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Enstrophy growth in the viscous Burgers equation
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ABSTRACT. We study bounds on the enstrophy growth for solutions of the
viscous Burgers equation on the unit circle. Using the variational formulation
of Lu and Doering, we prove that the maximizer of the enstrophy’s rate of
change is sharp in the limit of large enstrophy up to a numerical constant but
does not saturate the Poincaré inequality for mean-zero 1-periodic functions.
Using the dynamical system methods, we give an asymptotic representation
of the maximizer in the limit of large enstrophy as a viscous shock on the
background of a linear rarefactive wave. This asymptotic construction is used
to prove that a larger growth of enstrophy can be achieved when the initial
data to the viscous Burgers equation saturates the Poincaré inequality up to
a numerical constant.

An exact self-similar solution of the Burgers equation is constructed to
describe formation of a metastable viscous shock on the background of a linear
rarefactive wave. When we consider the Burgers equation on an infinite line
subject to the nonzero (shock-type) boundary conditions, we prove that the
maximum enstrophy achieved in the time evolution is scaled as £ 3/2 where &£
is the large initial enstrophy, whereas the time needed for reaching the maximal
enstrophy is scaled as £~1/2log(€). Similar but slower rates are proved on the

unit circle.
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1. Introduction

We consider the initial-value problem for the one-dimensional viscous Burgers
equation,

(1.1)
1 1

where T = [—5, 5] is the unit circle equipped with the periodic boundary conditions
for the real-valued function u. Local well-posedness of the initial-value problem
(1.1) holds for ug € H3,,(T) with s > —% [8]. The Burgers equation is used as
a toy model in the context of a bigger problem of how to control existence and
regularity of solutions of the three-dimensional Navier-Stokes equations [6, 13].
Recent applications of the Burgers equation to the theory of turbulence can be
found in [16, 20].

Lu and Doering [14] considered the question of optimal bounds on the enstro-
phy growth. The enstrophy for the Burgers equation (1.1) is defined by

(1.2) E(u) = %/Tuid:c.

Integration by parts for a local solution of the Burgers equation (1.1) in H3_,(T)
yields
dE
(1.3) diu) = / Uy (Ugr — 20y — 2u§)d:c = - /(uix + ui)da: = R(u),
T T

where R(u) is the rate of change of F(u).
If u € CJ,(T), then there is £ € T such that u,(§) = 0. Using the elementary
bound,

2 . * 1+¢ < 1/2 1/2
uy(z) = ¢ - Uglipedr = |Jugpe < Hume HUM||L2 )
¢ T

and the Young inequality for a,b € Ry,

a? €l 1 1

pepP q p q

the rate of change R(u) in (1.3) can be estimated by

Up + 2UUy = Uge, T ET, t € Ry,
ult=0 = ug, z €T,

provided that p = %, g=4,and e = V2.

In the framework of the Burgers equation (1.1), Lu and Doering [14] showed
that the bound R(u) < C'E/3(u) on the enstrophy growth is sharp in the limit
of large enstrophy, up to a choice of the numerical constant C' > 0. To prove the
claim, they considered the maximization problem,

1.5 R bject t E =&
(L5) Jmax  Ru) subject to E(u) = €.

Ber
for a given value of £ > 0. An analytical solution of the constrained maximization
problem (1.5) was studied in the asymptotic limit of large & by using Jacobi’s
elliptic functions. We note that the bound (1.4) is achieved instantaneously in time
and it may not hold for solutions of the viscous Burgers equation (1.1) for a finite
time interval.
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Ayala and Protas [2] reiterated the same question on the validity of bound (1.4)
integrated over a finite time interval. The energy balance equation for the Burgers
equation (1.1) is given by

(1.6) K(u) = %/Tqux = d]fliu) = /TU(UM — 2uug)dx = —2E(u).

If bound (1.4) is sharp on the time interval [0, 7] for some T > 0, then integration
of the enstrophy equation (1.3) implies

1 T
(7)) EV(T) - BV w) < 5 [ Bule)dt = K (o) - K(u(T))].
0

The Burgers equation (1.1) maps the set of periodic functions with zero mean
to itself. Using the Poincaré inequality for periodic functions with zero mean,

(19) K () < B (uo),

and neglecting K (u(T)) in (1.7), we can obtain

3
(19) Bu(r) < (EYun) + 1o Ew))

Note that this bound together with the energy dissipation K (u(t)) < K(uo) implies
global well-posedness of the initial-value problem (1.1) for any ug € H,(T).
Using the extended maximization problem for the global solution of the Burgers

equation (1.1) in H}_(T),

per

(1.10) uoen;{gz(T)E(u(T)) subject to  E(ug) = €,
Ayala and Protas [2] showed numerically that the integral bound (1.9) is not sharp
even in the limit of large £.

We shall use the notation A = O(EP) as £ — oo if there are constants Cy
such that 0 < C_ < Oy < oo and C_EP < A < C;EP. Let Ty be the value of T,
where maxy e (r) E(u(T)) is maximal over T € Ry. The main claims in [2] are
reproduced in Table I.

Initial condition Time T, | Enstrophy at T, | Energy K at T,
A maximizer of (1.5) | O(E7°F%) | O(EL0) O(E%T)
A maximizer of (1.10) | O(E7°%) | O(EP) O(EL0)

Table I: Enstrophy growth in the Burgers equation from the numerical results
in [2].

The first line in Table I shows that the instantaneous maximizer of the problem
(1.5) does not saturate the Poincaré inequality (1.8) and does not lead to large
growth of the enstrophy. On the other hand, the second line in Table I shows
that the bound (1.9) is not sharp. The bound (1.7) could be sharp if K(ug) —
K(u(T,)) = O(EY?) but the numerical work in [2] reported large deviations in
numerical approximations of this quantity,

(1.11) K (up) — K (u(T,)) = O(£0-68%0-25)

which may indicate that the underlying relation may have a logarithmic (or other)
correction.
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In this paper, we shall study further properties of the analytical solution of
the constrained maximization problem (1.5). We shall use this solution and its
generalizations (see Section 2) as an initial condition for the Burgers equation (1.1).
In particular, we shall address rigorously the numerical results of [2]. Our main
results are summarized in Table II.

Initial condition | Time T, Enstrophy at T Energy K at T
(2.6) and (2.8) | O(E~%/31og(€)) 0E) O(E%/3)
(2.6) and (2.9) | O(E210g'?(€)) | O(E3/2log™?%(E)) | O(Elog™ ()

Table II: Enstrophy growth in the Burgers equation from our analytical re-
sults.

The analytical results in Table II justify partially the results of numerical ap-
proximations in Table I. We conjecture that the optimal rate is achieved with

(1.12) T.=0E?), E(T.))=0(E¥?), Ku(T.)=0(),

but the proof of this rate is not achieved in this paper due to technical limitations
of our method (see Remarks 2 and 3). Similarly, we cannot derive an analytical
analogue of the numerical result (1.11) and hence, the sharpness of the nonlocal
bound (1.7) remains an open question for further studies.

In the recent work [17], we explored the Cole-Hopf transformation [7, 11] and
the Laplace method for the heat equation [15, Chapter 3]) to prove the conjecture
(1.12) for a sinusoidal initial data. For such initial data, we also proved that
K(up) — K(u(Ty)) = O(€) and hence the nonlocal bound (1.7) is not sharp.

From a technical point of view, using the dynamical system methods, we prove
that the maximizer of the constrained maximization problem (1.5) does not saturate
the Poincaré inequality (1.8). In the limit of large enstrophy &, this maximizer
resembles a viscous shock on the background of a linear rarefactive wave. If this
maximizer is taken as the initial data to the viscous Burgers equation (1.1), it does
not give the largest change of enstrophy, compared to the case when the initial data
saturates the Poincaré inequality (1.8). On the other hand, if the shock’s width is
used as an independent parameter relative to the background intensity of the linear
rarefactive wave, the initial data can saturate the Poincaré inequality (1.8) for large
values of £, up to a numerical constant, and achieve a faster growth of enstrophy
in the time evolution of the viscous Burgers equation.

We note that our construction of the viscous shocks on the background of a
linear rarefactive wave is similar to the diffusive N-waves that appear at the inter-
mediate stages of dynamics of arbitrary initial data in the Burgers equation over
an infinite line [12]. However, these metastable states correspond to Gaussian fun-
damental solutions of the heat equation in self-similar variables [3, 4], whereas our
solutions are obtained on a circle of large but finite period after a scaling transfor-
mation. Nevertheless, our results still rely on the analysis of the Burgers equation
over an infinite line subject to the non-zero (shock-type) boundary conditions, where
viscous shocks are known to be asymptotically stable [19, 9, 10].

The technique of this paper does not use much of the Cole-Hopf transforma-
tion, which is well known to reduce the viscous Burgers equation to the linear heat
equation. The transformation is only used in Sections 5 and 6 to reduce techni-
calities in the convergence analysis for dynamics of viscous shocks in bounded and
unbounded domains.
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The paper is organized as follows. Section 2 presents main results. Solutions
of the constrained maximization problem (1.5) are characterized in Section 3. Self-
similar solutions of the Burgers equation on the unit circle are considered in Section
4. Section 5 presents analysis of the Burgers equation on an infinite line. Evolution
of a viscous shock on the background of a linear rarefactive wave is studied in
Section 6. Proofs of the main results for two different initial data in Table IT are
given in Sections 7 and 8.

