]. Differential Equations 254 (2013) 961-982

Contents lists available at SciVerse ScienceDirect

Journal of Differential Equations PR

www.elsevier.com/locate/jde

On the Cauchy problem for the modified Novikov equation
with peakon solutions

Yongsheng Mi®P-* Chunlai Mu?

2 College of Mathematics and Statistics, Chongqing University, Chongqing 401331, PR China
b College of Mathematics and Computer Sciences, Yangtze Normal University, Fuling 408100, Chongging, PR China

ARTICLE INFO ABSTRACT
Article history: A new nonlinear dispersive partial differential equation with cubic
Received 28 April 2012 nonlinearity, which includes the famous Novikov equation as

Revised 25 September 2012

. ¢ special case, is investigated. We first establish the local well-
Available online 25 October 2012

posedness in a range of the Besov spaces B;,r, p,r € [1,00],

MSC: s> max{3,1+ %} but s # 2 + % (which generalize the Sobolev

35B30 spaces H*), well-posedness in H® with s > 3, is also established

;gf\?g by applying I(a_to’s semigroup _theory. Then_ we give the precise

35Q53 blow-up scenario. Moreover, with analytic initial data, we show
that its solutions are analytic in both variables, globally in space

Keywords: and locally in time. Finally, we prove that peakon solutions to the

Analytic solutions equation are global weak solutions.

Besov space © 2012 Elsevier Inc. All rights reserved.

Local well-posedness

Blow-up

1. Introduction

In this paper, we are concerned with the following Cauchy problem of the modified Novikov equa-
tion with peakon solutions
U — Upxx + (b + Duluy = butixliyg + Uy, X€R, t >0, (11)
u(x,0) =up(x), xeR, )

where b is real parameter. By comparison with the Novikov equation (b = 3), it is easy to find that
(1.1) is more general.
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By comparison with the b-equation
Ur — Ugxx + (b + Duuy = buxtixx + ik, X€R, £ >0, (1.2)
u(x, 0) =uo(x), xeR, :

it is easy to see that (1.1) has nonlinear terms that are cubic, rather than quadratic of b-equation. The
b-equation can be derived as the family of asymptotically equivalent shallow water wave equations
that emerges at quadratic order accuracy for any b # —1 by an appropriate Kodama transformation, cf.
[26,27]. For the case b = —1, the corresponding Kodama transformation is singular and the asymptotic
ordering is violated [26,27]. The solutions of the b-equation were studied numerically for various val-
ues of b in [44,45], where b was taken as a bifurcation parameter. The symmetry conditions necessary
for integrability of the b-equation were investigated in [50]. The KdV equation, the Camassa-Holm
equation and the Degasperis-Procesi equation are the only three integrable equations, which were
shown in [23,24] by using Painlevé analysis. The b-equation admits peakon solutions for any b € R, cf.
[23,44,45]. In [28], Escher and Yin established the local well-posedness for the b-equation, gave blow-
up scenario; they also proved the uniqueness and existence of global weak solution to the equation
provided the initial data satisfy certain sign conditions. Gui et al. showed that the blow-up phe-
nomena occur in finite time for certain initial profiles and obtained a global existence result for the
b-equation [33].
For b =2, Eq. (1.2) becomes the Camassa-Holm equation

{ut—utxx+3uu,(=2uxuxx+uuxxx, xeR, t>0, (13)
u(x,0) =upx), xeR, ’

