PD’F(p) Zu,-gj,zujsj
j=1 j=1
k ou ;
J _
_PD Zgjﬁ =¢T, (2.4)
j=1
where S¢, £ = 1, ..., k, and T are remainder terms.

The leading order term in the first set of equations (2.3) is Q-Burgers (1.10).
The complementary equation (2.4) appears to be solvable for V as a function of
Ui, ..., Uu.

Consider a perturbation expansion for uy, ..., ux and V,

ue(X, T, &) =ud(X, T)+eul(X,T)+ 0%, I=1,... k,
V(X,T,e) = Vo(X, T) +eVi(X, T) + O(e?).
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Substitution shows that u?, R u2 satisfy Q-Burgers and V¢ can be determined as
a function of u(l), el ug,

k k
Vo(X.T) = [PDF(p)]~" | —iPD?F(p) [ D" ulE,. > u%%;
=l j=1

k aul ©)
J
+PD -Elgjﬁ + Voo (1), (2.5)
]:

where Véo)(T) is an arbitrary function of 7'. The invertibility of PDF(p) follows
since P is projection onto the complement of the kernel of DF (p). The successive
terms in the series for u; and V then satisfy linear inhomogeneous PDEs. Formally,
each term in the series can be determined.

3. Towards a Proof of Validity

In this section we attempt to justify the formal argument in Section 2. Let
U(X, T, €) be an exact solution of (1.1) in the scaled form (2.1) and define

1
Z(X’ T7 8) = _(U(Xa T7 ‘9) - p)‘ (3'1)
&
Then z(X, T, ¢) satisfies

1
T + ?F(p +¢ez)x = Dzyxy,

or, after expanding F in a Taylor series,

zr +&7! (DF(p)z + %8D2F(p)(z, Z) + echg(z)) =Dzyy, (3.2)
X

where the remainder function @, (z) remains regular as ¢ — 0.
Now split z into a leading order part and a remainder

z(X, T,e) =w(X, T,e)+ R(X, T, ¢), 3.3)
with
w(X,T,e) =wo(X,T)+eVo(X, T). (3.4

The perturbation Vo(X, T') is the leading order term in the asymptotic expansion
(2.5). The first term in (3.4) is

k
wo(X. T) == D uj(X.T)§;, (3.5)
j=1
where (u1(X, T), ..., ur(X, T)) is an exact associated solution of the Q-Burgers

equation (1.10) with initial data
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wo(X, 0) = lim e ' (I-P)(U(X,0,¢) — p). (3.6)
E—>

Using Q-Burgers and the equation for V in (2.4), the vector-valued function w
satisfies

1 1
wr + — <DF(p)W + EsDzF(p)(w, w)) — Dwyyx = ¢h, 3.7
€ X

where the function
h := h(dr wo, dxWo. 95 Wo, 3 Wo, d70xWo)

is a cubic polynomial determined by the solution (uy, ..., ux)(X, T) of the O-
Burgers equation (1.10). Moreover, it is linear with respect to the higher derivatives
or dxwo and 8)3(wo:

h = ho(d7wWo, dxWo, dxWo) + C1 d7dxWo + C2 9y Wo, (3.8)

where C; and C, are constant matrices depending only on D, DF(p) and D?F(p).
Thus, the difference R solves

Rr + ¢ 'DF(p)Ryx — DRyx = H, 3.9)
with
1
H :=¢h — dx(c¢P,(2z) — EDZF(p)(R, 2w + R)). (3.10)

Equation (3.9) is the key equation that needs to be understood. The validity proof
reduces to showing that the remainder function R(X, T, ¢) is well behaved. To
show this we need two results: first we need to show that the solution wqo (X, T')
of Q-Burgers is well-behaved and secondly we need to show that solutions of the
linear parabolic equation (3.9) are well-defined in the uniformly local spaces. These
questions are made precise and addressed in the next sections. The first question is
addressed in Section 4 and the second question is addressed in Section 5.

4. The Reduced Q-Burgers System

In this section, we study the global well-posedness and regularity of Q-Burgers
type systems without remainder (1.10). Consider the Q-Burgers system in the form

du=Edju+0,Qu), xeR, ul_,=nuo, (4.1)

where the k-component vector-valued function u(x, t) is the k-component vector-
valued unknown function, E is a given constant matrix satisfying the uniform par-
abolicity assumption

Reo(E) > 0 (4.2)
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and Q : R¥ — R¥ is a given nonlinearity satisfying
IDQ)| < C(1 + |u]) forallu € R¥, (4.3)

for some constant C (throughout of the paper the constants whose concrete values
are not important will be denoted by the letter C and this notation will not change
even if the constant changes).

We are interested in weak solutions of problem (4.1) in the uniformly local
spaces. To be more precise, a function u = u(¢, x) is a weak solution of (4.1) on
the time interval ¢ € [0, T'] if

ue L0, T], LER) N C([0, T1, L} (R)), u, € L3([0,T] x R) (4.4)

and satisfies (4.1) in the sense of distributions.

The section is organized as follows. In the first subsection, we briefly discuss the
key technical tools associated with weighted and uniformly local Sobolev spaces
which will be used throughout of the paper. In the second subsection, we verify
the uniqueness of a weak solution and its additional regularity. Finally, in the third
subsection, we establish the global existence of weak solutions under additional
assumptions on Q and E.

Note also that the critical growth of the nonlinearity Q in the class of energy
solutions is cubic, so most of the results of this section remain true for the nonlin-
earities Q of a cubic growth. However, since in all our applications Q is a quadratic
polynomial, we impose condition (4.3) and restrict the possible growth of Q to be
at most quadratic.

4.1. Weighted and Uniformly Local Sobolev Spaces

A key feature of the analysis is the intermediate step of proving existence in
weighted spaces. In this subsection, the key properties needed in the analysis are
recorded, see [23] for the more detailed exposition. We start with introducing the
class of suitable weight functions.

A function ¢ € L{°.(R) is called a weight function with exponential rate of

loc
growth (v > 0) if the conditions

¢(x) >0 and ¢(x+y) = Ce'Mlgp(y), 4.5)

are satisfied for every x, y € R.
Any weight function with growth rate v also satisfies

p(x+y) = C e Mg (y)

for all x, y € R. Important examples needed here, of weight functions with growth
rate v, are

du(x) = and 6, (x) = e HM, (4.6)

. L
(1+ 3lux?)2



Reduction and Validity of Burgers Dynamics

where 4 < v in the second example. Crucial for what follows is the fact that these
functions satisfy (4.5) uniformly with respect to u — 0. Moreover, if ¢ (x) satisfies
(4.5), then the shifted weight function ¢ (x — x), xo € R, also satisfies (4.5) with
the same constants C and v.

For any weight function ¢ (x) with exponential rate of growthandany 1 < p <
00, the weighted Lebesgue spaces are defined as follows:

1/p
Lg(R) = [u € sz)c(]R) : ||u||L(1; = (/R(ﬁ(x)'"|u(x)|pdx) < oo] .

Analogously, the weighted Sobolev spaces qu;p (R) are defined as subspaces of

2'(R) of distributions whose derivatives up to order [ inclusively belong to Lg (R)
(this works for natural / only, the weighted Sobolev spaces with fractional/negative
number of derivatives can be also defined in a standard way using interpola-
tion/duality).

The following proposition gives the technical tool for estimating the uniformly
local norms of solutions using the energy estimates in weighted Sobolev spaces.

Proposition 4.1. Let ¢ be a weight function with exponential growth such that
léllLr®y < 00 and letu € Lg(R)for some 1 < p < oco. Then, u € Lg(R) and

el = Cillgllpllullzp. “4.7)

where the constant C| depends only on p and the constants C and v in (4.5) (and
is independent of the concrete choice of the functions ¢ and u). Moreover,

ull,2 =C sup fju]|;2 , .
I ”[b = 1S l ”l (—s) (4.8)

where C| is also independent of the concrete choice of u and ¢.
For the proof of this proposition, see [30].
We will mainly use estimate (4.7) in the situation where ¢ = ¢, is one of the

special weight functions of (4.6) and u > 0 is a small parameter. In this case, for
p> L ll¢ullLe ~ n= /7 and (4.7) reads

lvllzz = Cr= Pl (4.9)

where the constant C > 0 is independent of © — 0.
The next standard proposition gives a useful equivalent form of the weighted
norms.

Proposition 4.2. Let ¢ be a weight function with exponential rate of growth and
letu € Lf; (R). Then

Cllull} < /R D7 GOl 1) 430 < Callul] (4.10)

where the constants C1 and Cy depend only on the constants involving (4.5) and
are independent of the concrete choice of p, ¢ and u.
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Finally, we will need Gagliardo—Nirenberg type interpolation inequalities in
weighted Sobolev spaces. We state below only 2 of them which will be used in the
paper and refer to [30] or [31] for more detailed exposition.

Proposition 4.3. Let ¢ be a weight function with sufficiently small exponential rate
of growth v and let u € W(;’Z(R). Then, for every2 < p < oo,

1 1 1
27p
lullpr = Cllull ;7 llull
L(p L¢

1

27 p
2, @11
w,?

where the constant C is independent of p and of the concrete choice of ¢ and u. In
addition, ifu € W;’Z(R), then

1 1
lull 2 < Cllull >, lull’ 5o (4.12)
Ws Ly W,

and C is also independent of ¢ and u.