Acknowledgement. The author thanks D.Ayala and B. Protas for pointing
out his attention to this problem. He is indebted by useful discussions with C.R.
Doering, M. Beck, W. Craig, J. Goodman, S. Gustafson, B. Sandstede, A. Stefanov,
T.P. Tsai, and C.E. Wayne. His research is supported in part by the NSERC grant.

2. Main results

We shall first reexamine the solution of the constrained maximization problem
(1.5). Unlike the work of Lu and Doering [14], we avoid the use of special functions
(the Jacobi elliptic functions) but use dynamical system techniques to study the
limit of large enstrophy £. As a result, we obtain the following theorem. Here
H?2_(T) denotes the restriction of HZ,.(T) to odd functions and A = Op(B) as

per

B — oo indicates that || A| L=~ = O(B).

~ THEOREM 1. For sufficiently large £, there exists a unique solution u, €
H?2..(T) of the constrained mazimization problem (1.5) with w,(0) < 0 satisfying

(2.1) uy(2) = 4k(22 — tanh(kz)) + Op=(k?e™%), as k — oo,

where k determines the leading order expansions,

(2.2) K(u,) = §k2+CXkL
(2.3) E(u,) = %15’4—(9(1@2),
(2.4) R(u.) = %?P+O@ﬂ

COROLLARY 1. When k is expressed from (2.3) in terms of € = E(u.), we
obtain

K(u,) = 11352/3 081/3
(2.5) () = grs&™" + 07", as & — oo.

5/3
R(uy) = 5?21/365/3 + O(EY3),

REMARK 1. Corollary 1 improves the earlier claims in [2] and in [14] based on
numerical and asymptotic computations, respectively. It shows that the Poincare
inequality (1.8) is not saturated by the solution of the constrained mazimization
problem (1.5), whereas the bound R(u) < CES/3(u) is sharp up to a choice of the
numerical constant C > 0 with

33 1
T5.28 Y

We shall now consider the time evolution of the Cauchy problem (1.1) with the

initial data

(2.6) uo(x) = 4k(2x — f(z)), = €T,
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FIGURE 1. Initial data (2.6) with (2.8) (dashed line) or (2.9) (solid
line) for k =20 and | = 5.

where k > 0 is a free parameter and f : T — R is a fixed function satisfying

(2.7) FECHD: flea)=~f). f(3) =1

The maximizer of Theorem 1 is represented by (2.1). Neglecting the expo-
nentially small terms as k — oo, this maximizer can be written in the form (2.6)
with

(2.8) fz) = —Jjj&ff;).

We say that the initial data (2.6) with (2.8) represents a shock on the background
of a linear rarefactive wave, where the width of the shock is inverse proportional to
large parameter k.

The maximizer of Theorem 1 does not saturate the Poincaré inequality (1.8)
in the limit & — oo (Remark 1). To allow more flexibility, we can take the initial
data in the form (2.6) with

(2.9) f@) = %

where parameter [ > 0 may be independent of the large parameter k. Figure 1
shows both functions (2.8) and (2.9) in the initial data (2.6) by dashed and solid
lines, respectively. If & = 20 and ! = 5, the shock in (2.9) is much smoother than
the shock in (2.8).

If wg is given by (2.6) with (2.9), then

(2.10) K(ug) = k2K (1), FE(uo) = k*E(l),
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where
K1) = % + ﬁwm -
% 1+ é +2log(1+e7!) - %/Ol log(1 + ez)dZ] )
B = %W —32.

If I = k, then these expansions yield (2.2) and (2.3) up to the error terms. In
this case, if £ = E(ug) is fixed, then
(2.11) k=0EY?), K(up)=0(E*?), as & — occ.

The function F(l) = K(I)/E(l) is plotted on Figure 2 (left). We can see that
there is a maximum of the function F' at [ = [y ~ 3.0, where the maximum is at

1
F(lp) = 0.025297 < — =~ 0.025330.
472

If [ is fixed independently of k and if £ = E(uy) is fixed, then
(2.12) k=0EY?), K(u)=0(E), as & — .

This shows that the initial data (2.6) with (2.9) saturates the Poincaré inequality
(1.8) in the limit ¥ — oo up to a numerical constant. Note that the value of the
constant prefactor F'(ly) for lp ~ 3.0 is 99.9% of the Poincare constant, compared
to the numerical computations in [2], where this prefactor was found from solutions
of the extended maximization problem (1.10) to be 97% of the Poincare constant.

To apply our method, we shall consider a slow (logarithmic) growth of the
parameter ! in the limit ¥ — oo, which yields rates slower than rates (2.12). In
particular, we shall use the following elementary result.

LEMMA 1. Fiz L > 0 and let | := Llog(k). Then, we have
(2.13) k=0EY?10g72(€)), K(ug) =0O(Elog 1 (£)), as & — .

PROOF. As k,l — oo, the leading-order expression for K (ug) and E(ug) are
given by

(2.14) K (ug) = §k2 +0 (k;) , B(ug) = %&z + O(k?).

With the choice of [ := Llog(k), we are to solve E(ug) = &, which is equivalent to
the implicit equation,

_ 3¢ 2
(2.15) z=zlog(z) + O(x), z:= o %= k=
We look at the asymptotic limit z — oco. Setting
_zu
© 7 Tog(z)’

we rewrite the implicit equation (2.15) as the root finding problem,

_ log(log(z))  log(u) ! -
(2.16) flu):=u (1 " T log(z) + log(2) +o <10g(2))> w0
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FIGURE 2. Function F(I) = K(1)/E(l) versus [ (left) and function
R(ug) versus [ for different values of k (right).

We note that f(1) = O (%) —0asz— ocoand f'(1) = 1+0(%) #

0 as z — oo. By the implicit function theorem, there is a unique root in the
neighborhood of v = 1 such that u =1+ O (%) as z — oo. The assertion
(2.13) holds by (2.14) and (2.15). (|

If wg is given by (2.6) with (2.9), then

212

_— sech dr + 7/ sech d
tanh2(l/2)/o (z)de tanh®(1/2) Jo (z)de

128K213 (12
- m/o sinh?(z)sech® (z)dz.

R(ug) = 64k° [16—

The dependence of R(ug) versus | for different values of k is shown on Figure 2
(right). Since R(ug) > 0 for large values of k and [, the enstrophy F(u) grows
initially for ¢t > 0.

We shall construct a solution of the Burgers equation (1.1) starting with the
initial data (2.6)—(2.7). We prove that this solution displays dynamics consisting
of two phases. In the first phase, a metastable viscous shock is formed from the
function —4kf(z). In the second phase, a rarefactive wave associated with the
linear function 8kx decays to zero. We compute the growth of enstrophy in two
cases: when [ = O(k) and the scaling law (2.11) holds and when I = O(log(k)) and
the scaling law (2.13) holds. The following theorem gives the main result of this
paper.

THEOREM 2. Consider the initial-value problem (1.1) with initial data in (2.6)
with (2.9). Let £ = E(ug) be the initial enstrophy. There exists Ty > 0 such that
the enstrophy E(u) achieves its mazimum at u, = u(-,Ty). If Il = O(k) as k — oo,
then
(2.17)

T, = O(E"310g(€)), E(u.) =0(E), K(uy) =0E?), as & — o,
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whereas if | = O(log(k)) as k — oo, then
(2.18)
T.=0(EPlog"?(£)),  B(u.) = O(€*?log™(£)), K(u.) = O(Elog™'(£)),

as £ — o00.

REMARK 2. Several obstacles appear in our method when we consider the case
I =0O(1) and the scaling law (2.12). These obstacles come from the behavior of the
solution u(x,t) near the boundaries v = :l:% as well as from the constraints on the
inertial time interval [0, T, during which the solution approaches the viscous shock
on the background of a linear rarefactive wave.

3. Proof of Theorem 1

To prove Theorem 1, we obtain a convenient analytical representation of solu-
tions of the constrained maximization problem (1.5). We set v = u, and look for
critical points v € H}, (T) of the functional,

per
(3.1) J(v) = / (02 +v® + M? + ) da,
T

where A\, i € R are the Lagrange multipliers associated with the following con-
straints,

(3.2) %/Tvz(:v)d:v =¢, /TU(:v)d:E = 0.

The latter constraint ensures that w is a periodic function on T. If v is even in
H...(T) and has zero mean, then u(z) = [; v(z')da’ is odd in H*(T), u(+1) = 0,

(
per g
and hence, u € H2, (T).

per

The Euler-Lagrange equations associated with the functional J(v) yield the
second-order differential equation,

(3.3) 20" (z) = 3v2(z) + 2 v(z) +p, x€T.

Integrating equation (3.3) over T and using the constraints (3.2), we find p = —6¢&.
Hence we are dealing with the family of integrable second-order equations,

3.4 v _ 32— se W\ 52 —eget 1
(3.4) @_504—0_ = <%)—v+v—v+,
where [ is an integration constant.

The phase plane of system (3.4) is given by (v,v') € R% A typical phase
portrait is shown on Figure 3. There exist two equilibrium points of the second-
order equation (3.4), denoted by (a_,0) and (a,0), where

1
(3.5) as =3 (—)\ £/ ¢ 185) = a_<0<ay.
Let us define

(3.6) I = —a3 — \al +6ax = 1. <I,.

The equilibrium (a_, 0) is a center, whereas the equilibrium (a4, 0) is a saddle point.
For I = I, there exists a homoclinic orbit connecting the stable and unstable
manifolds of the saddle point (a4, 0). This orbit can be found analytically,

(3.7) v(x) = ay — 4k%sech®(kz), k= %\4/ A2 4 18€.
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FIGURE 3. Phase portrait for the Euler—Lagrange equation (3.4)
with £ = 5.