modeling the unidirectional propagation of shallow water waves over a flat bottom, u(t, x) stands for
the fluid velocity at time t in the spatial direction x. It is a well-known integrable equation describ-
ing the velocity dynamics of shallow water waves. This equation spontaneously exhibits emergence
of singular solutions from smooth initial conditions. It has a bi-Hamilton structure [29] and is com-
pletely integrable [5,6]. In particular, it possesses an infinity of conservation laws and is solvable by
its corresponding inverse scattering transform. After the birth of the Camassa-Holm equation, many
works have been carried out to probe its dynamic properties. Such as, Eq. (1.3) has traveling wave
solutions of the form ce~*~¢!l, called peakons, which describes an essential feature of the traveling
waves of largest amplitude (see [7,12,19,13]). It is shown in [17,8,14] that the inverse spectral or scat-
tering approach is a powerful tool to handle the Camassa-Holm equation and analyze its dynamics.
It is worthwhile to mention that Eq. (1.3) gives rise to geodesic flow of a certain invariant metric
on the Bott-Virasoro group [15,51], and this geometric illustration leads to a proof that the Least
Action Principle holds. It is shown in [10] that the blow-up occurs in the form of breaking waves,
namely, the solution remains bounded but its slope becomes unbounded in finite time. Moreover, the
Camassa-Holm equation has global conservative solutions [3,42] and dissipative solutions [4,43]. For
other methods to handle the problems relating to various dynamic properties of the Camassa-Holm
equation and other shallow water equations, the reader is referred to [2,20,16,9,35,30,36-41,11,10,18]
and the references therein.
For b =3, Eq. (1.1) becomes the Novikov equation

Up — Upxx + AU Uy = SUllxliyy + UslUgx, XER, t >0, (14)
u(x, 0) =ug(x), xeR, '

which has been recently discovered by Vladimir Novikov in a symmetry classification of nonlocal
PDEs with quadratic or cubic nonlinearity [53]. The perturbative symmetry approach yields necessary
conditions for a PDE to admit infinitely many symmetries. Using this approach, Novikov was able
to isolate Eq. (1.4) and find its first few symmetries, and he subsequently found a scalar Lax pair
for it, then proved that the equation is integrable, which can be thought as a generalization of the
Camassa-Holm equation. In [55], it is shown that the Novikov equation admits peakon solutions like
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the Camassa-Holm. Also, it has a Lax pair in matrix form and a bi-Hamiltonian structure. Further-
more, it has infinitely many conserved quantities. Like Camassa-Holm, the most important quantity
conserved by a solution u to Novikov equation is its H!-norm ||u||i11 = fR u? + u)2<), which plays an
important role in the study of Eq. (1.4). In [34,52,59,60,62], the authors study well-posedness and
dependence on initial data for the Cauchy problem for Novikov equation. Recently, in [47], a global
existence result and conditions on the initial data were considered. Existence and uniqueness of global
weak solution to Novikov equation with initial data under some conditions were proved in [61]. The
Novikov equation with dissipative term was considered in [63]. Multipeakon solutions were studied
in [55,46,31]. The Cauchy problem of the Novikov equation on the circle was investigated in [58].

Motivated by the references cited above, the goal of the present paper is to establish qualitative
results for the initial value problem (1.1). We first study the local well-posedness for the strong solu-
tions to the Cauchy problem (1.1). The proof of the local well-posedness is inspired by the argument
of approximate solutions by Danchin [22] in the study of the local well-posedness to the Camassa—
Holm equation. However, one problematic issue is that we here deal with a higher order nonlinearity
in the Besov spaces, making the proof of several required nonlinear estimates somewhat delicate.
These difficulties are nevertheless overcome by carefully estimates for each iterative approximation of
solutions to (1.1). With the local well-posedness obtained in hand, we then present a precise blow-
up scenario and a conservative property. We also prove the analyticity of its solutions u = u(t, x) in
both variables, with x in R and t in an interval around zero, provided that the initial profile ug is an
analytic function on the real line. Hence, this analytic result can be viewed as a Cauchy-Kowalevski
theorem for (1.1). Finally, we prove that peakon solutions to Eq. (1.1) are global weak solutions.

The rest of this paper is organized as follows. In Section 2, we prove the local well-posedness of

the initial value problem (1.1) in the Besov space Bj, ., p.r € [1,00], s > max{3, 1+ %} but s #£2 + %.

In Section 3, local well-posedness is established in H® for s > % In Section 4, blow-up scenario and
global existence result of (1.1) are derived. Section 5 is devoted to the study of the analyticity of the
Cauchy problem (1.1) based on a contraction type argument in a suitably chosen scale of the Banach
spaces. Finally, we prove that peakon solutions to Eq. (1.1) are global weak solutions.

