ENHANCED LIFESPAN OF SMOOTH SOLUTIONS OF A
BURGERS-HILBERT EQUATION*
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Abstract. We consider an initial value problem for a quadratically nonlinear inviscid Burgers-
Hilbert equation that models the motion of vorticity discontinuities. We use a normal form trans-
formation, which is implemented by means of a near-identity coordinate change of the independent
spatial variable, to prove the existence of small, smooth solutions over cubically nonlinear time-scales.
For vorticity discontinuities, this result means that there is a cubically nonlinear time-scale before
the onset of filamentation.
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1. Introduction. We consider the following initial value problem for an inviscid
Burgers-Hilbert equation for u(t, x; €):

ug + euu, = Hu], (1.1)

u(0,x;€) = ug(x).
In (1.1), H is the spatial Hilbert transform, € is a small parameter, and ug is given
smooth initial data.

This Burgers-Hilbert equation is a model equation for nonlinear waves with con-
stant frequency [1], and it provides a formal asymptotic description of the small-
amplitude motion of vorticity discontinuities in two-dimensional inviscid, incompress-
ible fluid flows [1, 8]. In particular, Biello and Hunter [1] show that the weakly
nonlinear behavior of a vorticity discontinuity located at y = eu(t, z; €) over cubically
nonlinear time-scales of the order e~?2 is identical to that of solutions of a Burgers-
Hilbert equation with suitably chosen coefficients, which may be normalized as in
(1.1).

We assume for simplicity that z € R, in which case the Hilbert transform is given
by

Hiul(t,z;¢) = p.v.l / ult,yi€) dy.

0 x—y

We will show that smooth solutions of (1.1) exist for times of the order e~2 as e — 0.

Explicitly, if H*(R) denotes the standard Sobolev space of functions with s weak
L2-derivatives, we prove the following result:

THEOREM 1.1. Suppose that ug € H?(R). There are constants k > 0 and ¢y > 0,
depending only on ||ug|| gz, such that for every e with |e| < €y there exists a solution

ueC(I5H*(R)NC' (I5H" (R))
of (1.1) defined on the time-interval I° = [—k/€® k/€e?].
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2 HUNTER AND IFRIM

The cubically nonlinear O(e2) lifespan of smooth solutions for the Burgers-
Hilbert equation is longer than the quadratically nonlinear O(e~!) lifespan for the
inviscid Burgers equation u; + euu, = 0. The explanation of this enhanced lifespan
is that the quadratically nonlinear term of the order € in (1.1) is nonresonant for
the linearized equation. To see this, note that the solution of the linearized equation

u; = Hu] is given by u = eHuyg, or

u(t, ) = ug(z) cost + ho(z) sint, ho = Hluo],

as may be verified by use of the identity H?> = —I. This solution oscillates with
frequency one between the initial data and its Hilbert transform, and the effect of
the nonlinear forcing term euu, on the linearized equation averages to zero because it
contains no Fourier component in time whose frequency is equal to one. Alternatively,
one can view the averaging of the nonlinearity as a consequence of the fact that the
nonlinear steepening of the profile in one phase of the oscillation is canceled by its
expansion in the other phase.

This phenomenon is illustrated by numerical results from [1], which are repro-
duced in Figure 1.1. The transition from an O(e~!) lifespan for large € to an O(e~2)
lifespan for small € is remarkably rapid: once a singularity fails to form over the first
oscillation in time, a smooth solution typically persists over many oscillations.

2ne

F1G. 1.1. Logarithm of the singularity formation time Ts for the Burgers-Hilbert equation (1.1)
versus the logarithm of 2mwe for fized initial data ug. Numerical solutions are shown by diamonds.
The steeper line is a formal asymptotic prediction from [1] for e < 1, which gives Ts = 2.37€e 2.
The shallower line is the singularity formation time for the inviscid Burgers equation, which gives
Ts = ¢~ 1. (See [1] for further details.)