Inside the separatrix loop, there is a family of T-periodic orbits for I € (I, 1),
such that T is a strictly increasing function of I with
2w

(3.8) T—— a [I—I, and T—o0 as [I—1I,,
w

where

w? = —X—3a_ = /)\2+18€ = 4k>.

If K > =, there is a unique Iy € (I_,I;) such that T = 1 at I = Iy. The
corresponding 1-periodic solution v € HJ,(T) of equation (3.3) is a critical point of
J(v). Integrating (3.4) for I = I further, we obtain a 1-periodic solution v(z — zg),
where zy € T is chosen uniquely from the constraints v’(0) = 0 and v(0) < a_ <0
(which yield an odd w with w/(0) < 0). In this way, a critical point of J(v) is
obtained and the parameter A needs to be defined by the constraint F(u) = £.

To satisfy the constraint E(u) = £ and to justify the asymptotic expansion

(2.1), we can use the representation,

(3.9) v(z) = ay —4k%y(€), €& =k,

where y(§) is a k-periodic solution of the second-order equation,
(3.10) y" — 4y +6y% = 0.

The k-periodic solution of equation (3.10), which is called a cnoidal wave, is equiva-
lent to a k-periodic sequence of homoclinic solutions, which are called solitary waves
[5] (see also Chapter 3 in [1]). This representation uses the theory of Jacobi’s ellip-
tic functions. We can obtain an equivalent approximation result by using methods
of the dynamical system theory [18].

LEMMA 2. There are ko > 0 and C > 0 such that for all k € (ko,00), the
k-periodic solution y(&) of the second-order equation (3.10) is close to the solitary
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wave Yoo (€) = sech?(€) with the error bound,

(3.11) sup  |y(€) — y=o(§)] < CeF.
€€l—k/2,k/2]

PROOF. We write a k-periodic sequence of the solitary waves as

yo(€) =D sech®(¢ + kn)

neZ

and decompose the solution y of equation (3.10) as y(&) = yo(§) + Y (§). After
straightforward computations, Y satisfies

LY = F(Y),

where L = —652 + 4 — 12sech?(¢) and

FY)=6Y?+12 > sech®(§+kn)Y +6) > sech’(&+ kn)sech? (& + kl).
neZ\{0} nezZlezZ\{n}

The operator L : H?(R) — L?(R) has a one-dimensional kernel spanned by the
odd function y._(€). The rest of the spectrum of L includes an isolated eigenvalue
at —5 and the continuous spectrum for [4,00). Hence the operator L is invertible
in the space of even functions.

Let Ty := [—%, %] and denote the restriction of H?2. (T) to even functions by

H2_(Ty). Let L : H2 (Ty) — L2..(Tx) be a restriction of L. Then, for sufficiently

per per per

large k, L is invertible and there is C' > 0 such that

<C.

(3.12) 1l 23, riy— 1z, m) =

Existence and uniqueness of small solutions Y € ngr(']l‘k) of the fixed-point prob-
lemY = L~'F (Y) can be found by using contraction mapping arguments, provided

that

Z sech®(- + kn) and Z Z sech?(- + kn)sech? (- + ki)

neZ\{0} Lo (T) neZIeZ\{n} L2(Ty)

converge to zero as k — oo. We check this by explicit computations. There are
ko > 0 and C1,Cy > 0 such that for all k € (kg, ), we have

86—(271—1)/9
z : 2 § : —k
(313) sech ( + kn) S m S Cle
neZ\{0} Lo (T) neN
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and
Z Z sech?(- + kn)sech?(- + ki)
neZIeZ\{n} L2(T)
< ||sech2(~)HL2(Tk) Z sech?(- + ki)
1€7\{0} Lo (Ty)
+2 Z Hsech2(- + kn)HLm(m) Z sech?(- + ki)
neN 1eZ\{n} L2(T)
<3 Hsech2(-)HL2(,ﬂ,k) Z sech?(- + k)
1ez\{0} Loo(Ty)
+4k1/? Z Z HsechQ(- + kn)HLm(Tk) HsechQ(- + kl)HLoo(qu)
neN leN
(3.14) < 2V3C1e7F + 402k 202k < Che*,

Existence and uniqueness of Y with the error bound (3.11) follow from bounds
(3.12), (3.13), and (3.14), the contraction mapping arguments for Y = L~'F(Y) in
H2,.(T}), and the Sobolev embedding of HZ. (Tx) to Lo, (Tx). O

per

To define uniquely A in terms of &, we recall the constraints (3.2), which are
equivalent to the scalar equation,

k/2
(3.15) ay =4k /_m y(€)d¢ = 8k(1 + O(ke™%)).

Because ay is related to k by the exact expression (3.5), constraint (3.15) yields a
relationship between k and £ given by

6E 6E
(3.16) gy = —= = 32k3 (1 + (’)(ke_k)) -
A+ 4k? 14./1- S?%
Hence we obtain
3 1/3
(3.17) k= (55) +1+0(EY3) as € — oo,

which yields as & — oo,
2/3
A= 4k )1- 5_154 = Gs) + O(EY3)

ay = 8k(1+O(ke ™)) = (488)"* + O(1).
It follows from (3.17) that

2
8:%k3—32k2+0(k), as k — oo,

and

which recovers (2.3).
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Using constraints (3.2), the Euler-Lagrange equation (3.3), the representation
(3.9), and the constraint (3.15), we obtain

R(u) = 2X¢+ %/TUB(x)dx

k)2
(3.18) = OAE+a (4K — ay) — 327 / k/2 s (€)de.
Substituting approximations (3.11), (3.16), and (3.17) into equation (3.18) yield

R(u) = ?kf’ +O(" as k— oo,

which recovers (2.4).
To obtain (2.1) and (2.2), we integrate the solution v(z) and write

(3.19) u(z) = /Ox v(a')dx' = ayx — 4kz(kx),

where

13
2(6) = /0 y(€)de', €= k.

1/2 k/2

Therefore, we have
1
24 0 —k/2

It follows from (3.11) that for all large k, there is C' > 0 such that z(§) is close to
Zoo(§) = tanh(§) with the error bound,

(320) sup [2(€) — 20 ()] < Che ™,
cel-k/2k/2]

which recovers (2.1) thanks to the expansion (3.15).
Integrating by parts, we also find the elementary expansion,

/ ztanh(kz)dr = < + — log(1+e *)dz+ Ok 'e ™) as k — occ.
0 8  4k? Ju
Together with (3.15) and (3.17), this expansion yields

K(u) = ng — 16k + 32/0 log(1+ e %)dz 4+ O(k%e™%)) as k— oo,

which recovers (2.2).

To complete the proof of Theorem 1, we need to show that the critical point
u € chr(T) of J(uy) is a maximizer of R(u). However, this follows from the
uniqueness of the critical point u,, for which R(u.) > 0, and from the fact that
R(u) is bounded from above by the bound (1.4). Therefore, the proof of Theorem

1 is complete.

4. Burgers equation on the unit circle

To develop the proof of Theorem 2, we convert the initial-value problem for
the Burgers equation (1.1) with initial data (2.6)—(2.7) to a convenient form, which
separates the decay of the linear rarefactive wave and the relative dynamics of a
shock on the background of the rarefactive wave.
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LEMMA 3. Let ug be given by (2.6)-(2.7). Then, a unique solution u €
C(Ry, HL . (T)) of the Burgers equation (1.1) is given by

per

(4.1) u(z,t) =pt) 2z —w(é(x,t),7(t)), zeT, teRy,

where

12 P = et = T )= oL

and w(&, T) is a unique odd solution of the Burgers equation,

(4.3) { wr = 2wwe + wee, €] <2(k—71), T€(0,k),
wlr=o = f(§/4K),  [¢] <2k,

subject to the boundary conditions w = £1 at € = £2(k — 7).

ProOOF. Although the proof can be constructed by a direct substitution, we
will give all intermediate details. Recall that the initial-value problem (1.1) has
a unique global solution u € C(Ry, H}(T)) if the initial data uo satisfies (2.6)-
(2.7). Odd solutions in z are preserved in the time evolution of the Burgers equation
(1.1) and the Sobolev embedding of H],(T) to Cpe:(T) implies that the boundary
conditions u(£3,t) = 0 are preserved for all ¢ > 0.

Let us look for the exact solution of the Burgers equation (1.1) in the separable
form,

u(w,t) = p(t) (2$ - U(.”L‘, Q(t))) )
where p(t), q(t), and U(x,q) are new variables. If we choose p = —4p? and ¢ = p
starting with p(0) = pp and ¢(0) = 0, then U(z, q) satisfies the initial-value problem,

{Uq+4wa=2UUm+ﬁUm, zeT, ¢>0,

(44) Uli=o = f(2), z €T,

subject to the boundary conditions U = +1 at « = :l:%. In addition, U is odd in x
for any ¢ > 0.
We find from the differential equations p = —4p? and ¢ = p that

Po 1
t) = —— t) = - log(1 + 4pot).
p(t) T+ dpot’ q(t) = 7 log(1 + 4pot)
Solving equation U, + 42U, = 0 along the characteristics, we define
d
—x:4:1c = z=Ce,
dg
where C' is an integration constant. Noting that p(t) = poe~ ¢, we define (¢, 7) by
or 4 o€ or
Z —4q = — 4 Z —4q
aq boe ) aq 57 O Dboe
Integrating these equations, we obtain the substitution,
_ PoT 1 _4 p%t
U - = 4q = — = — 1— 9y — Y
(l’,q) w(f,T), 5 bore 1 +4p0t, T 4p0( € ) 1 +4p0t7

which transforms (4.4) to (4.3). Odd functions U in & become odd functions w in £
and the boundary conditions U = £1 at « = :I:% become the boundary conditions
w=+1at & =+3(po — 47). Setting po = 4k yields (4.1), (4.2), and (4.3). 0
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REMARK 3. The scaling law (1.12) formally follows from the similarity trans-
formation (4.1). If there exists an inertial range C_ < kt < Cy for some k-
independent constants 0 < C_ < Cy < oo, where the H'-norm of w in & is
k-independent, then in this range, p(t) = O(k), K(u) = O(k?), E(u) = O(k?),
where k = O(EY/?) as £ = FE(up) — oo. To prove this claim rigorously, we study a
convergence of solutions of the rescaled Burgers equation (4.3) starting with the ini-
tial condition wo(§) = f(£/4k) to the k-independent viscous shock ws(§) = tanh(§)
in a bounded but large domain || < 2(k — 1) for 7 = O(k). For a control of error
terms, we have to specify further restriction on the initial condition f(&/4k), which
result in weaker statements (2.17) and (2.18) of Theorem 2 compared to the scaling
law (1.12).