2. Local well-posedness in the Besov spaces

In this section, we shall establish local well-posedness for the Cauchy problem (1.1) in the Besov
spaces.

Note that if p(x) = eI, we have (1 —92)"1f = p« f for all the f € L?, and p * (u — uyw) =,
where we denote by * the convolution. Then we can rewrite the Cauchy problem (1.1) as follows:

{ U + u?uy + p x (bu?uy + (6 — b)uuxux +2u3) =0, xeR, t>0, 1)

u(x,0) =uog(x), xeR,

or in the equivalent form

2 3
ux,0) =uox), xeR.

_ 6—b b b—-2
ue + uuy = —(1-92) 1(ax< uu? + —u3> + Tui) xeR, t>0,

Now we are in the position to state local well-posedness result for the Cauchy problem (1.1), the
definition of Besov-Sobolev spaces B$ E;’r(T) and S’ is given in [22,21].

pr
Theorem 2.1. Let p,r € [1,00] and s > max{%, 1+ %} buts+#2+ %. Assume that ug € B;’r. There exist a
time T > 0 and a unique solutionu € Ez’r(T) to Eq. (2.1) such that the map ug +— u : B;,’r — C([0, T1; Bg,r) n
cl(o, T; Bg;l) is continuous for every s’ < swhenr =oo and s’ =s whenr < oo.
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In the following, we denote C > 0 a generic constant only depending on p,r,s, b, which may be
different on different lines. Uniqueness and continuity with respect to the initial data are an immedi-
ate consequence of the following result.

Proposition 2.1. Assume that p,r € [1,00] and s > max{3, 1 + %} buts#2+ % Letu € L°([0, T]; B3, ) N

C([0, T]; 8’) be two given solutions to Eq. (2.1) with the initial data ug € B;’r. Then for every t € [0, T), we
have

t
Ju@® = v© [ g1 < lluo = voll gy exp{c/(||u(r)||§§_r + v l3,) dt}. (22)
0

Proof. We firstly consider the case s #2+ %. Let w =u — v. It is obvious that w solves the transport
equation

we+wlwy=—vyu+v)w+ f+g, xeR, t>0, 2.3)
u(x, 0) =ug(x), xeR, )

where

uu+ v)xwy + 2

f:—ax(]—af)[ V§W+g(u2+uv+v2)w:|,

- -1
g=——(1=9%) [(ux+uwva+vi)wal.
Whens—1<1+ %, applying Lemma 2.2 in [32] to (2.3) leads to
Clolaxv?@)l 1 do L ocffjg?@hl 1 dr

p P
”W(t) “ gl S ||W0||B;—rle B -NL® —|—/€ Bp.rOL>®
p.r s

0
Bi,f,.] + 1 f1 ”Bi)*r1 + ”fz”BfJTr])dT- (24)

x (|lux(u+v)w

From (24), if s—1 <1+ %, by using B} ! < L with s — 1> %, we have

¢
C MV gs  dr’ C v ps dT’
[w®)] g1 < llwollgs-1e o Bt + | e ke Bp.r
p.r p.r

0
x (Jux + V)W gt + 1 fill gt + 11 f2llgs-r) . (25)

Whens—1>1+ %, applying Lemma 2.2 in [32] to (2.3) leads to

t
C fo 1V (@)l s—p dT’ C [NV (@) 52 dT’
[WO | per < IWoll 16 Y
p.r p.r

0
% (Jux + V)W gt + 1 fill gt + 11 f2llgser) . (26)
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From (2.6), if s — 1 >1+ 1 by using By, Jes [ withs — 1> F we have

t
Clo V> @y, dv’ C LIV @l dr
[ W) gor < ol re 55,097 [ Ok b,
p.r p.r

0

x (JuxC+ V)W | gt + 11l + [ fall o) dT. 2.7)