Remark 4.1. In this section the parameter u in the weight function can be chosen
independently. This choice is to be contrasted with Section 5 where the choice of
weight function parameter will be linked to the parameter €.

4.2. Uniqueness and Further Regularity of Weak Solutions

In this subsection, we show that the weak solution of equation (4.1), if it exists,
is unique and is smooth if the initial data and Q are regular enough. We start with
uniqueness.

Proposition 4.4. Let the diffusion matrix E and the nonlinearity Q satisfy (4.2) and
(4.3). Then the weak solution u of (4.1) which satisfies (4.4) is unique.

Proof. Without loss of generality, we may assume that
E+E*" > 0. (4.13)

Indeed, if (4.2) holds, one always can fix an inner product in R¥ in such way that
(4.13) will be also satisfied.

Let u and v be two solutions of (4.1) belonging to the class (4.4) and let w =
u — v. Then, by taking the difference of two equations (4.1) (with solutions u and
v respectively), we have

8tw - wax = axQ(u) - 8xQ(V),

where w = u — v. Take the dot product of this equation with Giw (see (4.6), where
w1 > 0 is small enough) and integrate the result over R to obtain

d
& ||w||§g + ((E +E") (0, wy), (0,Wx)) 12 + 2(Ewy, 9, (07)W) 2
i

+(Q) — Q(V), dx (6, W) 2 =0, (4.14)
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where (u, v);2 denotes the usual inner product in L%(R) (all the integrals make
sense since u and v belong to the class (4.4)). Note that, due to (4.13), there exists
a positive constant « such that E + E* 2 2, and the weight function 6,, satisfies

10, () = pnby(x), x €R. (4.15)

Using these facts together with the Cauchy—Schwarz inequality, we transform (4.14)
to

d. 2 2 2 2)1wli2
EIIWII% +06||Wx|IL5M = ClQ(w) — Q(V)II% +Cn IIWlngﬂ- (4.16)

As usual, we estimate the first term in the right-hand side using the integral mean
value theorem in the form

1
Qw — QW) = /O Q'(su+ (I —s)v)ds(u—v),
S0, using assumption (4.3), we obtain
1Q(w) — Q(V)II% S A+ Juf + IVI)WIIL(gM-

To estimate the right-hand side of this inequality, we use Proposition 4.2 together
with the fact that ||ul| L2 and ||v|| L2 are under control. Then,

Q) — Q(V)Iligﬂ <cC /R OO+ [ul + VDWI 72, 4y, ds

< ¢ /IR 0 W oo s 1y (L H T2 oy

V7251 dS

< a1+ Il + VI /]R 07 ()W Zoo g541) ds

< C3/R@ﬁ(s)||w||%oo(s’s+l) ds. (4.17)

The right-hand side of (4.17) is estimated using the standard (non-weighted) inter-
polation inequality

2
IWIZoo 5,5 1) = CIWI L2 501y IWlTw1.2(5,541)5

the Cauchy—Schwarz inequality and again Proposition 4.2:
1Q(w) — Q(V)Iligﬂ <G /R 07 (NIWI T oo (s.g41) ds

< C/Rei(s)HW”Lz(s,s-i-l)||W||W1,2(s,s+1) ds
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2 2 2

<c ( /R 02) W22 s o1, ds)
1

2 2 2

( LMz ds)

S Cslwllz w2
12 "

o

< Clwli?, +
L, 2

Wl (4.18)
b
Inserting this estimate into the right-hand side of (4.16), we end up with

1d
2 < 2
——||w S Clw .
2dr | “Léu =¢l ”Lgﬂ

Integrating this inequality and using that u(0) = v(0), we prove that ||w(z)|| 12 =
"
0. Thus, u(z) = v(¢) and the proposition is proved. O

We now turn to proving the extra regularity of a weak solution. We start with
the uniformly local analogue of the second energy estimate.

Proposition 4.5. Let the assumptions of Proposition 4.2 hold and let u be a weak
solution of (4.1) on the time interval t € [0, T such that

< 1,2
”u”Lw([O,T],Li(R)) S K, uwe Wb (R) (4.19)
Then, w € L®([0, T1, W) *(R)), uxy € L2([0, T] x R) and
”u”LOC([O,T],WbI’Z(R))_'_”u’“‘”Li([O,T]XR) § C(”u0||Wbl’2(R) + KS +1), (4.20)
where the constant C is independent of u, T and u.

Proof. Take the dot product of Equation (4.1) with —d, (93 u, ), where 6,, is defined
by (4.6) and integrate in space. This gives

d
el A+ (B 4+ ED @), Ouue)) 2 + 28 0070, U 12
"

= —2(0:Q(w), 3, (6, u,)) 2. .21

As in the proof of Proposition 4.4, we may assume that (4.13) holds. Then, using
(4.15), we obtain

2
2 o 2 M 2
[(E 0y (Qu)ux’ uxx)L2| § Z [y, ”L(%,L + ? [ ”Lgu s (4.22)

and again using, in addition, the Cauchy—Schwarz inequality, we estimate the right-
hand side of (4.21) as follows

o
|(0:Q, 0 (F7u)) 2] = ClIQIIT, + Crlluelfs + Il -
" I I
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Inserting these estimates into (4.21) and using that u is small enough, we arrive at
Lz, + Ll < ClaQWE, +Clu,? (4.23)
de’ g, o2 g, = T L3, g '

Thus, it now remains to estimate the 9,Q(u) term. Using the growth restriction
(4.3) and assumption (4.19) and arguing exactly as in (4.17) and (4.18) (where w
should be replaced by u,), we get

2 2
ClloxQl7, = Cill(1+w - w7,
m &
< 2
S CZHMHL% fux ”I‘f%u flux ||W01,;2

o
S G(K? A+ D2 ugl3 4 5wl
o 4 O

and, therefore, (4.23) now reads

o
—lul?, SCK>+ D ull?, . (4.24)
m O

d 2 2
s+ luel?, +
O o 4

dt

Finally, using the weighted interpolation inequality

2 < 2
u < Clua + Clull;2 |Ju 2,
I xll% s ”Lgﬂ l ”Laﬂ I xx”Lgﬂ
and assumption (4.19) again, we end up with

d 2 2 o 2 4 2112 5 2
Elluxll% + ”“XHLZ,M + glluxxlngﬂ SCK™+1D) IIUIILgu S C(K”+ D~

(4.25)

Applying the Gronwall inequality, we arrive at the desired weighted analogue of
the second energy estimate:

max{t+1,T}
lu 0l + / luce ()17, ds < Cllwolly2 + 14 K% (4.26)
“ t mn i

Moreover, since the shifted weight function 6,, ;(x) = 0, (x — s) satisfies esti-
mates (4.5) and (4.15) uniformly with respect to s € R, arguing as before, we see
that estimate (4.26) remains true if we replace 6, by 0,, s and the constant C is
independent of s € R. Taking now the supremum over s € R from both parts of
the obtained inequality and using estimates (4.7) and (4.8), we end up with (4.20)
and finish the proof of Proposition 4.5. O

The regularity of the solution u can be further improved in a straightforward way
if additional smoothness of Q and ug is known. In particular, the following result
holds.
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Corollary 4.1. Let the assumgtions of Proposition 4.5 hold and let, in addition,
Qe C2(R%, R?>) andug € wy ’Z(R). Then, the solution u of the Q-Burgers system
(4.1) satisfies:

ue L0, T1, Wy 2 (R), W, tery € LE(0,T] x R),

and the following estimate holds:

”u”LOO([O,T],Wf’Z(R) + ”qu”L%([O,T]x]R) + ”uxxx”L}Z’([(),T]X]R)

=C (Iluollwlz,z(R) + CK) : 4.27)

where the constant Cg depends on K (from (4.19)), but is independent of T and
u.

The proof of this corollary is analogous to Proposition 4.5: we just need to differ-
entiate (4.1) with respect to x (denoting v = u,) and then multiply the obtained
equation by (6,,v,), so we leave it to the reader.

4.3. A Priori Estimates and Global Existence

In this subsection, we present some results on the global existence of weak
solutions of the Q-Burgers system. As we have seen before, the control of the
Li(R)-norm of a solution is enough to estimate the higher norms, so finding an
appropriate a priori estimate of this norm is sufficient for the global existence of
weak/strong solutions (which can be proved in a straightforward way, for example,
by approximating the problem in unbounded domains by the analogous problems
in large bounded domains, say, with periodic boundary conditions and by passing to
the limit, see EFENDIEV and ZELIK [12, 13]). Thus, we will concentrate on deriving
proper a priori estimates for the Li-norm of the solution only.