The Burgers equation w; = 2wwe + we¢e admits the viscous shock,

(4.5) Woo (§) = tanh(§).

In the initial-value problem,

(4.6) {wT—wag—ngg, EeR, TeRy,

w|7':0 :g(g/a)v §€R,
where a > 0 is a parameter, the viscous shock is an asymptotically stable attractor
in the space of odd functions g with fast (exponential) decay to +1 as £ — £o0 [9].
To be able to deal with the dynamics of viscous shocks in the initial-value problem
(4.3) on a bounded domain, we shall first clarify the dynamics of viscous shocks in
the initial-value problem (4.6) on the infinite line.

5. Burgers equation on the infinite line

Let us rewrite the initial-value problem (4.6) for the Burgers equation on the
infinite line by using the original (unscaled) variables,

(5.1) { Up + 2Uly = Uyy, TER, teR,,

uly—o = uo, r eR,

We impose the nonzero (shock-type) boundary conditions,

(5.2) lim u(z,t) = FUs, t€Ry,
r—Foo

for some Uy, > 0.
To control the enstrophy on the infinite line, we define

(5.3) E(u) = %/Ruidx, R(u) = — /R(uiz + u)da, dE;liu) = R(u).

The bound R(u) < 3 E®/3(u) on the enstrophy growth is derived similarly to (1.4).
In the case of the infinite line, the maximizer of R(u) at fixed E(u) is not decaying
at infinity. On the other hand, the result of Theorem 1 becomes now explicit.

LEMMA 4. The mazimization problem,

5.4 R bject to E(u)=¢&
(5.4) uzrenl?fc(R) (u) subject to FE(u) ,

admits a unique odd solution

(5.5) ux(x) = —4k tanh(kx),
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where k is defined implicitly by &,

32
(5.6) £=E(u.) = ?k3,
and

256, 33 o

PROOF. The constrained maximization problem (5.4) for v = u, € H'(R)
yields the functional,

J(v) = / (vi +03+ )\vz) dz,
where A € R is the Lagrange multiflier. The Euler—Lagrange equations give
20" (z) = 3v*(z) + 2 v(x), z€R
for which the only solution v € H!(R) is the soliton,
v(z) = —4k%sech®(kz), X\ =4k,

where k£ > 0 is arbitrary. Integrating v(x) with respect to z, we obtain (5.5).
Integrating v?, v3, and v2 over R, we obtain (5.6) and (5.7). O

REMARK 4. The Burgers equation (5.1) subject to the boundary conditions (5.2)
with Uso = 4k admits the viscous shock solution,

(5.8) Uoo(x) = —4k tanh(4dkx), Kk >0,
which yields R(us) =0 and E(us) = 4E (u).

REMARK 5. Using the self-similar variables,
(5.9) u(z, t) = —4kw(E,7), & =4kx, T =16k,
the Burgers equation (5.1) can be written in the form,

(5.10) { wr = 2wwe +wee, {ER, TERY,

’LU|7-:0:U)0, §€R7
where ug(x) = —4kwo(). If the boundary conditions (5.2) are imposed with Uy =
4k, then w satisfies the boundary conditions lime_, 1 oo w(€,7) = £1.

5.1. Initial condition with [ = k. Let us consider the time evolution of the
Burgers equations (5.1) and (5.10) starting with the initial condition,

(5.11) uo(z) = —4ktanh(kz), = wo(§) = tanh(£/4),

which is a local maximizer (5.5) in Lemma 4. Note that the initial-value problem
(5.10) with initial data (5.11) is independent of parameter k > 0. We shall prove
the following.

LEMMA 5. For any integer m > 0, there is a constant C,, > 0 such that a
unique solution of the initial-value problem (5.10) with initial data (5.11) satisfies

(5.12) zug e'ﬁl/Qag" (w(&,7) — tanh(€))| < Cre >4 7R,
€
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PrOOF. Using the Cole-Hopf transformation [7, 11], the Burgers equation
(5.10) with initial data (5.11) admits the exact solution,

_ ¢5 (57 T)

e T)’
where ¥(&,7) > 0 is a solution of the heat equation ¢, = 1)¢s on the real line R
with the initial condition v (&,0) = cosh®(¢/4). This exact solution exists in the
explicit form,

(5.13) w(, )

(5.14) (&, T1) = é {3 + 4 cosh(£/2)e™/* + cosh({)eﬂ , £eR, TeR,.

As 7 — o0, the last term in (5.14) dominates and the solution converges in L™
norm to the viscous shock we, (§) = tanh(£). To prove this convergence, we rewrite
(5.14) in the form,

1
(5.15)  W(§7) = ge cosh(§) [1 + 4 cosh(&/2)sech(€)e=37/4 + 3sech(§)677} .
This representation and the Cole-Hopf transformation (5.13) yield the compact
expression,
(5.16) w(&,7) = tanh(§) + (£, 7),
where

2sinh(£/2) — 4 cosh(£/2) tanh(€) — 3tanh(€)e7/4
1 + 4 cosh(&/2)sech(€)e37/4 4 3sech(£)e~™

The bound (5.12) follows from (5.17) thanks to the exponential decay in £ and
T. g

(5.17) @ = e 3/4sech(€)

COROLLARY 2. Fiz § > 0. There exist K > 0 and C > 0 such that for all
k > K, we have
c
7.0

(1+9)log(k)

(5.18) sup |u(z,t) — oo (x)] < 122

zeR

for all ¢t > T, :=

o~

PRrOOF. Bound (5.18) follows from (5.12) with m = 0 after the transformation
(5.9). O

REMARK 6. We actually have shown convergence of u to us tn H® norm for
any s > 0, which follows from the exponential decay in & and T.

Figure 4 shows the exact solution w(¢, 7) for different values of 7 together with
the rescaled enstrophy E = [ wgd¢ and its rate of change R = 2 I (wi —wg,)d¢
versus 7. The relevant integrals are approximated by using the MATLAB quad
function. The enstrophy FE is a monotonically increasing function to the value
Ey = %, whereas the rate of change R is initially increasing and then decreasing
to Res = 0. Note that by Lemma 5, we have exponentially rapid convergence
lw(-, T) — Woo|| g — 0 as 7 — oc.

If £ = E(ug) = £k3, then bound (5.18) shows that
(5.19) E(us) =OE) and T,=0(EPlog€)) as & — co.

The asymptotic result (5.19) is included in the scaling law (2.17) of Theorem 2.
We have not achieved the maximal increase of the enstrophy with the initial data



322 DMITRY PELINOVSKY

FIGURE 4. Top: The exact solution (5.13)—(5.14) for 7 = 0, 7 = 2,
and 7 — oo. Middle: Enstrophy E versus time 7. The dotted
curve shows the value of E at the viscous shock ws(§) = tanh(§).
Bottom: Enstrophy’s rate of change R versus time 7.

(5.11) given by the instantaneous maximizer of Lemma 4. To achieve the maximal
growth of the enstrophy, we shall modify the initial data .

5.2. Initial condition with arbitrary [. Let us consider a more general
initial condition,

(5.20) ug(x) = —4ktanh(lz), = we(§) = tanh({/a),

where a = #£ is the only parameter of the initial-value problem (5.10) with initial

data (5.20). For analysis needed in the proof of Theorem 2, we need convergence of
the solution w(¢, 7) to the viscous shock we,(€) = tanh(¢) in the H'-norm as the
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time 7 gets large, and the smallness of w(§,7) — weo (&) at large values of £ for all
times 7 > 0. Both objectives are achieved in the following result.

LEMMA 6. Fiz § > 0. There are constants A > 0 and C > 0 such that for all
a > A, a unique solution of the initial-value problem (5.10) with initial data (5.20)
satisfies

(5.21)  sup|w(,7) — tanh(&)| < _¢ for all 7>

2
cen 430+32 11/2 (1+6)"alog(a)

N | =

Furthermore, for any integer m > 0, there are constants A,, > 0 and C,, > 0, such
that for all a > A, we have

(5.22)
Cm

07" (w(&, 7) — tanh(€))| < —TTs for all |¢] > %(1+5)2a10g(a) and 7 >0.

ProOF. Using the Cole-Hopf transformation (5.13), we rewrite the initial-
value problem (5.10) with initial data (5.20) in the form,

Yr = e, §ER, TeRy,
(5.23) { ¥)r=o = cosh?(/a), &€ R.