By using the definition of the Besov spaces B3
max{1 + } which leads to the fact that BS

pr S~2 multiplier property of —(1 — 82)~! and s >

b . is an algebra, we have

|8ev?() | gya < C <Clvig, - (2.8)
[+ Vyuw | ot < Cllu Vil gt gt [ Wl

2 2
C(Ilull,gsp_r + llullps  Iviigs, + IIVIIB;J)IIWIIB;T;

2 2
C(lullgs + IVIGs JWliger. (2.9)
When max{1+ %, 3 <s< by using the S~2 multiplier property of —(1—92)~", B ? < BS 2,
Proposition 2.2 in [32], the fact that B; 1 is an algebra with s > max{1 + E’ 7} and the deﬁmtlon of
the Besov spaces B3, ., we have

b 6-b, b, , ,
u(u+v)xwx+—vxw+§(u +uv+v)w

6 —
1 <
£l CH -

By
< Cllu+ v gy 1 Wxllps-2 + Clvi “Bf;rl Iwllgs-2 + Cll(u® +uv +v?) ”B;T,l Wil gs-2

C(flum + v

gt + VI, + [u® +uv + v

prfrl ) ” w ”B;:}
2 2
C(Iul , + Il 1Vilsy, + VI )Iwilge

C(llullgy, + VI ) IWlgs (2:10)
and

2 2
”g”BSP*'] g C” (ux + UxVx + VX)WX || B;}Z
< Cllu2 + uxv + V2| g Wil gs2
X X xVx X B;_ﬂ X Bz.r
2 2
C(IIMIIB;J + lullps NIviigs, + IIVIIB;J)IIWIIB;Q

<C(luligy, +1vIgs Wl (2:11)

When s > 2 + -, by using BS 2 B; 3, the fact that BS 2 is an algebra and the definition of the
1

Besov spaces B; 1 as well as B; ;= By > By, we also can obtain the estimate of (2.10) and
(2.11). Inserting (2.8)-(2.11) into (2.5) or (2 7) and applying Gronwall’s inequality yields (2.2). O
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Now let us start the proof of Theorem 2.1, which is motivated by the proof of local existence
theorem about the Camassa-Holm equation in [21]. Firstly, we shall use the classical Friedrichs regu-
larization method to construct the approximate solutions to the Cauchy problem (2.1).

Lemma 2.1. Assume that u® = 0. Let 1 < p,r < 400, s > max{3,1+ %} but s #2 + % and ug € B ,.

Then there exists a sequence of smooth functions {u"},ey € C(R™; Bg‘?r) solving the following linear transport
equation by induction:

2 -1 6-b 2 b, 3 b—2 .3
o+ (uM) 0,)u" ! = —(1— 92 9 (™ + =) )+ —= (")),
u" M (x,0) = upt! (x) = Snt1uo.
Moreover, there is a maximal existence time T > 0 such that the solutions u" satisfy the following conditions:

(i) {u™}nen is uniformly bounded in E3, ,(T).
(if) {u™}nen is a Cauchy sequence in C([0, T); B }').

Proof. Since all data Spi1uo € BY7,, Theorem 3.3.1 in [22] enables us to show by induction that for all
ne N, Eq. (2.1) has a global solution which belongs to C(R™; Bgf’,). Since B;’r is an algebra with s >
max{1 + %, 3}, when max{1+ %, 31<s<2+ %, by using the S~ multiplier property of (1 —82)~,
the definition of the Besov spaces Bz’r, Lemma 2.2 in [32] and the fact that Bi,,_rl with s > max{1 +
%, 3} is an algebra, we have

=) (ST + 5 6) + 252 an))

2 3 3
<l + () gy s+ ),

<l - (213)

When s > 2 + %, by using the fact that Bf,frl is an algebra and the standard algebra properties of the

Besov spaces used in the previous paragraphs, we also can obtain the estimate of (2.13).
For s > max{3,1+ %} but s #£2+ %, by virtue of Lemma 2.2 in [32], we deduce