Note that, in contrast to the scalar case k = 1, where such an estimate is
immediate due to the maximum principle, the vector case looks much more delicate
since the maximum principle fails and one should use principally different methods
to bound the Li-norm of the solution. In particular, based on some techniques,
initially developed for infinite energy solutions for the Navier—Stokes equations in
astrip [31], we succeed in finding such an estimate under the additional assumption
that the nonlinearity Q is gradient

Q(u) =V, ¥ (u), (4.28)

for some potential ¥ € C?(R?) and the diffusion matrix E satisfying (4.13) (which
is now essential since the trick with changing the inner product in R¥ used before
may destroy the gradient structure of the problem). Note also that, again in contrast
to the scalar case, our estimate allows the norm |ju(z) | L2 to grow at most linearly in
time although we do not know of any examples of growing solutions in that class.
To be more precise, the following result holds.



Reduction and Validity of Burgers Dynamics

Theorem 4.1. Let the assumptions of Proposition 4.4 hold and let, in addition,
(4.13) and (4.28) hold. Then, for every initial data uy € Li(R), there exists a
unique global weak solution u of the Q-Burgers system (4.1) and the following
estimate is valid:

@l 2wy = R(oll2g)) @ + 1) (4.29)
for some monotone increasing function R which is independent of t and uy.

Proof. Aswas already mentioned, we only need to derive an a priori estimate (4.29).
To this end, we will use as before the weighted energy estimates, in contrast to the
previous subsection, the exponential weight function 6,, (x) is no longer appropriate
for our purposes and is replaced by the polynomial one ¢, (x) (see (4.6)). The reason
is that the polynomial weight function satisfies a stronger inequality than (4.15),
namely,

#001 S bus) and sup () < 1. (4.30)
X€E

which is crucial to handle the nonlinearity.
Multiplying Equation (4.1) by ¢>ﬁu, where © > 0 is a small parameter which
will be fixed below, and integrating in space, we have

d 1
5 iz 1z Tz (E+EDu Pruy) + (B, ud, (47)),2

= (%:(Q(w)), ppu) 2. (4.31)

Note that condition (4.13) implies that there exists a positive constant « such that
E+E* 2 20 and since the weight ¢, satisfies (4.15), we may estimate the last term
in the left-hand side of (4.31) analogously to the third term in (4.14). Moreover,
using that Q is gradient, we simplify the right-hand side by integrating by parts:

(0:(Q)), phw) 2 = —(Qu), ucy,) 12 — (Q), ude($))) 12
— (T W), 6712 — (Q(u), ud (¢7:)) 12
(¥ () — Q(u) - u, ($}))) 2.

Thus, (4.31) reads

1d
Ed—llull +05||ux||Lé <Cullul? L2, +2(¥ (@ —u-Qu), d:(¢})),2. (4.32)

where the constant C is independent of © — 0.
Now using that ¥ (u) and Q(u) - u are at most cubic, namely,

IDQ()| £ C(1 + [u]) implies [Q()| = C(1 + [u?)
and W ()| < C(1 + |up),

together with (4.30) and the fact that fR Qux)dx =C w=!, we estimate the last
term in the right-hand side as follows:

2(¥(u) —u-Qu), dc($)) ;2 < Cu(lul’ +1,¢5) 2 = C(ullulli; + ),
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where C is again independent of © — 0. Using now the weighted interpolation
inequality (4.11) with p = 3, we get

5/2 1 /2

3
CMIIUIILz <Clullull ||u||

5/2 1/2
< C1M||u||L2 + Cupluls ; ol ;

103
< Ciulull}, 2 +CuBlul Y +afue?, . @33)

" ¢;/. i

Inserting these estimates into the right-hand side of (4.32), we arrive at

d 10/3
—lull?, §C(u2||u||iz +ululd, e 1) @34
dt bu bu o Ly,

We may simplify (4.34) furthermore using again Young’s inequality

M ||u||L2 < % ”“”iéu +C and uuly, < M“nuu‘“ +Cu
and using that p is small. This gives, finally,
%nuuiéﬂ <c (Wﬁnun“;f + u”z) : (4.35)
In addition, due to (4.9), we also have
||uo||§5m < Cu ol (4.36)

Crucial for us is that the constant C in (4.35) and (4.36) is independent of . — 0.
Indeed, for every fixed p, the solutions of the differential inequality (4.35) may blow
up in finite time. Nevertheless, choosing properly the parameter u, dependence of
the initial data and the time interval, we gain the global existence as well as the
linear growth estimate (4.29). In order to see that, we introduce the function Y, ()
as a solution of the following ODE:

V= C (737 +u72) with ¥,0) = Cu”fuol
Then, due to the comparison principle,

Ilu(t)llié SYu®, 120 (4.37)
n

After scaling the variables Z, (1) = uY, (tu_l/ 2), we see that the new function
Z,,(t) = Z(t) is independent of 1 and solves

Z'<CZP+ 1), Z0)=Clull3,
b
This ODE is locally solvable in time and we have

Z(1) 2C(luolly; + 1), 1 = B(luollz,) > 0,
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for some monotone decreasing positive function 8. Thus, due to (4.37),
lu®Ig; =20k~ ol + 1. 1= 2p(woll ). (438)
i

Moreover, as in the previous subsection, this estimate remains valid if we replace
¢, (x) on the shifted one ¢, ;(x) := ¢, (x — s) uniformly with respect to the shift
s € R. Taking after that the supremum over s € R and using (4.8), we end up with

lu@I7; < 2Ck~ (ol + 1), = u™ Aol ). (439)
We are now ready to optimize this estimate with respect to p. Namely, for every
large enough time moment 7', we fix . = 7282 (|lug ||L§). Then, (4.39) holds for
t = T and this gives

la(T)II7, < 2CT*B*(luol)(luoll7, + 1)
b b

which coincides with (4.29) and finishes the proof of the theorem. O

5. The Analysis of the Scaled Linearized System

As we have seen in Section 3, in order to justify the validity of the Q-Burgers
reduction, we need to study Equation (3.9) for small ¢ > 0. Note that the case
& = 1 of that equation corresponds to the linearization of the initial problem (1.1)
about a constant solution U = p. The aim of this section is to state the conditions
which guarantee the spectral stability of that linearized problem and derive several
uniform with respect to ¢ — 0 estimates which are crucial for the validity proof.

5.1. Spectral Properties of the Linearized System

Of interest is the following ¢ —family of parabolic PDEs,

= up, 5.1)

1
u + gAux — Dllxx = h(t)a u|t:0

for the vector-valued function u(x, ¢). Here ¢ > 0 is any given small parameter,
u= (u,...,u,),h(t) are given external forces, and A = DF(p) and D are given
constant matrices with the following properties:

(1) : A has real eigenvalues and is diagonalizable 5.2)
(2): Reo(D) >0 (5.3)
(3): Reo(Dk?> +ikA) > 0, Vk € R\ {0} 54
4): Reo(Dy) > 0. (5.5)

In the hypothesis (5.5) D4 is a block diagonal matrix built up by the following
rule: let w € o (A) be the eigenvalue of A of multiplicity / and let {&{, ..., &} and
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{n1, ..., n;} be the normalized right and left eigenvectors respectively associated
with the eigenvalue w. Then, the entries of the block in D4 associated with w are
D, := ((D&;, nj»g,j:l. Thus,

Dy = dlag (lev EER) D(Dm)

where wy, ..., w, are all different eigenvalues of A.

We first clarify the above conditions. To this end, we note that the spectral
stability requirement for the linearized system (5.1) is necessary for the validity of
the reduction and reads

1
Reo (L, L>(R)) =0, Lqu:= —Au, — Du,,. (5.6)
&

The spectrum of this differential operator is independent of € up to the scaling factor
£~2 and can be easily found using the Fourier transform:

o (Ly) = e 20 (L)) =& *n € o(Dk? +ikA), k € R}. (5.7)

Thus, assumption (5.4) is close to being necessary (the necessary non-strict inequal-
ity is replaced by the strict one) and guarantees that the spectrum of the operator
L. touches the imaginary axis only at wavenumber k = 0 and A = 0. Furthermore,
looking at large wavenumbers k, we see that the spectrum of D should not contain
eigenvalues with negative real part. The slightly stricter assumption (5.3) guaran-
tees in addition the uniform parabolicity of (5.1) and is posed for technical reasons.
Although the case of zero eigenvalues of the dissipation matrix D is interesting
from the applications point of view (see Section 9), its rigorous treatment requires
essentially more complicated technique and will be not considered here.

Analogously, considering the case of small wavenumbers k — 0, we see that
(5.4) is possible only if the spectrum of A is real. The rest of hypothesis (5.2)
that A is diagonalizable is also a simplifying assumption, some discussion on what
happens in the non-semi-simple case is given in Section 11. Finally, for clarifying
hypothesis (5.5), we need the following lemma.

Lemma 5.1. . Let w € 0 (A) be a semi-simple eigenvalue of the matrix A of multi-
plicity I. Then, it generates I-branches X j(k), j =1, ...,1, of the spectrum of L
near k = 0 and the following asymptotic expansions hold:

Aj(k) = iwk + pik* + o(k?), 1 € o(Dy) (5.8)
forj=1,...,1L

The proof of the expansions (5.8) is standard and straightforward and is therefore
omitted.