The initial data can be represented in the form,
1 — a\a
Ulro = 52e16a(6),  dal§) = (1 +e72E/ye,
The function ¢, is bounded by its value at £ = 0,

(5.24) 1< ¢a(§) <2° EE€R,

but the upper bound diverges quickly as a — oco. On the other hand, for large
values of £, the function ¢, decays to 1 exponentially rapidly.

Fix 6 > 0 and define &, := 1%‘salog(a). For sufficiently large a > 1, there is
C > 0 such that

_ a C
(5.25) 0 ¢a(€) — 1= erlos@re ™ 1 < gaela < = | > ¢,
a

The upper bound in (5.25) converges to zero as a — oo.
To bound derivatives of ¢, in £, we note that

(5.26) Gu(6) = —2(1+e 2/l s,

which implies that
C

5.27 sup [, (&) =2%,  sup |¢,(¢)| < .

(5.27) ge]R10+|¢> (©)l EZEW Ol = —55

Writing (5.26) as
d 2e2¢/a d? 1, [€
d_§10g¢a(§) = Ty T g2 log ¢a(€) = —sech (g) , £>0,

and using (5.24) and (5.25), we obtain by induction that, for any integer m > 0,
there is C,;, > 0 such that
Cnm

5.28 sup |0 ¢, < Cp2% sup |07 ¢, < —.
(5.28) geRp+| " ba(§)] le £ 0a(E)l < 75
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The solution of the initial-value problem for the heat equation (5.23) is obtained
explicitly as

_ 1 > _(5;7_7)2_,’_‘ ‘
ven) = zo—=| e o (1)
= 2a1/E6T (ef /_O; e ba (& + 27 4+ 2y/72)dz
+e ¢ /L N (e 2\/7_'2)dz>,
where
27 x¢
Z4 = 2\/F .
We shall rewrite the solution in the equivalent form,
1
(5.20) V(6. 7) = gore cosh(€) [1+W(€,7)],
_ (&) Fe S (€ 7)
(530) \I’(f, T) T \/E(eg =+ 6_5) ’
where
(5.31) Vi€, 7) = / e % a (€ + 27 + 2y/72)dz — VT,

.
(5.32) v_(&T) = / ) efZQ(ba({ — 27 4+ 2y/72)dz — /7.

Using the Cole—Hopf transformation (5.13) and the explicit representation (5.30),
we write the solution of the Burgers equation (5.10) in the form,

(5.33) w(&,7) = tanh(§) + w(&, 1), w(& 7) = %,
where

ey (§,7) te 0 (&7) | 1 2
) ) h _ - .
\/E(eg ¥ 6_5) + 2\/ES€C (5)(¢+(€77—) 1/) (557-))
We first prove bound (5.21). Because v is even in £, we can consider & > 0
without the loss of generality. To analyze ¢4, we define

&a o §—8&a+27
27 2yT
so that z > —z, corresponds to & > &, in the argument of ¢,(£). For any £ > 0
and 7 > 7, := (1 + 0)&,, we have
> 274 — &q > 1426
2\Ta 2v2
which shows that z, — 00 as a — oo. The term 14 (£, 7) can be split into the sum
of three terms

Vi€, T) = </°° e dz — ﬁ) + /Oo e % (Gal€ + 27 + 2v/72) — 1)dz

—Za —Za

85\1}(577—) =

Za ‘= 24 —

alog(a),

(5.34) +/ e % ¢u(€ + 27+ 2v/T2)dz = [+ IT + II1.

—z4
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For all £ > 0 and 7 > 7,, we obtain

I= / et Let< v2 e~ 5P al05(a)
—o0 224 (1+426)+/alog(a)
and
III < 2° / g X o V2 o~ 2 alog(a)+alog(2)
B —z4 T 2z, T (14 26)/alog(a)

where the upper bounds are exponentially small as ¢ — oo and the bound (5.24)
has been used. Using bound (5.25), we obtain
o —z2 T T2)/a — 2 log(a C
11 S Ca/i € 2(e+2r+2V72)/ dz S \/;CCLB 2(1+6)" log(a) S W
Combining these terms and dropping the exponentially small terms, we infer that
for any fixed 6 > 0 and for sufficiently large a > 1, there is C' > 0 such that

C
(5.35) TSUP Su%) [V (& 7)] < PRESTRTTEE
To analyze v_, we define
2 a - =&+ 21

Faim AT o 207
so that z < z, corresponds to £ < —¢&, in the argument of ¢,(£). For any 0 < £ < ¢,
and 7 > 7,, we have

~ 7'a_ga

2 > Kl alog(a),

Via V2
which shows that 2, — 0o as a — oo. The term ¢_ (£, 7) can be split into the sum
of three terms

v-(§7) = </ e dz — ﬁ) +/Za e (¢a(€ — 27 +2v/72) — 1)dz

— 0o — 00

Y

(5.36) +/ e a6 — 27 + 272V = [ + 1T + I11.

a

Using computations similar to those for 1 (&, 7), we obtain for any 0 < £ < &, and
T Z Ta;

1 _82 C
.~ e Fa Og(a)7 II< ———,
" 04/2alog(a) BRGAaEE
11 < 1 ~alog(a)talos(2)

= 04/2alog(a)

Again, for any fixed § > 0 and for sufficiently large a > 1, there is C' > 0 such that
C

(5.37) sup sup |Y_(&,7)] < TR

T2>7Tq 0<E<E,

Finally, the exponential factor in front of ¢ _ yields the following simple esti-
mate:
(5.38) sup e 2% (&,7) < V/A(2¢ — 1)e %o < O~ (IHd)alogla)talog(2) 7 >
§28a
where the upper bound is exponentially small as a — oc.
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Because of the symmetry for £ < 0, we infer from (5.35), (5.37), and (5.38)
that for any fixed 6 > 0 and for sufficiently large a > 1, there is constant C' > 0
such that

C
(5.39) sup z_telgl‘l’(&m)l < e

This result shows that ¥ is small for 7 > 7, in the denominator of the exact solution
(5.33).

We now proceed with similar expressions for d¢tp4 (€, 7) and d¢vp— (€, 7). Using
the representation (5.34), we find

1 >
(5.40) Oel = ﬁefz%
1 2 1 > 2
Oell = 2\—56*% (¢a(€a) — 1)+ SN e " 0:0a(§ + 27 +2/T2)dz
(5.41) = \% /_OO 2677 (¢a(€ + 27 +2y/72) — 1) dz,
and
1 2 52

OeIIT = NG [e “¢a(0) —e Zafba(éa)}
(5.42) +# _: o L ba (€ + 27 + 2¢/72)dz
(5.43) L[ ze_zz(ba({ + 27 + 2y/72)dz.

B \/F —Z4

Using bounds (5.24) and (5.25), we obtain that for any £ > 0 and 7 > 7, there is
C > 0 such that

C 7(1+25)2a10 () C
Oel < Fe ] sla) |8§H|§W,
|0 11| < %e%alog(a)ﬂnog(z)7
T

where in the computations for 9¢ 1T we have used the fact that the function /7e=47/¢
is monotonically decreasing for any 7 > &, whereas 7, > O(a) as a — o0.

Combining all bounds and dropping the exponentially small factors, we infer
that for any fixed ¢ > 0 and sufficiently large a > 1, there is C' > 0 such that

C
(5.44) 2‘;18|a£¢+(577)| < W7 T 2 Ta-
Similarly, we obtain
C
(5.45) 0<S?<P£a 10— (&, 7)| < W, T2 Ta
and
ga  VT—E/(2VT) )
Gas) ol < = [ dedz, 720, €26,
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which yields
c2° C
(BAT) sup e (6,7)] € e < oo e, 7 g,

Because of the symmetry for £ < 0, we infer from (5.44), (5.45), and (5.47) that for
any fixed § > 0 and for sufficiently large a > 1, there is constant C' > 0 such that

0y (€, 7) + e 0 (&, 7) C
(548) 2161]12 65 + 6_5 — \/7__&354’,252 Y

We now need to estimate the difference 4 (&, 7) — ¢¥_(&, 7). We can write
1/)+(€,7') - 1/’7(&7) =

1 & (n—g—27)? (n+e—27)2
- o - ar — e~ Ir d
M/o ) { ’ ] !

=7 (L [ treone s (5

=I1+11.

T 2> Tg-

For any |¢| < 37, we have

27 €242
1l = %/ bu(27 — e s1nh('§'”)

a B a+1
/ _(n-1eD? \5\)2 0 < 2 \/Fe_w Je))? < 2 Y
VT T —[¢] VT
Then, we represent
1 o0 24,2
I = \/_ 3 (a(n +27) — 1)e” 37 sinh <§—Z) dn

2 n2
/ —557" sinh (5_77) dn
_r 2T

II, + 11,

and estimate

1 [ s | I€ln 1 /°° -leD? 2
In| = — 7= sinh | 22 ) dp < — dn < ——e 7.
| b| \/7_'\/7: c st < 2T = \/7_' T ¢ \/7_'6

and

Ca p2l€l/a—47/a * _oleltar/e? Ca 3774 C'y/log(a)
1 < el [ oSSRy < et <

where we have used again the fact that the function \/7Te=37/¢ is monotonically
decreasing for any 7 > &, whereas 7, > O(a) as a — oo. Because I and I1;, are
exponentially small in a for all 7 > 7,, there is C' > 0 such that

C+/log(a C
(549) ‘58‘25)7— |1/}+(§5 T) - 1/}* (57 T)| — \/—a36+362/2 — \/—a/35+62 I T Z Ta-

On the other hand, for any |¢| > 17, there is C' > 0 such that
(5:50) sech®(€)[4 (6, 7) — (&, 7)| < €277,




328 DMITRY PELINOVSKY

which is exponentially small in a for all 7 > 7,. It follows from (5.49)—(5.50) that
for any fixed 0 > 0 and for sufficiently large a > 1, there is constant C' > 0 such
that

2
(5.51) Sglelgsedl O+ (& 1) —v-(§,7) < W, T 2 Tq.
Representation (5.33) and bounds (5.39), (5.48) and (5.51) yield the desired bound

(5.21).