In the context of the motion of a vorticity discontinuity, numerical solutions of the
incompressible Euler equations for vorticity discontinuities [2, 5] show that the forma-
tion of a singularity in a solution of (1.1) (in which u, becomes infinite) corresponds to
the ‘breaking’ of the discontinuity. After this occurs, the discontinuity folds over and
develops extremely thin, long filaments. Nevertheless, in the closely related problem
of the motion of vortex patches, it has been proved that the discontinuity remains
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smooth globally in time [4]. The result proved here for the Burgers-Hilbert equa-
tion therefore corresponds in the fluid problem to an enhanced O(e~?2) lifespan of a
vorticity discontinuity before nonlinear ‘breaking’ leads to the formation of filaments.

There are three main difficulties in the proof of Theorem 1.1. The first is that the
presence of a quadratically nonlinear term in (1.1) means that straightforward energy
estimates prove the existence of smooth solutions only on time-scales of the order
¢!, Following the idea introduced by Shatah [9] in the context of PDEs, and used
subsequently by other authors, we remove the quadratically nonlinear term of the
order € by a normal form or near-identity transformation, replacing it by a cubically
nonlinear term of the order €2. The second difficulty is that a standard normal form
transformation of the dependent variable, of the type used by Shatah, leads to a loss
of spatial derivatives because we are using a lower-order linear term HJu] to eliminate
a higher-order nonlinear term euu,. The third difficulty is that (1.1) is nondispersive
and solutions of the linearized equation oscillate but do not decay in time. As a result,
we cannot use any kind of dispersive smoothing or decay to compensate for the loss of
spatial derivatives. (See [10], for example, for further discussion of nonlinear dispersive
waves.)

The key idea in this paper that avoids these difficulties is to make a transformation
of the independent variable, rather than the dependent variable. We write

h(t,z;€) = Hlu|(t, z;€) (1.2)
and define
g(t,&€) = h(t,z¢),  z=E—eg(t, &) (1.3)

Then, as we will show, the transformed function g(t, &; €) satisfies an integro-differential
equation of the form

gi(t, & €) = pv.s / glt.&:¢) dé

7T1 e t,&; t,& 4
- ;6235/(5—5)95(1%5; €)¢ (g( ’5’2_? 4 e);e> dg

where ¢(c; €) is a smooth function, given in Lemma 2.1. The term of the order € has
been removed from (1.4), and the equation has good energy estimates that imply the
enhanced lifespan of smooth solutions.

The interpretation of the transformation (1.3) is not entirely clear. On taking the
Hilbert transform of (1.1) we get hy = —u + O(e), so that

xy = —egy = —ehy + O(?) = eu + O(e?).

Thus the transformation £ — z in (1.3) agrees up to the order e with a transformation
from characteristic to spatial coordinates for (1.1). The coordinate £, however, differs
from x even when ¢ = 0, and the use of characteristic coordinates does not appear to
simplify the analysis.

As a partial motivation for (1.3), we show in Section 3 that it agrees to leading
order in € with a standard normal form transformation of the dependent variable that
is given in [1]. We were not able, however, to use the latter normal form transformation
to prove Theorem 1.1 because of the loss of derivatives in the higher-order terms.
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We consider (1.1) on the real line for simplicity. Equation (1.1) is nondispersive
and our proof does not depend on any dispersive decay of the solutions in time,
so a similar result would apply to spatially periodic solutions. Theorem 1.1 is also
presumably true in H*® for any s > 3/2; we consider s = 2 to avoid complications
associated with the use of fractional derivatives. A proof of singularity formation for
(1.1) under certain conditions on ug and € is given in [3].

2. Proof of the Theorem. In this section, we prove Theorem 1.1. It follows
from standard energy arguments (e.g. [7]) that (1.1) has a unique local H2-solution
in a time-interval J¢ depending on the H?-norm of the initial data and e. Moreover,
for any s > 2, the solution remains in H® if the initial data is in H® and depends
continuously on the initial data in C'(J¢; H®). Thus, in order to prove Theorem 1.1 it
is sufficient to prove an a priori H?-bound for smooth solutions u € C°° (I¢; H*(R))
where H*(R) = N2, H*(R). To derive this bound, we first transform the equation
to remove the order e term and then carry out HZ2-estimates on the transformed
equation. The required computations, such as integrations by parts, are justified for
these smooth solutions that decay at infinity.