Thus, hypothesis (5.5) is also “almost” necessary and prevents the branches of
spectrum of L, from crossing the imaginary axis for small wavenumbers k. Note
also that D = Dy, see (1.11), and hypothesis (5.5) also guarantees the uniform
parabolicity (and, therefore, the local well-posedness) of the reduced Q-Burgers
equations (1.10).
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5.2. Uniform Estimates: The Unweighted Case

We now turn to the study of the linear problem (5.1). We start with the homoge-
neous system in non-weighted Sobolev spaces. Set h = 0 in (5.1). The following
standard Lemma shows that Equation (5.1) generates a uniformly (with respect to
& — 0) stable semigroup in the space H = L*(R).

Lemma 5.2. Let the above assumptions (5.2)—(5.5) hold. Then, the solution u(t),
t 2 0, of Equation (5.1) with h = 0 satisfies

el as®) = C luO)llgsw), foranys =0, (5.9)
where the constant C is independent of s, € > 0 and t = 0.

Proof. It is sufficient to verify the estimate for s = 0 only, since the equation is
spatially-homogeneous. Applying the x-Fourier transform to equation (5.1) gives

0, = —(Dk2 + éAk)ii(t). (5.10)

Thus, due to Parseval’s equality, we only need to check that

H e—(iks’1A+Dk2)t

=C,

where the constant C is independent of ¢, r = 0 and k. Or, scaling t — &%t,
k — &~ 'k, this requirement is transformed to the case of ¢ = 1:

H o~ (kKA+DK?)

<c. (5.11)

Due to assumption (5.3) on the spectrum of the matrix D, (5.11) is satisfied
uniformly for large k, say, for |k| > k4 > 1. On the other hand, due to assumption
(5.4), (5.11) is satisfied for every fixed k # 0. Consequently, using a compactness
argument, (5.11) holds uniformly for all |k| < k_ <« 1 (where k_ can be cho-
sen arbitrarily small). Finally, the validity of (5.11) for small k is assured by the
hypothesis that the matrix A is diagonalizable and the following expansion: let A?,
j =1,..., kbe the eigenvalues of A. Then, due to Lemma 5.1, the eigenvalues of
Dk? + ikA near k = 0 have the form

%j (kA + K*D) = ikA) + pk® + o(k?), (5.12)
for some & € o (Dy). The assumption (5.4) assures that Re i > 0 in the expansion
(5.12). This completes the proof of estimate (5.11) and finishes the proof of the

lemma. O

Now suppose that h # 0.



THOMAS BRIDGES, JONATHAN PENNANT & SERGEY ZELIK

Lemma 5.3. Let the above assumptions (5.2)—(5.5) hold, and suppose that h €
L2(R, x Ry). Then, there exists a unique solution u(t) of (5.1) satisfying the
following inequality

where the constant C is independent of ¢ and h.

9%u
dx?2

= Clhll 2 g, <R, ), (5.13)
LZ(RI xRy)

Proof. Applying the (¢, x)-Fourier transform to Equation (5.1),
[iw + ¢ 'ikA + D2 i(w, k) = h(w, k), (o, k) € R%.

Using Parseval’s equality, the estimate (5.13) is satisfied if (and only if) the follow-
ing inequality holds

K2 H liw + & likA + DK2]~! H <c,

2

where C is independent of ¢, k and w. Scaling @ — &?w and k — ke, the

problem is reduced to the case € = 1:
K2 H[iw+ikA+Dk2]—1H <c. (5.14)

Estimate (5.14) holds uniformly for all w € R and large k (|k| > ky > 1) due
to the assumption (5.3) on the matrix D, so only the case of |k| bounded need be
considered. In that case, (5.14) is trivially satisfied if |w| — oo, so only the case of
bounded (w, k) need be considered.

Now, due to (5.4), the matrix on the left-hand side of (5.14) is invertible for
k # 0. Thus, using a compactness argument, Equation (5.14) needs to be verified
only for the case k — 0. To this end, scale ® = wk~! and transform (5.14) to

k ”[ia+iA+Dk]—1” <c, (5.15)

which should be satisfied for all @ € R and k| < 1.

Let {39, ..., )»21} be the (real) eigenvalues of the matrix A. Then, (5.15) may
be violated only in the case where |@ — A9| <« 1,i =1,..., m and the necessary
and sufficient condition for (5.15) to be satisfied in that region of parameters is that

i (i@ + iA + Dk)| = CIk|. (5.16)

But this condition is guaranteed by assumption (5.4) and Lemma 5.1. This com-
pletes the proof of Lemma 5.3. O

The next lemma allows for the reduction of the general case of Equation (5.1)
to the particular case u(0) = 0.
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Lemma 5.4. Let the above assumptions (5.2)—(5.5) hold. Then, for every uy €
HY(R) and every ¢ > 0, there exists a function w € C(R, HYN LE(R, H?) such
that w(t) =0 fort ¢ [—1, 1], w(0) = ug and

||W||c([_1,1],Hl)mL2([_1,1],H2) < C||u0||H1(R), (5.17)

where C is independent of ¢ # 0 and ng. Moreover,
1
w; + —Aw, — Dw,, =T,
e
and
1€l 22— 1.1)x®) = Cilluoll g1,
where C1 is also independent of € and uy.

Proof. It is sufficient to prove the lemma for D = I, where I is the identity matrix.
Fix D = I. Without loss of generality, A can be assumed to be symmetric. Construct
the function w(z) as a solution of the following equations:

Wit ;AW — W =0, 120, W(0) = uo,
(5.18)
Wi+ 1AW, +Way =0, 120, W(0) =up.

Then, since A is symmetric, multiplication of the first of (5.18) by W — Wy, and
integrating over time and space,

1 2 ! 2 2
EHWHC(O,I;HI(R)) +/0 ”Wx(t)HHI(R) dr g ”w(o)”Hl(R)

For negative times, multiply the second equation of (5.18) by W — W, giving

0

| - ~
SIWIE oy + / 19 (1371 gy 4 S W O) 31 g -
v 1

These estimates combine to give the desired estimate (5.17). Finally, setting
w(t, x) = w(t, x)x (1),

where y (¢) is a cut-off function which equals one at ¢t = 0 and is zero outside of
the interval [—1, 1], gives the desired extension w. O

The main result of this section can now be formulated and proved.

Theorem 5.1. Let the assumptions of Lemma 5.2 and 5.3 hold. Then, the solution
u(t) of problem (5.1) satisfies

t t
@131 g + /0 0 [ ) ds < C(||u<0>||§,](R)+ /0 W) 7 @) ds),
(5.19)

where the constant C is independent of ¢, h and t = 0.
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Proof. Due to Lemma 5.4, it can be assumed, without loss of generality that u(0) =
0. The general case is reduced to that particular one just by replacing u by u — w
where w is constructed in Lemma 5.4. Now apply Lemma 5.3 with H(s) = h(s),
for s € [0, ¢] and h(s) = 0 for s ¢ [0, ]. Then, estimate (5.13) reads

t t
/ el ds < C/ Ih(s)117; ds. (5.20)
0 0

Thus, it is only necessary to verify the estimate of the H'-norm of the solution.
To this end, due to the estimate (5.20), the term Du,, may be interpreted as the
right-hand side and write problem (5.1) in the form

1 ~
u; + —Au, = h := h + Du,,. (5.21)
&

Without loss of generality, assume that A is symmetric here. Multiply this equation
by u,, and integrate over ¢ and x to obtain the desired estimate for the H'-norm
of u, thus finishing the proof. O

5.3. Uniform Estimates: The Weighted and Uniformly Local Case

Our aim now is to obtain the analogue of (5.19) in weighted and uniformly
local spaces.

A novelty in this section is that ¢, which is a measure of the distance from
the criticality surface, will also be used for the parameter in the definition of the
weighted space: © = ¢. Indeed, it will be shown that this choice is essential. On
the other hand, this use of ¢ is only an intermediate step as the final results are in
terms of the uniformly local spaces which are independent of the choice of weight
function.

To this end, we consider the case of weighted spaces with the weight function

Oe (x) := 11,
where the parameter ¢ in the weight is the same as in (5.1).
Corollary 5.1. Let the assumptions of Theorem 5.1 hold and let 0, (x) := e ¢

be an exponential weight function with the same exponent ¢ as in (5.1). Then the
solution u of Equation (5.1) satisfies the following estimate:

t
lu)Ii7, + /O )7, ds =CeuO)I,
t
+C [, 6, (5.22)
0 ¢

where the constant C is independent of ¢.
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Proof. Let O (x) = eV ¥*+1 pe the smooth analogue of the weight 6, (x) and let
w(t) = 6.u(t). Then, this function solves the following equation

1 ~ _ I- _ — _
Wit AWy =Wy =h o= b+ 607w — 26) 7 6wy — (6716w

(5.23)
Using the obvious formula
162 ()| + 107 (0)] < Cebe (x), (5.24)
where the constant C is independent of &, we see that
IR 1225, < CIRO 225, + CIWO I ). (5.25)

Applying estimate (5.19) to Equation (5.23) gives
t 13
w17, + /0 [Wer ()72 ds £ Clw(O)]|7, + C /0 [16:h(s)]17 2 ds

+C/ ||W(S)||H1 ds. (5.26)

This estimate together with Gronwall’s inequality and the equivalence
lallgs ~ [0l g,
€

give
a3, + / ), 2 ds = C||u<0)||,,1 e€
Os 0
t
+C / eC<’—S>||h(s)||§2 ds, (5.27)
0 O

which is equivalent to (5.22). O

Corollary 5.2. Let the assumptions of Theorem 5.1 hold and leth € L? ;R x R)
and u(0) € Hb (R). Then, the following estimate holds for the solution u(t) of
Equation (5.1):

—1/2.C
19O + Ml 20,03y S o2 (10O g,y + 102 10,17))
(5.28)

where the constant t is independent of ¢, v and t 2 0.