—C [y 18 @M2(D)Il 51 d7
e By r ” @+ ®) H 5,

t

=C Jo 10x@™?2(x))llgs dt’ 3
<IISustiollpg, +C / e Ch 5t o, dr. (214)
0
Hence, we get
C fo lox@™y™ (|| sy dT’
Ju™ V@) | o1 <e "r ol g
p.r p,r
: C [1 10x@M?(T) ]| js—1 dT 3
v S—
+C[e i For o ut ()5 dr. (215)
p.r

0
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Let us choose a T > 0 such that 4C||u0||f;s < 1, and suppose by induction that for all t € [0, T],
p.r

luollps,,
[u®®)] 5 < B, (2.16)
P (1—4C|uollgs )2
p.r
Indeed, since B; rl is an algebra, one obtains from (2.16) that
3 dr’ 2 dt'
|| ™ (t') 5.0 do Hu (¥) |55, dr
o luolls
“c / ol
1—4Cllugllys ¢t
T b.r
—11n(l—4C||u 1% r)—lln(l —4C]|uoll3s ) (217)
T4 0By, ") T g 0ls3,")- '
And then inserting the above inequalities (2.16), (2.17) into (2.15) leads to
luollgs, c
”u(n—H)(t)HB%r < P,Z 5 + . -
T —4C||uo||3§”t)4 ¢ —4C||uo||3;rt)4
; 1 o3,
x/(l —4C||u0||§5rt)4 P - dt
) (= ACuolify )2
t 2
luollps, lluolls |
< P 3 l—i—C/ L = dt
(1-4Clluolf, 03 J (1= 4Cluolf O
luollgs,
— ; . (2.18)

(1—4Clluol3; ©)2
Thus {u™}cy is uniformly bounded in C([0, T1; B;_r). In view of Lemmas 2.1 and 2.3 in [32], we have
)00y < CJu® [, o Vi s < Cu® [, [u™Dug] . . (219)

Combining (2.19) and (2.13) with Eq. (2.1) we deduce that 3u®™+V e C([0, T]; B ) is uniformly
bounded. Thus we get (i).
Next we show (ii). By Eq. (2.1), for all m,n € N, we obtain

3 + (u("+m))28x(u(”+m+1) — M) = _((u<n+m>)2 — (u<n>)2)u§n+1) +f, (2.20)

where
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/ -1[6-b m+n m+n n n b m+n n
=1 =) [ CFR W @ - @) 5 (@) - w)) |
b-2

P22 )~ )]

Similar to the proof of Proposition 2.1, s > max{3, 1+ %} but s #£2 + %, noting that

(n4+m+1) (n+1)

|ug —ug gy = ISnemeatio = Snsatiollgy,
m-+n
Y Awug| < C27"|uollps, . (2.21)
k=n+1 Bsp,r

we obtain

” (u(n+m+1) _ u(n+1))(t) ”Bsp’rl

NS p.r

t
C [Eumtm (o2, dr —C [ u®+m ()2, dr
<e fO BY , Hu(()n+m+1)_u(()n+l)”354 +/€ BS,

0

2 2 2
xNW“%%HM%%+MWW%NMWWWWWW%)M

t

< C(z—n +/|| (™™ — D) ()| B! dr). (2.22)

0

As |u™ ||B; . and C are bounded independently of m, n, there exists constant C; independent of m, n
such that

[ (u™mHD —u D)6 “LO@([o,T);B%TJ) <62

Thus {u™},en is a Cauchy sequence in C([0, T]; B ) This completes the proof of Lemma 2.1. O

Proof of Theorem 2.1. Thanks to Lemma 2.1, we obtain that {u™},cy is a Cauchy sequence in
c(o,T]; B; 1) so it converges to some function u € C([0, T]; C([0, T]; BS l)) We now have to check
that u belongs to E;, +(T) and solves the Cauchy problem (2.1). Since {u"}neN is uniformly bounded
in L°°([0, T]; C([0, T]; Bp ) according to Lemma 2.1, the Fatou property for Besov spaces guarantees
that u also belongs to L*°([0, T]; C([O, T]; BS p.r)-