2.1. Near-identity transformation. Let h denote the Hilbert transform of w,
as in (1.2). Taking the Hilbert transform of (1.1), using the identity

H [u® — h*] = 2hu (2.1)
and the fact that v = —HJ[h], we find that h satisfies the equation
hi + e{H [hh,] — hH [h,] — H[h] h,} = H[h]. (2.2)

We will make the change of variables (1.3) in (2.2), so first we discuss (1.3).

The map § — x is smoothly invertible if |ege| < 1, which holds by Sobolev em-
bedding if ||eg||z2 is sufficiently small. Specifically, we have the Gagliardo-Nirenberg-
Moser inequality

1/4 3/4
lgellne < Ngl3s lgeel3s", (2.3)

v
3

We assume throughout this section that

where we can take, for example,

1/4 3/4 1
Negll 2 legeell 7" < 5 (2.4)
which ensures that
1
legellz~ < 5 (2.5)
By the chain rule,
9¢ gee
hy = ———, hoy = ————=. 2.6
1 —ege (1 — €ge)? (2.6)
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Thus, if (2.5) holds, then

2
R R R R R (1 —ege)

Hence, since H is an isometry on H?,

9\ 5/2 .
lulles = lolze (3) loeeloo < usollze < 2Plgeelin, (20

and H2-estimates for ¢ imply H2-estimates for u.
Conversely, one can use the contraction mapping theorem on the space Cy(R) of
continuous functions that decay to zero at infinity, to show that if hg € C§(R) and

HéhozHLoc <1 (28)
then there exists a function go(-;€) € Co(R) such that
ho (€ = ego(&:€)) = go(&; €).-

The function go is smooth if hg is smooth, and |legoe||r~ < 1/2 if |lehog| L~ < 1/3.
Thus, we can obtain initial data for g from the initial data for h.
From (1.3), we have

1 1—€g; -
hy= 9t H[h]:p.v.f/ B S P
1—ege T Jr L€~ g

where we use the notation
g=gt.&e),  G=gtEe).

Using these expressions, together with (2.6), in (2.2) and simplifying the result, we
find that g(¢,&; €) satisfies the following nonlinear integro-differential equation:

(2.9)

1 / g+elg—29)3: — €(9 — 9)9¢0¢ &
™ Jr '

gt =DpV.— = .
§—&—elg—9)
We define

xzf—eg(t,f;e), Zi':é-—ﬁg(t,f;ﬁ),
as in (1.3), and rewrite the denominator in (2.9) as
~ N
1 1 1 — — 1
~ B ;"2+e2(9 ?) —.(2.10)
§—&—elg—g) +—T £-¢ (£-8) §-¢) v—2

This identity is exact and involves no approximation in e. Using (2.10), we may
express the integrand in (2.9), after some rearrangement, as

g+elg—29)9: — (9 —9)9¢9: D {@(g—é)]
— ~_ - = _ = € 5 _ =
§—&§—e(g—9) §—¢ §-¢

() () + (2Dl )

~\ 2 ~ ~\ 2 ~
() o] () (e
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The term of the order € is an exact &-derivative, which integrates out for g € H *(R),
and the equation for g becomes

gt‘jrp'v/siéd“w /{(Z—Z’>2<£m>+<g 5) 5{5 £ gg]}dg
SN I

Using (2.10), we may write this equation as

e b [ () {(2) [t o] it o] o

where

<

. _ 1 g(ta 57 6) nt

denotes the Hilbert transform of ¢ with respect to £&. The integral of the order €2
in (2.11) is not a principal value integral since the integrand is a smooth function of
(£,

Finally, we observe that this equation can be put in the form (1.4).

LEMMA 2.1. An equivalent form of equation (2.11) is given by

%zHM—lé&A@—@%¢Q‘N

- : ) de, (2.12)

where

o(c;e) = 7;2 {log (1 — ec) +ec}. (2.13)

Proof. First, we check that (2.12) is well-defined. Abusing notation slightly, we
write

(2.14)

From (2.13),

Cc

pe(cie) = (2.15)

1—ec’

so |¢(c;€)| < ¢® when |ec| < 1/2, which is implied by (2.5). In that case

(5 €)d¢ ‘ /(g ggg‘df

We use |g — g| < 2||g||lr~ in the right hand side of this inequality and apply the
Cauchy-Schwartz inequality to get