Proof. Indeed writing out the space-shifted version of estimate (5.22) (with the
weight function 6, (x) replaced by 6. (x — s)), taking the supremum with respect
to s € R from both sides of the obtained inequality and using estimate (4.9) with
p = 2, gives the desired inequality. O
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6. Validity of the Reduction to O-Burgers Equation

We now have the technical tools required to study the the remainder equation
(3.9) and to verify the long-time validity of the reduced Q-Burgers equations. The
strategy is to apply Corollary 5.1 to Equation (3.9). To this end, the following
assumptions on the linear part of this equation are required:

The matrices A := DF(p) and D satisfy the assumptions of Theorem 5.1.(6.1)

In addition, we assume that there exists a solution wg = (u1, ..., uy) of the reduced
Q-Burgers equations which does not blow up on the interval 7 € [0, 7 ] and satisfies

k
. , <
Iwo(T)l 12w : Zl luj (Dl 2wy < K. T €10, 71, (6.2)
]=
for some constant K > 0. Then, according to Proposition 4.5 and Corollary 4.1,

the higher norms of wg do not blow up as well and, in particular, if the initial data
satisfies

IWol, ol 22, = K. (6.3)

we have
3
”WOHLOO([O,’T],WZ'Z) + ||8T8XWO||L§([()’T]XR) + ||8XWO||Li([O,T]XR) = C,(64)

where the constant C depends only on K and is independent of 7. Therefore, the
corrector h in equation (3.7) satisfies the estimate

”h”LZ([O,T]X]R) § C, (6.5)

where the constant C depends only on K and is independent of 7.
Finally, we assume that the initial data U (X, 0) for equation (1.1) is &2 close to
the initial data for the Q-Burgers approximation, namely,

||R|t:O ” W,}‘Z(R) < Ks, (6.6)

where R is defined via (3.3).
We are now ready to formulate the main result of the section.

Theorem 6.1. Suppose assumptions (6.1), (6.2), (6.5) and (6.6) hold. Then, for
every K > 0 and T > 0, there exists e9 = €9(K,7T) > 0 such that, for all
e < &, the trajectory U(X, T, €) of (1.1) remains £3/? close to the corresponding
trajectory of the Q-Burgers approximation on the time interval T € [0, T], namely,
the following estimate holds

T) —w(T <ce'?, T T :
12(T) = WDl 2 < Ce'2 T 0,71, (6.7)
foralle < gg. We remind thatz(X, T) := ¢ (U (X, T, €) —p) and the approxima-

tion w(X, T) is built up based on the solution wy = (uy, ..., ur) of the Q-Burgers
equation via (3.4) and (2.5).
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Remark 6.1. As we have seen in (6.4), the solution wo(7) is uniformly bounded
in the sz’z-norm as T € [0, 7]. By this reason, the component Vo(X, T) is also

uniformly bounded in the Wl} 2 _norm and, consequently, eVo(X, T') is of order ¢
uniformly with respect to T'. Thus, estimate (6.9) can be rewritten as follows:

12(T) = Wo(TD) 12, = Ce'/2. (6.:8)

However, it is more convenient to include the term ¢V(7') into the approximation
z(X,T,e¢).

Proof. It is not difficult to see that, in order to prove the theorem, it is sufficient to
verify the following conditional result: the estimate

12(T) = WD)l 12, < Ce'2eT. T €10, 7], 6.9)
holds if
lz(T) — w(T)||Wbl.z(R) <1 forT <7T. (6.10)

Here C and « are some constants depending on K, but they are independent of
& > 0. Thus, we only need to prove (6.9) under the assumption that (6.10) is valid.
Note that, due to (6.10) and (6.4)

12(T) 12y = C. (6.11)

and therefore, since W12 is an algebra (in one space dimension)

19x Pe (2(T) | 2r) = X(||Z(T)||W;~2(R)) =C, (6.12)

for some function x (). Analogously,

ID*F(p)[R(T), 2w(T) + R(Dlly12 @) = CIRMD 12 @), (6.13)

where 6, (X) = e~¢1X=s1_ Therefore, using (4.9) with p = 2,

IHOlz &) < Ce>+ CIRT)y (6.14)

2®y
where H(?) is defined in (3.10). Applying now estimate (5.22) to equation (3.9),
and using estimate (6.14), we have

T
IR(D)IZ, 12 ) S CeeT +C /0 VIR (6.15)

wh? (®)

Oe,s

®)’

where the constants C and « are independent of T and &. Applying the Gronwall
inequality, we finally arrive at
2 < K1 T
IR(T) ”nggfi, ® = Creet,
for some new uniform constants C; and «;. Taking the supremum over s € R from

both sides of the last inequality, we deduce (6.9) and finish the proof of the theorem.
O
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Note that Theorem 6.1 gives the long-time validity of the O-Burgers approximation
for the trajectories U (X, T, ¢) starting from the small neighborhood of a single
smooth solution wy of the Q-Burgers equation only. This result can be essentially
improved if the global solvability of the Q-Burgers equations is known.

Corollary 6.1. Let the assumption (6.1) hold and suppose the associated Q-
Burgers system is globally solvable on any time interval T € [0,7] and the
following estimate holds:

||W0(T)||L127(R) < x(T, ”WO(O)”Li(R))’ (6.16)

for some monotone increasing (in both arguments) function x. Then, for every
K > 0and T > 0, there exists ¢g = €o(K,T) such that, for every ¢ < gy and
every initial data U (X, 0, ¢) satisfying

IPUC.0.) = P)lly22@ < Ko, 1QUE.0.8) = P)llyizg, < K, (6.17)

the trajectory U(X, T, €) is £3/%-close to the Q-Burgers approximation with the
initial data

wo(X,0,¢) =& 'P(U(X,0,¢) — p),
namely,

12(T) = W)l 12, = Ce'72, (6.18)

forall T <T.

Proof. Indeed, due to the first assumption of (6.17), ||Wo(0)||Wz,z < K. Then
b

assumption (6.16) guarantees that the corresponding solution wo(7") of the Q-
Burgers system exists on the time interval T € [0, 7] and estimate (6.2) holds for
some K which is independent on ¢. Finally, due to the second inequality of (6.17),
assumption (6.6) is also satisfied. Thus, applying Theorem 6.1, we get (6.18) and
prove the corollary. 0O

Remark 6.2. For the case of scalar Burgers equation (k = 1), assumption (6.16) is
automatically satisfied due to the maximum principle. However, there is no maxi-
mum principle for the Q-Burgers equations in the vector case (k > 1) and we do
not know whether or not the global solvability holds in general (some particular
cases where (6.16) holds are considered in Sections 4 and 7). For this reason, we
have to postulate the existence of a smooth solution wg in Theorem 6.1.
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7. Q-Burgers and Gradient Structure

When k = 1 the reduced equation is the classical scalar Burgers equation
ur + Kuuy = vuxy, (7.1)

about which much is known (for example BURGERS [9], BECK and WAYNE [3],
DOELMAN ET AL. [11] and references therein). The canonical solution is the trav-
eling front

w(X,T) = < — < tanh (i(x - cT)) .
K K 2v
This front connects two constant states as X — $00:
. 2c .
Iim u(X,T)=— and lim u(X,T)=0 (T fixed).
X——00 K X—+o00

The maximum principle can be used to prove global existence of solutions of
scalar Burgers in L%(R), and that result is a by-product of the more general proof
in Section 4. In the context of shallow water hydrodynamics (for example [2,15,
19,28]), the travelling front is called a hydraulic jump.

When k 2 2 the reduced equation has non-trivial coupling and so the analysis
is more difficult. For general non-gradient quadratic nonlinearity a global existence
proof for the reduced equations is elusive and we have to assume the non-linearity
to be gradient in order to be able to establish such a global existence, see subsection
Section 4.3.

However, in the case k = 2 there is a theorem of SCHAEFFER and SHEARER [26]
which relates the gradient structure with the more natural (from the point of view
of conservation laws) concept of hyperbolicity of Q. We recall that a map Q(u) is
hyperbolic if DQ(u) has real eigenvalues and is diagonalizable for all u € R2.

Lemma 7.1. (Schaeffer and Shearer [26]) Suppose that Q(u) is a homogeneous
quadratic and is hyperbolic. Then there exists a constant invertible linear transfor-
mation M such that

M~ 'QMv) = V¥ (v), (7.2)
for some scalar potential ¥.