We can now prove bound (5.22) for m = 0. Using the exponential factors, we
have bound (5.38), which is exponentially small as a — oo for all £ > £, and 7 > 0.
We can rewrite bounds (5.46) and (5.50) in the equivalent form:

e X0y (&, 1) < C2%e He, £>&, T20,

and

SeCh2(§)|¢+(§77) - ¢— (577—)| < C2aei2£a7 5 > §a7 72> 0.
Therefore, these bounds are also exponentially small as a — oo and we only need
to show that the terms ¢4 (£, 7) and J¢tp4 (€, 7) remain small for all £ > (1 4 0)&,
and 7 > 0. We need the extra factor (14 6) in £ > (1 + §)&, to ensure that z, is
bounded from below by

=& 2T S 0 + 27
2yt T 2yT
where we have used the fact that the function /7 + 25\5/“; reaches minimum at

T0 = %a > 0.

Us2ing the splitting of ¢4 in (5.34), we infer that the estimates for I and 111
produce exponentially small terms in a, whereas the estimate for II produces an
algebraically small term in a. As a result of analysis similar to the one for (5.35),
we find that there is C' > 0 such that

> /2060 = /0(1 + d)alog(a),

Za

C
(5.52) sup  sup (1 (§,7)] < Cae 20H08/0 < s,
T>0£>(146)q a*t

Using the exact expression (5.40) and the fact that the function

1
L —Gearan?/an)

\/F

reaches maximum for 7 > 0 at

T0 —

(Vitwg 1)~

B~ =

we obtain
85[ < ¢ 675(1+5)a10g(a)'

alog(a)
Similarly, using the exact expression (5.43), we obtain
|(95[II| < Le—‘s(l-‘r@alog(a)-{-alog(2)'

v/alog(a)

Using the exact expression (5.41) rewritten as

oo

OeIT = #e—zi (ba(éa) — 1) + / e (€ + 27 + 2y/72)dz,

—Za
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and the bounds (5.25) and (5.27), we obtain

c C
a:.II < —6(146)alog(a) )
|O¢ |_—10g(a)a5+1/26 +a1+5

Combining these estimates together, we infer that there is C' > 0 such that

C
5.53 su su 15) ,7)| < .
(5.53) Tz%gzuffs)ga' ¥+ (&7 < 35
Using (5.52) and (5.53), we obtain the desired bound (5.22) for m = 0. Bound
(5.22) for m € N follows by recursion from the higher-order derivatives of the exact
solution (5.33), the decompositions (5.34) and (5.36), and the bound (5.28) on the
higher-order derivatives of the function ¢,. O

COROLLARY 3. Fiz 6 > 0 and let a = 2. There exist A > 0 and C > 0 such

l
that for all a > A,

C (14 6)%alog(a)

(5.54)  sup |u(z,t) — uso(x)| < T yEE forall ¢t > T, := 3952

z€eR

PRrROOF. Bound (5.54) follows from (5.21) after the scaling transformation (5.9).
O

REMARK 7. We can also prove convergence of u to us, in H' norm but it
requires some decay as |§| — oo and an extension of bound (5.21) for the first
derivative in &, which we do not establish in Lemma 5. Note that bounds (5.21)
and (5.22) will be applied on large but finite intervals in &.

Figure 5 shows the exact solution w(&,7) with a = 10 for different values of
7 together with the rescaled enstrophy F = fooo w?df . The integrals in the exact
solution (5.33) were approximated by using the MATLAB quad function. The
behavior of w and F looks similar to the case a = 4 shown on Figure 4 but it
takes longer for E to approach to the limit Eo, = % from the initially smaller value
Ey=2£.

Explicit computation with the initial data (5.20) yields E(uo) = 22k?l, whereas
we recall that F(us) = 128k%. If | = O(1) as k — oo, we have k = O(£'/2) and
hence

(5.55) E(us) = O(E%?), T.= 0O Y%1og(€)), as & — oo
If I = Llog(k) for a fixed L > 0, then Lemma 1 implies that
k=0(EY?10g2(£))
. From (5.54), we have

(5.56) T, = % {1 +0 (%ﬂ .

Hence we have
(5.57)

E(us) = O(E¥?10g™%%(£)) and T, = O(EY?1og"?(£)) as & — co.
The asymptotic result (5.57) is included in the scaling law (2.18) of Theorem 2. On
the other hand, the maximal rate (5.55) can not be achieved, because if I = O(1),
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FIGURE 5. Left: The exact solution (5.33) with a = 10 for 7 = 0,
7 =5, and 7 — oco. Right: Enstrophy F versus time 7. The dotted
curve shows the value of E at the viscous shock.

then a = O(k) and the lower bound on the time 7 > (1 + §)?alog(a) in bound
(5.21) is beyond the time interval 7 € (0, k) in Lemma 3 as k — oc.

6. Dynamics of a viscous shock in a bounded domain

By Lemma 3, the initial-value problem (1.1) is replaced by the equivalent prob-
lem,

(6.1) { Wy = 2Wwe + Weg, €] <2(k—7), 7€(0,k),

w|7':0 = Wo, |€| < 2k7

subject to the initial condition wy(§) = f(£/4k) and the inhomogeneous boundary
conditions w = 1 at £ = £2(k — 7), where f is given by either (2.8) or (2.9).
Let us define the norm

2k—7) 1/2
(6.2) lwllz = ( /_ o |w<§n>|2d§> :

An approximate solution of the initial-value problem (6.1) can be thought in the
form,

0
(6'3) Wapp (57 7—) = (9_5 log Yapp (57 7—)7
where 1,pp, is a solution of the homogeneous heat equation on the real line. For f
in either (2.8) or (2.9), the approximate solution is constructed in Lemmas 5 or 6,
respectively. We shall assume that

0
(6.4) 0< —gwapp(ﬁ,r) <1, £eR, TeR,,
which is a reasonable assumption for a monotonic transition from wappo(§) =

tanh(¢/a) with either « = 4 or a — o0 as k — oo to the viscous shock w (§) =

tanh(§).
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We write wapp(€,7) = tanh(§) + @w(&, 7) and assume that for any fixed Cy €
(0,1), and for sufficiently large k > 1, there is a small Cj > 0 such that

(6.5)
~ k
where C}, — 0 as k — oo.
Furthermore, we assume that for sufficiently large & > 1, there is a small
Dy, > 0 such that

(6.6) ge[igg)%] (Jwo (&) = wapp,0(&)] + |wp (&) — wipp 0(6)]) < PETPR

2

Wﬁ;@(k —7),7)

d
sup (m&@wwmfn+-—w@w—fxﬂ
r€[0,Cok] dr

"

where Dy — 0 as k — oo.
Using the Cole-Hopf transformation, we rewrite the initial-value problem (6.1)
in the form,

_ e V7 = e, 1€l <2(k—71), 7€(0,k),
67 w=-p = { Plomo = o, |€] < 2k,

subject to the initial condition ¢y = exp ( fog wo (&) dE’ ) and the Robin boundary
conditions ¢¢ = £¢ at £ = £2(k — 7). Using the decomposition

(68) 1/) = 1Z)app(l + \11)7
we find the equivalent initial-value problem,
(6.9) { U, = Wee + 2wapp Ve, €| < 2(k—71), T€(0,k),
\Ij"r:O = \1107 |§| S 2k7
subject to the initial condition,
Yo (€ ¢
610)  w0(©) = 28— 1= exp ([ n(e)  wpmal€] ') 1
app,
and the Robin inhomogeneous boundary conditions,
. = X\T + ) = —T) TE ) )
(6.11) Ue=+x(1)(1+T), &==x2(k ) [0, K]
where
2674(]677') R
(612) X(T) = 1—wapp(2(k—7’),7') = W —w(2(k—7'),7')

By bound (6.5) and explicit expression (6.12), for any fixed Cy € (0,1) and for
sufficiently large k > 1, there is a small C > 0 such that

(6.13) sup (Ix(7)] + X' (D] + X" (7)) < ==
7€[0,Cok]
Because Cj, — 0 as k — oo in (6.13), the Robin boundary conditions (6.11) converge
to the Neumann conditions as k — oo.
By bound (6.6) and explicit expression (6.10), for sufficiently large k >> 1, there
is a small Dy > 0 such that
Dy,

Dy,
610) s [0 < 2 ol < D Wz, + Il < 2

£€[—2k,2k] k0

Because D, — 0 as k — oo in (6.14), the initial condition (6.10) converges to 0 as
k — oo.
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Using apriori energy estimates, we prove the following result.

LEMMA 7. Assume (6.4), (6.13), and (6.14). Fixz Cy € (0,1). There exist
constants K > 1 and C > 0, such that for all k > K and 7 € [0,Cok], the unique
solution of the Burgers equation (6.1) satisfies

(6'15) Hw - wapp”%iT + Haﬁ(w - wapp)”%iT <C (Ck + D%)
where Cy and Dy, are defined by (6.13) and (6.14).