R(& — &gz b (cie) dé‘ < 2[|gllze< llgellL> llell > (2.16)
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ndu2=[A;(§:§)2d4

denotes the L2-norm of ¢ with respect to &, which is a function of £&. Temporarily
suppressing the (¢; €)-variables and denoting the derivative of g with respect to £ by
g'(§) = ge(€), we have from the Taylor integral formula that

1
e= [ g (c+rE-0) an
0
and the Cauchy-Schwartz inequality implies that

|w;@:/é£

where
1/2

R
::014144(5+“5—8)d(6+dé—@)d&nw
<[ (Lo (eorema)a) ™ (o (era-) i) "o
< ([ [ g ([ o@ac)
<a( [a0d).

N 1/2
sup ([ d€) < 2lgel (217)

£ER

Thus,

Using this estimate in (2.16), we get

sup
£eR

t@@@%¢mdd4§MMMde§~

Thus, the &-integral in (2.12) converges when g € H'(R) and is, in fact, a uniformly
bounded function of &.

To verify that (2.12) agrees with (2.11), we take the £-derivative under the integral
in (2.12), use (2.15) which implies that

N_9—9
¢C (67 6) - T — ,i’
and integrate by parts in the result. This gives
Ly 9=9\ [~ N :
o=l + 2 [ (222 [ace (€ - D] o (2.18)
Using the equations
c— gz _
c; = e = % (2.19)
£-¢ £-¢

in (2.18) and comparing the result with (2.11) proves the lemma. O
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2.2. Energy Estimates. Multiplying (2.12) by g, integrating the result with
respect to &, and integrating by parts with respect to £, we find that the right-hand
side vanishes by skew-symmetry in (£, ) so that

d
Cgl. =0 2.2

The conservation of ||g||z2 is consistent with the conservation of ||u||z2, which follows
from (1.1). Hence, from (2.7), we have

gl = llgollz> = [luol|L>-

We also expect to be able to obtain an estimate for ||ge¢|/r2 since we can estimate
[ttzz || r2 from (1.1), and we show explicitly that this is the case.

Differentiating (2.12) twice with respect to &, multiplying the result by gee, inte-
grating with respect to &, and integrating by parts with respect to &, we get

d 2
%/Rggédfz =1 (2.21)
where
T [ aeect? [(€ = Dieotes )] dedé. (222)

The following lemma estimates I in terms of the H?-norm of g.
LEMMA 2.2. Suppose that I is given by (2.22) where ¢ is defined in (2.13), and
c is defined in (2.14). There exists a numerical constant A > 0 such that

1] < Allgell 2 llgeell? (2.23)

whenever g € H*(R) satisfies (2.4).
Proof. We first convert the &-derivative in the expression (2.22) for I to a &-
derivative. Let

'(c;€) = ¢(c;€),

where a prime on ® and related functions denotes a derivative with respect to c. It
follows from (2.19) that

(6= 8gztl(cie) = (€ = &) [e = (€~ Eeg| (s )
= (= cdlcie) — (€ = )*Dg(cse).

We use this equation in (2.22) and integrate by parts with respect to é in the term
involving ®. Since g is independent of £, this gives

I= /n@ 9eee Oz [(5 — ¥ (c; 6)] d¢dé (2.24)

where

U(c;e) = ch(c; €) — 2P(c; ).
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Expanding the derivatives with respect to £ in (2.24), we have

I = /]R2 Geee {(f - [V (c; €)cee + 0" (c; e)ca + 29/ (c; e)cs} dede.
Using (2.14) to express cge in terms of gee, we get

—2
cee = LETZCE (2.25)

§—¢
It follows that

I =/ geee {gsg\lf’(c; )+ (- V(¢ 6)03} dedé
R2

1 9 ~ )
= /2 {255 (9ee)”™ W'(es€) + geee (€ — )P (5 e)cg] dedz.
R
Suppressing the argument of the function ¥, and integrating by parts with respect

to £ in the result to remove the third-order derivative of g, we find that I can be
expressed as

I= _/ {;‘I’"nggg + gee [‘I’”CE +(E—- 6T +2(¢ - é)\IJNC€C§§:| } dede.
R2

Using (2.25) in this equation to replace cee by gee, we get
)
I=—2h+3L—1Iy
where
I :/ U (c; €)cegie dede,
R2
b= [ (e dsdé (2.26)
R2
h= [ (€= 9" e e e

The functions ¥”, ¥ are given explicitly by

1+ec
(1 —ec)®’

c
(1 —ec)?’