This result is Lemma 3.2 in [26] and a direct proof can be given by noting that
DQ(u) is linear in u and then using linear algebra.

This transformation is useful since substitution of u = My in the Q-Burgers
equation (1.10) and use of (7.2) gives

ov 2 (W/(v))—Eazv (1.3)
AT 90X T TaxY ’

where

E =M 'DM. (7.4)
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With a gradient nonlinearity, we may apply Theorem 4.1 to the transformed equation
(7.3) and to prove global existence of weak solutions if the new diffusion matrix
(7.4) has a positive symmetric part. In particular, it will be always true if the initial
diffusion matrix D is a scalar multiple of the identity, D = vI.

For the case k > 1 in Q-Burgers (1.10) we may still look for traveling wave
solutions u(X, T) = u(X — cT). They satisfy

Dy = QW) — cui + constant. (7.5)

In the case k = 2 it is possible to analyze solutions using phase plane techniques,
and when the nonlinearity is gradient, it will be a planar gradient ODE. In the latter
case, the canonical solution will then be a traveling front, but there is the potential
for multiple fronts. For k > 2 the phase space will be of dimension 3 or greater and
so existence of solutions of (7.5) will be more difficult, and may even be chaotic.

Note also that, to the best of our knowledge, the Schaeffer—Shearer transforma-
tion does not generalize to the case k > 2: there does not exist in general a constant
matrix M with the property (7.2). This is to be expected since the solutions of (7.5)
for k > 2 can be much more complicated and are not gradient-like in general.

8. Geometry of the Flux Vector

To clarify the geometry of the flux vector, consider it as amapping, F : V — W,
between two vector spaces V and W of dimension n. Once the geometry is clear,
we will revert to a mapping on R”.

Degeneracy of the form det(DF(p)) = 0 of a smooth mapping F between man-
ifolds is a well-studied problem in singularity theory (cf. Chapter 2 of ARNOLD,
GUSEIN-ZADE and VARCHENKO [1], Chapter VI of GoLuBITSKY and GUILLEMIN
[17]). The subsets of V where the Jacobian is singular are called the Thom—
Boardman singularities of the mapping and are denoted in singularity theory by

Ek(F) ={peV : DF(p) hasrank n — k} .

In this paper, attention will be restricted to the cases k = 1 and k = 2. There can
however be higher order singularities on subsets of X! (F). The simplest such set

is denoted by
z! (F)) ‘

is a mapping between two manifolds, and
ZL(F)
S(F) is the subset of X' (F) where the differential has a one-dimension kernel
(an example is given in Section 9). Geometrically X '1(F) is the set where the kernel
of DF(p) lies in the tangent space of X~ L(F). This classification, X% (F) can be
continued until the dimension is exhausted [1,17]. In this paper, attention will be
predominantly restricted to a study of the implications for F(p) of the hypersurfaces
Y1(F), ¥2(F) and the subset X! (F).

2”(F)=2‘(F

When X! (F) is a manifold, then F
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8.1. The Geometry of X' (F)

Whenp € ¥ I(F) the kernel and cokernel of DF(p) are one dimensional. Define
h = Ker(DF(p)) and h* = Ker(DF(p)”). Then with the assumption p ¢ X!1(F),
decompose the vector spaces V and W as follows

VET,V=b&T,¥' (F) and W = Tp, W = Tr(»HF(Z' (F) @ b*,

where F(Z! (F)) is the image of ¥ L(F) in W, which is locally a hypersurface in
W. Introduce the mapping on h* x b,

s> H(p,s) = Fp+s&)w, peZ'(F), &ebh, nebh*, @&.1)

where (-, -)w is a pairing on W. With the definition (8.1),

Hs (P, s) = (n, DF(p + s§)&)w,

using the identification W = T,y W, and so J#;(p, 0) = 0 when p € > ).
The graph of # (p, s) in h* x b is a planar curve. It is the curvature of the

graph (s, J# (p, s)) that appears as the coefficient of the nonlinearity in the reduced

Burgers equation. The curvature of a planar curve at any s takes the standard form

Hss
(1+22)"

However at points with JZ; = 0, the denominator reduces to unity, making the
second derivative itself invariant under coordinate change. This observation is a
special case of the intrinsic second derivative of the mapping F. The intrinsic second
derivative is the second derivative evaluated on the kernel of the first derivative (cf.
PORTEOUS [25], ARNOLD ET AL. [1], page 149 of GoLUBITSKY and GUILLEMIN
[17]). It arises naturally in our construction of the reduced equation. The function
J (p, s) is quadratic in s for s small when p € X (F),

H(p,s) = A (p,0)+ 1% (n, D’D(p)(£, &))w + - -- (8.2)

The quadratic term is precisely the intrinsic second derivative of F. An additional
interesting fact is that p € X!(F) \ X!!(F) if and only if the second intrinsic
derivative is non-vanishing (cf. §3 of [7]),

2

e H(p,s)#£0, pe X\(F). (8.3)
ST 1t=0

pe 2P <
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8.2. An Example of X' (F) in the Case n = 2

Let V, W be two-dimensional vector spaces. Consider the following example
of a flux vectorF : V — W,

Fi(U) = Uy + 3U3 and F>(U) = U Us, (8.4)

with Jacobian

DF(U) = (1}2 gf) .

This example is in fact a simplified version of the flux vector for the shallow water
equations (see Section 9).
The Jacobian is degenerate when U22 = U and so

' F) ={peV : ps—p =0}

The Jacobian has rank 1 as long as 1 + p; # 0. But p € X'(F) implies p; > 0
and so the rank can not drop to zero. Hence X2 (F) is empty.
On the other hand, the set X! (F) is not empty. The tangent space of X! (F) is

2p>
TPZ‘I(F) = [span( 1 )] cT,V,

whereas,

_ _(—P . _ _ 1 -
h—wmm,e—(1)aMh-4wMLn—l+m(l).

The geometry of X! (F) and its mapping is illustrated in Fig. 1. The left figure shows
> 1(F) as a subset of V, and the right figure shows the image of X! (F) under the
mapping F in the W —plane. The image is

1.2 3.2
F(EI(F))Z (P1+2p2) =(2p32)’ PZGR,
peX(F) 2]
which is a cusp in the W —plane.

pip2
When p, # 0 then h and Tp)_?‘1 (F) together span V, and it fails when py = 0.
Hence

ZUE) = {(p1, 00} N L@,

which consists of just the origin in V.
The intrinsic second derivative is obtained as follows

H (P, s) = (n, F(p + s&))
= 1 ((p1 + 5E) + 3(p2 + 562)%) + ma(p1 + 5E1) (P2 + s£2)
=Ko+ K15 + %Kzsz, (8.5)
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P, =P E
\ F(p)

X (F) — T~

b

N’ﬁ

Fig. 1. The set EI(F) in V and its image under F in W

with

3

3
KO:_L7 K] :O’ Ky = — P2 when peEl(F)
2(1 + p1) I+ pi
Hence
2 Hp.s) 3p2
K = — ,8) =Ky = — .
ds2 s=0 P 2 1“1‘[71

Kk is clearly the intrinsic curvature of the plane curve in .Z (p, s) in h* x h. As
expected, the intrinsic second derivative « vanishes if and only if p € X! (F).

8.3. Summary

Reverting back to V = W = R", with inner product (-, -), the key geomet-
ric features of the flux vector that will be needed are (a) the kernel of DF(p),
denoted by h = span{é;,..., &}, (b) the co-kernel of DF(p), denoted by
h* = span{#y, ..., N}, and (c) the intrinsic second derivative which is a tensor
with entries

Il = (. DFp) ;. £)), ij.l=1,....k (8.6)

9. Example: The Shallow Water Equations near Criticality

An example is the shallow water equations with dissipative mollifier
hi + (hv)xy = phyy
- 9.1)
v + (gh + ;v )x = UVyy.

In these equations, A (x, t) is the depth and v(x, ) the horizontal velocity for a
shallow water flow as shown schematically in Fig. 2. The parameter g > 0 is the
gravitational constant, and ;& > 0 is a positive dissipation parameter. In the shallow
water equations (9.1) the state vector is U = (h, v) and the flux vector is

hv
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-~ hxy

v(x,t) ——

X
Fig. 2. Schematic of shallow water hydrodynamics

Constant states (g, vg) are called uniform flows. The derivative of the flux vector
evaluated on a uniform flow is

vo ho
DF U = )
(Uo) ( P vo)
and criticality occurs when p = (hg, vp) satisfies

0 = det(DF(p)) = det = v] — gho = —gho(1 — F?),

where
)
F=—
Vgho

is the Froude number. The singularity in this case is in X L(F). When vy = 0 this
is the highest order singularity since both X''(F) and X?(F) are empty. Hence
assume vg # 0. The singular set is a parabola in the (4, v) plane and the image of
the singular set in the F plane is a cusp, similar to Fig. 1 (in Fig. 1 the components
of the flux vector are permuted and g = 1).

According to the theory in this paper, the reduced equation for parameter values
near the criticality surface is a single Burgers equation

Ur +Kuuyxy = vuxy,
with
v=(n,D§) = (n, nl§) = nn, & = un.