PROOF. We note the correspondence,
Ve
1+0
Fix Cy € (0,1) and introduce the energy for the initial-boundary value problem
(6.9),

(6.16) W = Wapp +

1 1
(617) H(r) = 51l 4513, . 7 el0.Coh)
If H(7) is small for all 7 € [0, Cok], then there is C' > 0 such that
(6.18) [|w — wapp”iiﬁ < CH(r).

The initial-boundary value problem (6.9) inherits the local well-posedness of
the initial-value problem (1.1) if ¥y € H'([—2k, 2k]) as long as

(6.19) sup U, 1) <1, T€]0,Cok],
[€]1<2(k—T)

to ensure that 1+ ¥(&,7) > 0 for all |{] < 2(k — 7) and 7 € [0,k]. Recalling
Sobolev’s embedding of H' to L, we have

(6.20) iC > 0: sup |, 1) < CVH(r), T7€]l0,Cok],
|€1<2(k—7)
hence the constraint (6.19) is satisfied if H(7) remains small for all 7 € [0, Cok].
Computations are simplified for the even solutions ¥(—¢,7) = ¥(&, 7), which
generate odd solutions w(—¢&,7) = —w(&, 7) of the Burgers equation (6.1). Mul-
tiplying the heat equation (6.9) by the solution ¥ and integrating in £ over the
time-dependent interval [—£1(7), &4 (7)] with &4 (7) = 2(k — 7), we obtain

1d

TN, +203(7) = AT+ T (7)) + 2wy (€4 (), 7T (7)
—Iells —llwyy e I3:

where U (1) = U(&4(7), 7). Canceling redundant terms, this expression becomes

1 d 1/2
(621) 5ol WlF =20V (r) — [ WellTy  — wnly W7
Thanks to property (6.4), the rate of change of ||\I/||L2 in 7 is almost negative

definite, except of the first boundary term, which is small as k — co. The boundary
term is controlled by (6.13) and (6.20). We need one more equation to be able to
control the energy H(7) for T € [0, Cok].
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Differentiating the heat equation (6.9) in &, multiplying the resulting equation
by We, integrating in & over [—£1(7), &+ (7)], and performing similar simplifications,
we obtain

1d

S ellZe = 2(M) 1+ W) (o) (1) = 23 ()(1+ V4 (7))
1/2

—eelfs + lgpm e Pell?s .

where (Wee)y (1) = Wee (€4 (7), 7). For strong solutions of the initial-value problem
(6.9), we obtain by continuity that

d
(6.22) d—‘I’+(T) = (¥, —2W¢) = (Wee)4 (1) — 2x3(7) (1 4 ¥ (7).
T g=€4 (1)
Hence we have
1d d s )
2dr H‘I’£||L = 2X(T)(1+‘I’+(T))E‘I’+(T)+2X (T)(L+ Wi ())
(6.23) — [ WeellFs +llwnfm eWellZ

The positive last term in (6.23) is compensated by the negative second term in
(6.21) in the sum of these two expressions. Additionally, we can move the derivative
of U, (7) under the derivative sign and obtain

L Hi(r) = 2(x(7) — X' ()W (7) X' ()W (7) + 28(7) (1 + 4 (7))
(6.24) “eclFs  — lhwapm e ®l: = 1101 = wapp.e)/*Tell72

where

Hy(r) »= H(7) = x(1) (29 (7) + P2 (7).
The last three terms in the right-hand-side of equation (6.24) are negative thanks
to property (6.4). On the other hand, the functions x(7) and x’(7) are controlled
by (6.13). Integrating (6.24) on [0,Cy7] and using Sobolev’s inequality (6.20) and
an elementary inequality 24/ H (1) < 1+ H(7), we obtain

111(7')—111(0)S%/07-(1—|—]{(7—/))d7'/7 T E [O,Cok]

By the estimate (6.13), Sobolev’s inequality (6.20) again, and Gronwall’s inequality,
we infer that there is a constant C' > 0 such that

(6.25) H(r) < C(H(0)+Cy), 7€ 0,Cok].

By the estimate (6.14), we have H(0) < D? and bound (6.25) yields control of the
first term in the bound (6.15) from the correspondence (6.18).

Let us now control the second term in the bound (6.15). Differentiating the heat
equation (6.9) twice in &, multiplying the resulting equation by ¢, integrating in
& over [—&4(7),&4(7)], and performing similar simplifications, we obtain

S WeelZ; = 2(Wee) s (7)(Weee) ()

(6.26) —2X( 7)(Wee)% (1) + 2(wapp,ce)+ (Ve)3 ()
1/2
(6.27) —Wecells +3llwnfy eeelFs  — llwnlm eceell?2 .
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where the subscript “4” denotes the boundary value at & = £, (7). For strong
solutions of the initial-value problem (6.9), we obtain by continuity that

E(‘I’E)Jr(T) = (Vre —2Wg)
E=64(7)

= (Weee)+ (1) — 2x(7)(Wee )+ () + 2(Wapp,e)+ (Pe)+(7)

—~
&
[\
oo

~—

|

(6.29)  (Wapp,e¢)+ = (Wapp,r)+ — 2(Wapp)+(Wapp,e)+ = 2X(T) (Wapp,¢)+ — X' (7).
Using (6.11), (6.22), (6.28), and (6.29) we can rewrite (6.27) in the form:

S WeelZy = —22¢ () + () (gl — X ()L U ()W (1)

=2 (1) (1 + W (7))* (X3 (1) + 2x(7) (Wapp.€)+ — X' (7))
HAX(T)(Pee)3 (7) = [ Weeellzz  + 3wy, ¢ PeellZz
1/2
gy, e VellZs
To control ||\I/55||%i , we define

Hor) = el +4B() + 2103,
(6.30) H(2x3(7) + 2X(T) (Wapp,e)+ — X' (7)) (294(7) + ¥ (7)),
where 7 is to be specified below. Thus we obtain
ST = 2W () + V()220 + 2 W)+~ X'(7)
=23 (1) (1 4+ W4 (7))* (4x3(7) + 2X(7) (Wapp,¢)+ — X (7))
F8(X(7) = X' (1) W () — 4x' (1) P (7) + 8x>(7) (1 + ¥ (7))

+F27X(T) W4 (7) + AX(T)(Pee) 3 (7) — [ Weeel Tz — 1WeellZs
=31 - wapp7£)1/2‘1/§£||%§7

1/2
~Aflwype W7z — 41— wappe) > Te7

1/2
—Allwaf ellze = 107+ wapp.gee) > ell?2 .
If we choose

— —  inf inf Waop cce > 0,
T T 0ok gel—eq(r) ey (r)] | PPEEE

the last term is negative for any 7 € [0, Cok]. By Sobolev’s inequality,

3C>0: o )|‘1’££(§7T)|2 < C(I1Weeellzz  + 1¥ecllzz ), 7€ [0,Cokl,

and the smallness of x, the term
Ax(r) (Wee) 3 (1) — 1Weeellze  — IWeell7z

is also negative. All other integral terms are negative, whereas the boundary terms
are controlled by the estimate (6.13), Sobolev’s inequality (6.20), and the previous
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estimate (6.25). As a result, we obtain
O T
Hy(1) < H2(0) + ?’“/ (1+ Hy(7"))dm" < H3(0) + Cr, 7 € [0,Cok].
0

Using (6.14), (6.25), and (6.30), we infer that there is a constant C' > 0 such that
(6.31) Vel < C(Cr+DF). 7 € [0,Cokl.

Thanks to the exact expression

Wee v
8E(w_wapp): 1+ 0 - (1_’_\1})25

and Sobolev’s inequality,

0500 s e < Oy + el ). 7 0.0k

bounds (6.25) and (6.31) yield control of the second term in the bound (6.15). O

REMARK 8. Recall that wapp(§,7) = tanh(§) + w(€, 1), where w is small for
large values of 7. If we consider the operator L = 852 +2tanh(£)0¢ on the truncated
domain [—&o, &) subject to the Neumann boundary conditions, then the eigenvalues
of this boundary-value problem for even eigenfunctions are located on the real line
and bounded from above by —1 for any &y > 0. This suggests the asymptotic stability
of the zero solution of ¥, = LY but does not imply any good bounds on the norm
of the resolvent operator (\Id — L)™, which is needed for the estimates of the
remainder terms. Moreover, the norm of the resolvent operator (Ald — L)~ may
grow exponentially as §y — oo because the continuous spectrum of L on the infinite
line domain R touches the imaginary azxis and the zero eigenvalue. See Section 4.4
in Scheel & Sandstede [18]. Apriori energy estimates used in the proof of Lemma
7 avoid this problem, as well as they incorporate moving boundary conditions in
analysis of the remainder terms.

7. Proof of Theorem 2: Case | = O(k) as k — oo.

We shall consider the initial data (2.6) with (2.8). This corresponds to the
choice | = k, which represents a more general case [ = O(k) as k — co.
By Lemma 3, a solution of the Burgers equation (1.1) is written in the form

4k _16k%t
TIFI6k T 1+ 16kt
where w solves the rescaled Burgers equation (6.1) with the initial data

(7.2) wo(§) = Atanh(§/4) = 1o(§) = cosh™(£/4),

where

(71w, t) = p(t) 2z —w(p(t)z, 7)),  p(t)

2¢~k
ek’

A =coth(k/2) =1+ 1

The approximate solution of the rescaled Burgers equation (6.1) is given by Lemma
5. It can be written in the Cole-Hopf form (6.3) with

(7.3) Yapp(&,T) = % (3 + 4 cosh(€/2)e™/* + cosh({)eT) .
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Note that 1app.0(€) = cosh?(£/4). Assumption (6.4) is satisfied by the direct com-
putations. Assumption (6.5) follows from bound (5.12) of Lemma 5 with

(7.4) IC>0: Cp=Cke k=7 7€0,Cok],

which is exponentially small as k — oo for any Cj € (0, 1).
The initial condition,

_ 8¢k &
Wy (&) = cosh* 1 (£/4) —1 = exp <1 log {cosh (Z)]) -1,

— ek

implies that for sufficiently large k£ > 1, there is C' > 0 such that

S [Wo(&)] < Che™,  [[Wollpz , < CKY2e™ || Wl +I1WG] L2, < CRYZe™ .