In particular, if |ec| < 1/2, which is the case if g satisfies (2.4), then

U (c;€) = V" (c;e) =

[ (c5€)] < 4c], U (c; )| < 12. (2.27)

We will estimate the terms in (2.26) separately.
FEstimating I, : Using (2.27) in (2.26), we get that

|| < 4/2 |ccegie| dédg
R

<tp| ket ] (o) 22
<aup ()" ([ )] (f ).
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By a similar argument to the proof of (2.17), using Taylor’s theorem with integral
remainder and the Cauchy-Schwartz inequality, we have from (2.14) and (2.19) that

/cgdf / [9 9— (= f)gﬂ dé
/ / / (1 =) (€+7‘(£ 6)) ! (§+s(é—§)) dédrds
<[ [a-na-y
</ g” (e+7(E ) d§>1/2 (/Rg”2 (¢+s-9) d£>1/2 drds
< (/ / 1—8) drd8> </Rg§§(§) dg)

< 3”955”1;2'

Thus,

1/2
~ 4
s ([ @€)< Glocelen (229)

£ER

Using (2.17) and (2.29) in (2.28), we get that

11] < Asllgell 2 llgeelz,

where A; = 32/3 is a numerical constant.
FEstimating Iz: Using (2.27) and (2.29) in (2.26), we get that

I| < 4/2 |ccZgee| déd€
R

< 4/ <§up|0|> (/ c df) |gee| d§ (2.30)
R \gecR R
64
< §||955||%2/ <§HPIC|> |geel d&.
R £ER

Suppressing the (t; €)-variables, we observe from (2.14) that

sup |¢| = sup g—g:l‘
éeRr éerl1§—¢
1 3
= sup ~[ g (2)dz
éer |§— & Jé
< g£(8),

where

GE(€) = sup —— ‘/ 16'()|dz

éer 1§ —
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is the maximal function of ¢’ = g¢, defined using intervals whose left or right endpoint

is &.
Using this inequality and the Cauchy-Schwartz inequality in (2.30), we find that

64 .
12| < §||95||L2||9£5||%2-

The maximal operator is bounded on L?, so there exists a numerical constant M such
that

19¢ 2 < M|ge| 2 (2.31)

For example, from [6], we can take
M=1+V2
It follows that

L] < Aallgellzellgeell

where Ay = 64M /9.
FEstimating I3: Using (2.19) in (2.26), we we can rewrite I3 as

I3 :/ v (¢ e)ggg(c—gg)cz dede.
RQ

Splitting this integral into two terms, we get I3 = I} — I} where

I = /R2 U (¢; €)ccggee dede, I = /]Rz " (c; €)c2ge gee dede.

Using (2.27), we have

Bl [ locdoeclasad, 151 <12 [ Icdgesee] ded.
We estimate I} in exactly the same way as I, which gives

|I5] < A%llgell L2 llgeell?»

where A} = 64M /3. We estimate IY in a similar way to I as

15| < 12sup [/ ct dé} (/ |9§9££d§>7
£eR R R

which by use of (2.29) and the Cauchy-Schwartz inequality gives

151 < AflIgellzllgee -

where AY = 64/3.
Combining these estimates, we get (2.23) with

A=48+ ?M (2.32)
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where M is the maximal-function constant in (2.31). O
Using (2.23) in (2.21), we find that

d 1
Zllgeellz < o-e*Allgell 2 llgee 72

T 27
Since ||gel|32 < |lgllr2]|geell 22 and ||g||r2 = ||gol| 12 is conserved, we get
d 1 1/2 5/2
Zlgeellze < o Allgol 1 lgee 7 (233)

provided that (2.4) holds. It follows from (2.33) and Gronwall’s inequality that if
le] < €0, where € is sufficiently small, then ||gee|/z2 remains finite and (2.4) holds in
some time-interval 0 < t < k/e2, where the constants e,k > 0 may be chosen to
depend only on |lug||%. The same estimates hold backward in time, so this completes
the proof of Theorem 1.1.