To compute the curvature coefficient, explicit expressions for the eigenvectors are
needed. The eigenvectors satisfy

DF(p) =0 and DF(p) Ty =0 with (n,&) = 1,

_ 1 /—
E:(UO) and n:—(g).
8 2gvo \ Vo

Use (1.7) to compute «,

giving

2
K= —
ds?

In this case the reduced equation captures the classical result of the generation of
a travelling hydraulic jump due to criticality.

3
(n,F(p +s8)) = 58
s=0
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9.1. Singular Dissipation Matrix

The typical physical model for dissipation in the shallow water equations (for
example [15,21]) is of the form

hi + (hv)y =0 ©2)
Ut+(gh+%v2)x = MUxyx, .

that is, the dissipation acts only on the second equation. The dissipation matrix,

0 0
D_(O M)

is singular. Formally, the derivation of Burgers equation goes through as before,
and the reduced equation is still Burgers equation since

Hence, the reduced Burgers equation is only slightly modified
ur +kuuy = %Muxx, (9.3)

with the same «.

9.2. Validity for Singular Dissipation Matrix

Validity of the reduction from (9.2) to (9.3) does not follow from the general
Theorem 6.1 of this paper, since a non-singular dissipation matrix is a hypothesis
in (5.5) of Section 5. A validity result would depend on the dimension of the kernel
of D, and extra assumptions would be required in general.

On the other hand, to give some idea of the impact of singular dissipation, a
validity proof for the reduction of (9.2) to (9.3) is given in this section. Surprisingly,
the only additional assumption in this case is that the initial data for (9.3) requires
one additional derivative. A key to the validity proof is that there is a natural energy
for (9.2).

Seek a solution of (9.2) in the form

h(T, X)\ _[ho —vp 2 (vo) - H(T, X, ¢)
(v(T, X))_(vo)+8( g )“(T’ X)te (g)”(T’ X)+8(V(T, X, e))’
9.4)

Vo

where v(% = gho, (g is the second eigenvector of the matrix DF(p), u solves the

Burgers equation (9.3), the corrector v is found according to (2.5), namely,

_ n
W(T, X) = Si;ouz(T, X) o gooux (T, X), 9.5)
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and R := I; is the remainder to be estimated. A straightforward calculation

shows that this remainder solves
1 _
(), () (), G (0), (%) ()
V) e\gw/\V)y 0 g V) 0g V)

N (HV) _ (0) e ( —voi7 — 200egVVx . )
Vi) v XX —gUr + ngixx + g*(uv)x — eg*bvx )
(9.6)

Assume now that the initial data #(0) and R(0) for the Burgers equation (9.3) and
the remainder equation (9.6) are chosen in such way that

Ol 32y S K. 1RO 12 < Ke 9.7)

for some K which is independent of €. Then, due to the maximum principle for the
scalar Burgers equation, it follows that

”u(T)”W,f‘Z(R) + ”ﬁ(T)”WZ'Z(R) + ”f)TX”Li([T,T—&-l]xR)

+||1_)XXX||L[2’([T,T+1]XR) é K (9-8)

for some constant K1 which depends only on K (and is independent of T').
The following result is the analogue of Theorem 6.1 for equations (9.6).

Theorem 9.1. Let the above assumptions hold. Then, for every K > 0 and T > 0
there exists eg = eo(K, T) such that, for every initial data satisfying (9.7) and all
& < go, the corresponding solution of (9.6) exists on the time interval T € [0, T ]
and satisfies the estimate

IRy 12, < Ce'/2, T €10, 71, 9.9)

where the constant C depends only on K and T (and is independent of ¢ < &¢).

Sketch of the proof. Take the weight function 6;(X) := e~ ¢X=X0l where X €
R is a parameter and multiply the first and the second equations of (9.6) by g@szH —
g (952 Hy)x and h0962 V —hy (952 Vx)x respectively. Then, using integration by parts
as well as the estimate (4.15), we see that all terms of order &1 cancel out. Thus,
using also (9.8) and arguing in a standard way, we end up with the following
estimate:

1d 2 2 2
STF (ganW;jz(R) + honvnWJf(R)) + uholIVIG 2 g

(3 (3

< C(|H|? +IVI? +
< CUH 12, + 1V 12 )

| loxx 1y,

Wy, 2(R)

+Ce? (nﬂr [RAEY. ) ~ g((HV)x.62H — (07 Hx)x)
O

+ho(VVy, 02V — (02Vx)x),
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where the constant C depends on K, but is independent of ¢. Thus, we only need to
estimate the last two non-linear terms in the right-hand side of this inequality. We
consider in more detail only the most complicated term containing Hy x, the other
terms can be estimated in a similar way. Indeed, integrating by parts and using the
embedding Wels’2 C Ly, we get

3
gl(HV))x, (02 Hx)x)| £ 5g|<H§93, Vx)l

+gl(HHy, 02 Vxx)| + %g|(H)2f’ ©x V)
< ClVxllzg@ I Hx L2 1Hx 122 gy
FCIH N oo I Hx 2 ) 1Vxx iz @)
1C| V||Lg§(]R) | Hx IIL%(R) | Hx ”ng R)
= ClH llypa gy | H 2y 1V 22 )

< 2 2 2
< CUHI 2 ) 1H 2 )+ 104V I 22 9.10)

®
Inserting this estimate into the previous one, we end up with the following inequal-

1ty:

L d IH | + holl VI
2ar \&"7 w2y TR 2

< 2 2 ) 2 2
sC (1 + IIHIILi(R) + IIVIILZ(R) (g”H”ng(R) + hoIIVIIWgS.z(R))

2 =112 -~ 2
+Ce (||vT||W&2(R) + ||vxx||wels.2(R)) : ©.11)

where the constant C depends on K, but is independent of €. Estimate (9.11) implies
the desired estimate (9.9) in a standard way. Indeed, if we assume for a while that

H(T)| + V(D> <1, Tel0,T], 9.12
IH DIy + IV DI 12 < (0.7} (9.12)

Then applying the Gronwall inequality to (9.11) and using (9.7) and (9.8) together
with (4.9), we conclude that

H(T)| + V(D) < Cye, T e€l0,T],
IH @12, + 1V (DI2g = Co

where C, depends on K and 7, but not on ¢ and the parameter Xo € R in the
definition of the weight. Taking the supremum with respect to Xo € R and using
(4.8), we see that

H(T)|? + IV(D)|? < Cye, T e€[0,T].
IH D12y + 1V D10 = C2 [0. 7}

Thus, assumption (9.12) is indeed satisfied if ¢ is small enough and the theorem is
proved. O
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As we see, Theorem 9.1 gives almost a complete analogue of our general result
of Theorem 6.1 for the case of partially dissipative system (9.2). The only difference
is that we need a bit more smoothness of the solution u of the Q-Burgers equation
(u e Wb3 ’Z(R) instead of u € sz ’Z(R), see (6.3)) in order to compensate for the
lack of dissipation in the #-equation.

Another feature of the proof is that there is a well-defined energy. Let U = (Z’) .
Then (9.2) can be written in the form

U, + (MVE), =0, with M:[?H,

with energy
E(h,v) = 1hv* + 1gh?,

and this energy plays a central role in the proof. General systems of this type, where
the flux vector is the product of a symmetric matrix and the gradient of an energy,
have been considered in general by BENJAMIN and BowMAN [5]. For example, the
case of three layers considered in the next section falls into this class of systems.
When the energy is positive, systems of the type

U[ + (MVE)x = DUxx»

with D singular, are candidates for extending the theory to more general systems
with singular dissipation matrix. In addition the dimension of the kernel of D will
play a role.

10. Example: Stratified Three-Layer Shallow Water Equations

The shallow water equations with multiple layers of differing density are a rich
source of singularities [2,8,19,28]. Here we will consider the case of three layers
since there are parameter values at which the Jacobian of the flux vector has a
double zero eigenvalue with linearly independent eigenvectors. Let pj, hj(x, t)
and v;(x, t) be the density, depth and horizontal velocity in each layer. For stable
stratification we require

p1 > p2 > p3 > 0. (10.1)

A schematic of the flow field is shown in Fig. 3. The governing equations can be
written in form of a dissipative conservation law (1.1)

Ui + F(U)x = DU,,, (10.2)

with D a constant matrix satisfying (1.2).
The state and flux vectors are
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free surface; zero pressure

\/_/ st
Ps
—_— 5, o)

P

ik
P

X

Fig. 3. A schematic of the flow configuration for three-layer shallow water theory

h hivy
ho havy
u=|"] and F)=|1,2 avs
= v = | avi +8h1 +ragha +r3ghs3
V2 %v§+gh1 + ghy + gh3
U3 102 + ghy + gha + ghs

where r, = p2/p1 and r3 = p3/p1, and g is the gravitational constant. These equa-
tions are derived (for any number of layers) in §2 of BAINES [2]. These equations
are for the case where the upper surface is free (zero pressure) and the pressure is
hydrostatic in the other layers.