Hence assumption (6.14) holds with Dy = Ck3/2¢=* for some C > 0. Because D?
is much smaller than Cj, for all 7 € [0, Cpk], Lemma 7 yields

(75) o —wappll3s -+ 110 (= wapp) |2, < Che™*, 7€ [0, Coh].

Applying Lemma 3, we write an approximate solution of the Burgers equation
(1.1) in the form,
4k 16kt
(7.6) wapp(@,t) = p(t) (22 — wapp(p(t)x, 7)), p(t) = Tri6h T 1T om0

on the time interval

Co
1-Cy’
Because [p(t)| = O(k) as k — oo for any ¢ in the time interval (7.7), bound (7.5)
and Sobolev embedding of H' to L> imply that there are constants C' > 0 and
a > 0 such that

(7.7) 0 < 16kt <

sup |u(z,t) — Uapp(z, t)| <
z€eT

(7.8) Ck  sup  |w(&,7) — Wapp(&,7)] < Ck3/ ek,
1€]<2(k—7)
for any ¢ in the time interval (7.7). The error bound (7.8) is exponentially small as
k — oo.
By Lemma 5, the approximate solution converges to the limiting solution in
the form,
4k

(7.9) uso(#,t) = p(t) (22 —weo(p(t))),  P() = 776

where weo(§) = tanh(€). Bound (5.18) in Corollary 2 imply that there are § > 0
and C' > 0 such that

C

(7.10) SUD [Uapp (T, 1) — Uoo (2, )] < R
z€eT
in the inertial range
Coo (k) Co

7.11 < 16kt <
( ) 1-Cx(k) — 1-Cy’
where
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We note that Coo (k) — 0 as k — oo.

In the inertial range (7.11), we can compute the leading order approximation
of E(u) and K (u) from the values of FE(us) and K (us). Using the representation
(7.9), we obtain

(712) K(us) = "0 +00(1),  Blux) = 20" +0G 1), a5 plt) = oo,
On the other hand, R(u) is approximated from R(us,) by
(7.13) R(us) = —8p*(t) + O(p*(t)) as p(t) — oo.

Because R(uo) < 0, the maximum of E(u) occurs at the time ¢ = T, < ——S2e(k)

ToRI-C (B))
Moreover, it is clear that E(us) and hence E(u) is decreasing for all times ¢ > T.
It remains to prove that T, = O(k~2log(k)) as k — oo or, in other words, that

there exists Coo (k) = O(log(k)/k) < Coo(k) such that T} occurs inside
Cull) g Ox)
16k(1 — Coo (K)) 16k(1 — Coo (K))
If this is the case, then the scaling law (2.17) of Theorem 2 follows from the er-
ror bounds (7.8) and (7.10), the triangle inequality, as well as from the previous
computations: p(t) = O(k) as k — co and k = O(E/3) as £ — .
To show that T, = O(k~2log(k)) as k — oo, we compute R(u,pp) by using the
explicit representation (7.6) with wapp (€, 7) = tanh(€) + w(£, 7), where W is given
by (5.17). Asymptotic computations yield

. p(t)/2 5 )
R(uapp) = 2p (t)/o (wapr,ﬁ _wapr,ﬁﬁ) dg

. p(t)/2 ) 5
—12pt(0) [ wlcde + OGP (1)
0
= NP (eI = 8pt(1) + O (70, (1))
as e~ 37/ — 0 and p(t) — oo, where N is given by

N = /00 cosh(&/2) (—2SSech3 (€) + 139sech®(€) — 120sech7(§)) d¢
0

+ /000 sinh(¢/2) sinh(€) (26sech®(¢) — 30sech®(€)) d¢.

Numerical approximation of the integral shows that N ~ 5.5189 > 0. (The pos-
itivity of IV also follows from the fact that R is positive for the approximate so-
lution w,pp shown on the right panel of Figure 4.) Therefore, R(@app) = 0 at
the time ¢t = T (corresponding to 7 = 7, by the transformation in (7.6)), when
p(T,) = O(e?*™/%). Since p(T.) = O(k) as k — oo everywhere in (7.7), we have
7. = O(log(k)) < Cok or T\ = O(k~?log(k)) as k — oo. The proof of Theorem 2
for [ = k is now complete.

8. Proof of Theorem 2: Case | = O(log(k)) as k — oo.

We shall now consider the initial data (2.6) with (2.9). By Lemma 1, we fix
L > 0 and set

(8.1) .= Llog(k).
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This choice represents a more general case [ = O(log(k)) as k — oc.
By Lemma 3, a solution of the Burgers equation (1.1) is written in the form

(52)  ule,t) =p(0) Qe — v 7), Pl = e 7= e

where w solves the rescaled Burgers equation (6.1) with the initial data

(8.3) wo(€) = Atanh(é/a) = to(£) = cosh™*(&/a),

where a = % and A = coth(l/2). The approximate solution of the rescaled Burgers
equation (6.1) is given by Lemma 6. It can be written in the Cole-Hopf form (6.3)
with
€E¢+ (55 7—) + eigwf (55 7—)

NGCEEa
where 11 are defined by (5.31)—(5.32). Note that ©app0(§) = cosh?(£/a). As-

sumption (6.4) is satisfied by the monotonicity of the transition from wypp 0(€) =
tanh(£/a) to we (§) = tanh(§). Assumption (6.5) follows from bound (5.22) with

Ck  Clog""(k)

(8.4) Yapp = 2a—1_lef cosh(€) |1+

(8.5) AC>0: Cp= prew i 5 , 1 €[0,Cok],
as long as
(8.6) ok —7) > %(1 +6)%alog(a), T e [0,Cokl.

Constant Cj, is algebraically small as k — oo, whereas the constraint (8.6) yields
an upper bound on Cj,

2 o
87)  Co<Cpi=1- ﬁ(l ¢ §alogla)=1- & +L<S) [1 - 11§g($)] .

To ensure that Cg > 0, we require L > (1 +4)2.
The initial condition,

Wo(€) = cosh® V(¢/a) — 1 = exp (12ael log {cosh (%)]) -1,

— el

implies that for sufficiently large k > 1, there is C' > 0 such that

_ C C
|gs|1£k|%(§)| < Chke™' = =1 Yollez, < x5
C

1Wollez , + 119512z, < 2=

hence the assumption (6.14) is satisfied with Dy, = ﬁ for some C' > 0. Constant
Dy, is algebraically small as & — oo provided L > % Lemma 7 yields
(8.8)

1 log' ™ (k)
[w — 7~U'<Lpp||2L§T + 1|0 (w — wapp)”%%T <C <k2L3 + X , 7 €0,Cok].

Applying Lemma 3, we write an approximate solution of the Burgers equation
(1.1) in the form,
4k 16k2t

(8-9) Uapp(xv t) =p(t) (2z — wapp(p(t)xv 7)), pt)= mv T = ma
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on the time interval

Co
1 < 16kt < .
(8.10) 0< 16kt < ;o

Because |p(t)] = O(k) as k — oo for any ¢ in the time interval (8.10), bound (8.8)
and Sobolev embedding of H! to L> imply that there is constant C' > 0 such that

sup|u(:17,t) _uapp(xat” S Ck sup |’LU(€,7') _wapp(€77)|
z€T |€1<2(k—7)

o ( 1 N 10g(1+5)/2(k)>

(8.11)

IN

kL—5/2 kd/2-1

for any t in the time interval (8.10). The error bound (8.11) is algebraically small
as k — oo provided L > % and § > 2, instead of our previous constraint L > %
By Lemma 6, the approximate solution converges to the limiting solution in
the form,
4k

(8.12) uso(#,t) = p(t) (22 —weo(p(t))),  P() = 776

where woo (§) = tanh(€). Bounds (5.54) and (5.56) in Corollary 3 imply that there
is a positive constant C such that

Ck C'log® %" (k)
(8.13) ig%'uapp(xat) — oo (2, 1) < 12 10g1 2 (q) KBTI 172
in the inertial range
(8.14) 1?200 <16kt < - fOCO
where
Coo = M < Cy.

Because of constraint (8.7) on Cp, we realize that L > 3(1 + §)? instead of our
previous constraint L > (1 +4)2.

In the inertial range (8.14), the computations of R(ue), F(us) and K (us) are
identical to those in Section 7 and yield expressions (7.12) and (7.13). In particular,
E(us) = O(k?) and K (ux) = O(k?) as k — oo. Modifications of the previous
argument show that the maximum of F(u) at the time ¢ = T, occurs for T, =
O(k™1) as k — co. By Lemma 1, we have k = O(EY/21og™*/?(£)). Substituting
this into the previous expressions yields the scaling law (2.18) of Theorem 2 for
I = Llog(k). The constraints on L and ¢ are consistent if

5
L>§, §>2, and L >3(1+46)?,

which can be satisfied, for instance, by the choice L =49 and § = 3.
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