By solving the differential inequality (2.33) subject to the constraint (2.4), we can
obtain explicit expressions for ¢y and k. Let

1/4 3/4
Eo = |lgoll 2" lgoee|75",

which is comparable to ||ug||g2 from (2.7). Then we find that Theorem 1.1 holds with

1 1 21 1
€En = -, = — —F
" 92N E, 3A E2

where N is the constant in (2.3) and A is the constant in (2.32).

3. Normal form transformation. In this section, we relate the near-identity
transformation of the independent variables used above to a standard normal form
transformation of the dependent variables of the form [9]

v =1u+ B(u,u)

where B is a bilinear form.
We consider the normal form transformation u — v given in [1]:

1
v=u-+ §e|8x|(h2), h = Hlu). (3.1)
Here, 0, denotes the derivative with respect to z and |9,,| = HJ,. Differentiating (3.1)
with respect to ¢, using (1.1) to eliminate u;, and simplifying the result by means of

the Hilbert transform identity (2.1), we find that this transformation removes the
nonresonant term of the order e from the equation and gives

1
v + §€2|3m| [h\8m|(u2)] = HJv]. (3.2)
The bilinear form in (3.1)
1 2
B(u,u) = 56\3z|(h )
is not bounded on H?, but one can show that the normal form transformation (3.1)

is invertible on a bounded set in H? when ¢ is sufficiently small. We omit the proof,
since this invertibility does not appear to be useful here.
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The main difficulty with the standard normal form transformation (3.1) is that we
cannot obtain good H2-estimates for v from the transformed equation (3.2). Equation
(3.2) contains second-order derivatives, rather than first-order derivatives as in (1.1),
and there is a loss of derivatives. Even knowing that we can estimate the H®-norm
of u in terms of the H*-norm of v, we need to use the H3-norm of v to estimate
the time-derivative of the H?-norm of v. Moreover, the use of the original Burgers-
Hilbert equation (1.1) to estimate the growth of higher-derivative norms of u, and
therefore v, in terms of the H?-norm of u appears to lead only to a logarithmic
improvement in the life-span of smooth solutions over the O(e~1) life-span that follows
from straightforward energy estimates.

The appearance of additional derivatives in the transformed equation is a con-
sequence of using a zeroth-order linear term H[u| to remove a first-order quadratic
term euu,. In fact, for every power of eu that one gains through a normal form
transformation of the dependent variable, one introduces an additional derivative.

By contrast, higher-order linear terms lead to normal form transformations that
are easier to analyze. For example, consider the KdV equation

Ut + €EUUL = Uz -

Then, assuming we can ignore difficulties associated with low wavenumbers (e.g. by
considering spatially periodic solutions with zero mean), we find that the normal form
transformation

v:u—ée((?;luf

leads to the equation

vy — éezqu (5‘;1u) = Vpzz-
In this case, the normal form transformation is bounded and it smooths the nonlinear
term.

To explain the connection between the normal form transformation (3.1) and
the near-identity transformation (1.3), we reformulate (3.1) as a backward-Euler ap-
proximation of an evolution equation in e. Writing ¢ = H[v] and taking the Hilbert
transform of (3.1), we get the ODE

g =h— chh,. (3.3)

We regard g(t,z) as a given function and use (3.3) to determine the corresponding
function h. We may write (3.3) as

h—g

€

— hh; =0,
which agrees up to the order e with an evolution equation in e for h(t, x;¢€):

he — hhy =0, h(t,z;0) = g(t,x). (3.4)
By the method of characteristics, the solution of (3.4) is

h(t,z;€) = g(t,£), r=¢—eg(t,§),
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which is the transformation (1.3). Since (1.3) agrees to the order e with a normal
form transformation that removes the order € term from (1.1), this transformation
must do so also, as we verified explicitly in Section 2.

It is rather remarkable that the normal form transformation (3.1) can be imple-

mented by making a change of spatial coordinate in the equation for h, but we do
not have a good explanation for why this should be possible. The idea of replacing
an unbounded normal form transformation, such as (3.1), by a bounded normal form
flow, such as (3.4), may also be useful in other problems.
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