10.1. Jacobian of the Flux Vector

Let Uy = (hy, ho, h3, v1, v2, v3) be a constant uniform state, and look at the
derivative of the flux vector evaluated on this state,

V1 0 0 h] 0 0
V2 0 0 hy O

0 V3 0 0 n3

0

0

0
0
DFUy) =
(o) g g2 gr3 vy O
8
8

g gr3/frm 0
g g 0 0 w3

Criticality corresponds to the subset of uniform states, denoted by
p =A% K5, hY, v), 09,09,
where
det(DF(p)) = 0.

Generically, the set of p € RO satisfying this condition is a codimension one surface
in R®. Writing out this determinant gives
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det(DF(p)) = F3(r3—ra(1 — F})—(1 — rn—F}) (:—j—(l — F)(1 - F%)) ,

(10.3)
where F; corresponds to the local Froude number in each layer, for example,
2
2o
I gh

Setting the expression (10.3) to zero gives the criticality surface. However, it is not
easy to illustrate this surface or to find the higher-order singularities as it is a hyper-
surface in R®. Moreover we have to find the case where there are two independent
eigenvectors. Hence it is simpler to reduce the eigenvalue and eigenvector problem
together.

Suppose det(DF(p)) = 0 and let § € RR® be an eigenvector of DF(p)

DF(p)& = 0. (10.4)

For physical reasons, h(l), hg and hg are never zero. Hence the first three equations
of (10.4) give
0
Ej3=——5&, =123
j

Substitution into the second three equations then gives a 3 x 3 system

1—F12 r r3 &
2 17 —
1 1 - F; 8 & =o0.
1 1 1-F; | \&

Now, &, can be eliminated from the third equation, giving the 2 x 2 system

F3 B-(-FH1-F)] (&
=0, (10.5)
1—ry— F2 r3 —ra(l — F3) &

It is apparent that the matrix in (10.5) has a double zero eigenvalue if

2 3
F, =0 and Fy=1-—. (10.6)
r
However, the 2 x 2 matrix in (10.5) has a non-trivial Jordan block and so the double
zero eigenvalue is nonsemisimple. For it to be semisimple we require the additional
condition

F 12 =1-r.
Hence when the following three conditions are satisfied the Jacobian has a

double zero eigenvalue with two linearly independent eigenvectors

2 2
v v
_1_1_& _3_1_ﬁ

= , = . (10.7)
ghy p1 ghs 02

vy =0,
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Physically at these parameter values the middle layer is passive, and the upper and

lower layers decouple and each is independently critical.
It is now straightforward to calculate the eigenvectors

1 0
-1 —p3/ P2
0 1

El - —U?/h? ’ £2 - 0 ’
0 0
0 —v9/h8

and the adjoint eigenvectors, which satisfy

DF(p)’'n =0,
are
v)/nd 0
0 0
S IR IR R
! 2v? -1 ’ 2 2v§) 0
P2/ p1 1
0 -1

They have been normalised so that
. §1) (n,82)\ _ (10
((’72,51) <nz,§2>) B (0 1)' (10.8)

Note that the assumptions v(l) # 0 and vg # 0 are not necessary since they follow
from the criticality conditions (10.7) and the stratification condition (10.1).

10.2. Derivatives of the Flux Vector

The nonlinearity in the reduced system is

a
™ (%Flllu% + Mhuuz + %lezu%)

ox (10.9)

a
F™ (%Flzlu% + Tyuuz + %Fzzzug)

0x
where
S1 _s2—0>

82
rk={n,, F
ij <’7k 95,95, (P + 518 +528))
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Now, p is the uniform state satisfying (10.7), and the eigenvectors are calculated
above. Hence this is a straightforward computation. Only 2 out of 6 coefficients are
nonzero in this example. Computing we find

Flll __év_? F112—0 F212—0
= 5 =0, =
2 h
309
rf=0 I3=0 IH=-==,
11 12 22 2h(3)
where v(l), vg and h(l), hg have to satisfy (10.7).
Hence the reduced system is
du; 30 duy 3%u, N 3%uy
— = ——U|—— = V|| — t V2 —
o 240 'ax ~ ax2 T TPax2 10,10,
our, 3 vg oun 9%u, n 0%uy )
— = —=Uy—— =V —— + V2 ——.
oT 210 2ax ~ laxz T Pax?

Steady solutions of the reduced system, relative to a frame moving at speed c,
uj(X,T)=u;(X —cT), satisfy

0
v
1~2 ~
vnﬁ’l + v12172 = —3}?141 —cuyp + Ay
1
Ug 2
V1) + vollh = —3h—0u2 —cup + Az,
3

where A1 and A; are arbitrary constants of integration. There are between 0 and 4
equilibrium points, and connecting orbits between the equilibria represent travelling
fronts (or travelling hydraulic jumps) in the original system. In the context of three-
layer fluids, these solutions model the birth of hydraulic jumps (see §4 of BAINES
[2] for a discussion of hydraulic jumps in three-layer fluids).

11. Concluding Remarks

The results in this paper are based on the uniformly local spaces Li(R). These
results could be improved, at the expense of greater technicality, by going to the
spaces L} (R) with p arbitrary.

11.1. Non-semisimple Zero Eigenvalues of DF

We have assumed that the algebraic and geometric multiplicity of zero as an
eigenvalue of DF are equal. What happens when they are not equal? The simplest
case of this type is when zero is an eigenvalue of DF with algebraic multiplicity
two but geometric multiplicity one. Indeed this case already arises in the example
in Section 10 (see discussion just below Equation (10.6)).



Reduction and Validity of Burgers Dynamics

In the non-semisimple case the reduced modulation equation may be no longer
be Burgers or coupled Burgers. A new scaling is required which may change the
nature of the reduced equation. Suppose DF (p) has a non-semisimple double zero
eigenvalue with eigenvectors

DF(p)§; =0 and DF(p)é; = &,

and left eigenvectors 71 and 7, and usual normalization. Introduce scaled variables

32

X =¢x and T =¢’/“t,

and express U in (1.1) in the form
U=p+euty + &6 + &2V, with (n;,V)=0, j=1,2. (l1L1)

Substitution into (1.1) and projection then leads to the following pair of equations
at leading order

ur +vy =0 and vy + Flzluux = VUXX, (11.2)

where v;; = (n;, D§;) and F.]; is defined as in (8.6). This reduced equation is

1
formally asymptotically correct, but it is ill posed even locally unless F]Z1 =1 =
0.
Try a different scaling

X =¢'?x and T = et,

but express U in the same form (11.1). Substitution into (1.1) and projection then
leads to the following pair of equations at leading order

1
ur +vx =vijuxx and vr + Ffuuy = 12 V21X X + vpvxx. (11.3)

This equation looks worse since there is a singular term in the limit ¢ — 0. How-
ever, a calculation shows that if vy; 7 O then the equilibrium Uy of (1.1) is expo-
nentially unstable and there is no reason to expect that a solution started from an
e-neighborhood of Uy will be close to it for a long time (7" ~ %). This explains, in
particular, why both reductions described above lead to ”bad” equations if v 7~ 0.

Hence the assumption v2; = 0 is necessary for the validity of the modulation
equations derived above. With this assumption the reduced modulation equation
is locally well posed when vi; > 0 and vy, > 0 and is in the form of Q-Burgers
equations (see (1.10)) with

u\ v = (w1 O
Q(v) B (%Flzluz) and D= ( 0 ”22)'

However, this nonlinearity is not gradient and we cannot guarantee the global well
posedness using Theorem 4.1. In fact, this global well posedness fails and there
are solutions which blow up in finite time. Indeed, system (11.3) (with vy; = 0) is
equivalent to the so-called strongly damped Boussinesq equation

urt — (i1 Fv)urxx + Viivuxxxx = (%Flzluz)xx , (11.4)
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for which the finite-time blow up is known (see Theorem 4 in LEVINE [20]). In
summary, although we believe that the strongly damped Boussinesq equation (11.4)
is a correct modulation equation for the non-semisimple case, its validity does not
follow directly from the theory developed in this paper and therefore remains an
open question.

11.2. Criticality Relative to a Moving Frame

The results in the paper have been developed relative to a stationary frame of
reference (a laboratory frame). If we allow for moving frames of reference then
criticality and the appearance of Burgers equation becomes even more pervasive.
Introduce the shifted coordinate x +— x — ct for some constant ¢ (which may be
positive or negative) into (1.1),

U; + (F(U) —cU) =DU,,, xeR, UeR" (11.5)

The flux vector is just shifted. Constant states Up € R”" are still solutions but
the derivative of the flux vector is modified to DF(Up) — cI and so the criticality
condition is

det[DF(Up) — cI] = 0. (11.6)

The following result is an immediate consequence of the theory in this paper: given
any constant state Uy € R” there exists at least one frame of reference relative
to which it is critical. Indeed there may exist as many as n frames of reference at
which the basic state Uy is critical, since the critical speeds are just the eigenvalues
of DF(Uy). Fixing c at one of the semisimple eigenvalues of DF(Uy), the theory of
this paper goes through mutatis mutandis, showing that the dynamics is modeled
by a Burgers equation relative to the selected moving frame. Mathematically, this
result is clear, but the physical implications are not, and are an intriguing direction
for further study.
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