On the other hand, as {u™},cn converges to u in C([0, T; B ) Proposition 2.1 combined with an
obvious interpolation argument ensures that the convergence holds in C([0, TY; Bp’r), for any s’ <s. It
is then easy to pass to the limit in Eq. (2.1) and to conclude that u is indeed a solution to the Cauchy
problem (2.1). Thanks to the fact that u belongs to L°°([0, T]; C([0, T]; B;_,r)), the right-hand side of
the equation

ue + u?uy = P(D)(bu?uy + (6 — b)uuxuuy + 2u3)

belongs to L*°([0, T]; C([0, T]; B )) In particular, for the case r < oo, Theorem 3.3.1 in [22] enables
us to conclude that u € C([0, T], B;,,l) for any s’ < s. Finally, using the equation again, we see that
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oru e C([0, T]; Bg,r) if r < 00, and in L*°([0, T]; C([0, T]; B;;r])) otherwise. Moreover, a standard use of
a sequence of viscosity approximate solutions (ug). > 0 for the Cauchy problem (2.1) which converges
uniformly in C([0, T]; B}, ;) N cl(o, T1; B;jrl ) gives the continuity of the solution u in E}, .. O

3. Local well-posedness in H® with s > 3

In this section, by applying Kato’s semigroup theory [49], we can obtain the local well-posedness
in Sobolev spaces H® with s > %

Theorem 3.1. Given u(x, 0) = ug € H(R), s > % then there exist amaximal T = T (Jlug||s) > 0 and a unique
solution u to Eq. (2.1) such that

u(-, up) € C([0, T); HS(R)) N C' ([0, T); H*1(R)).

Moreover, the solution depends continuously on the initial data, i.e. the mapping up — u(-,up): H® —
C([0, T]; HS(R)) N C1([0, T]; HS~1(R)) is continuous.

Remark 3.1. When p =r = 2, the Besov space B;’r(R) coincides with the Sobolev space H*(R), so
Theorem 2.1 implies Theorem 3.1. But we still want to give a proof for Theorem 3.1 by a theorem due
to Kato [49], since the estimates themselves are very interesting.

Set A(u) = u?dx, f(u) = —G * (buuy + (6 — b)u™uyuy +2u3), Y =H*, X=H"'and Q =A =
1- 3,%)%. Obviously, Q is an isomorphism of H® onto HS~!. In order to prove Theorem 3.1 by apply-

ing Kato’s theorem [49], we only need to verify A(u) and f(u) which satisfy the conditions of Kato’s
theorem.

Lemma 3.1. The operator A(u) = u?d, withu € H, s > 3, belongs to G(L%, 1, B).
Lemma 3.2. The operator A(u) = u?3dx withu € H, s > 3, belongs to G(H*~1, 1, B).
Lemma 3.3. Let the operator A(u) = u2dx withu € HS, s > % The operator A(u) € L(H®, H~1). Moreover,
(A —A@)w|, , <milly —zls-1llwlls,  y.z.w € H°.
Lemma 3.4. The operator B(u) = [A, u?]3, A~ € L(H*™") for u € H with s > 3. Moreover,
1B —B@)w|,_, <pally —zlslwls—1, y,zeH, weH".
Proofs of the above Lemmas 3.1-3.4 can be found in [52].

Lemma 3.5. Let f(u) = —(1 — 32) 71 (3(.2uu? + bu?) + 252ud), then f(u) is bounded on bounded sets
in H®, and satisfies

|f» - f@|,<msly—zls. y.zeH,

[f» = f@|,_ <maly —zls-1, y.zeH.

Proof. Let y,ze H"!, s > % Since H® is a Banach algebra, it follows that
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1/6—Db b 6—b b
1w - f@], < H (1 - 22)” (Ty Py _3)
- (B0 -2)
2 S
|5 b| b| |b—2]|
< —22|!s1+ |v* =2, + lvi-=zl,, BD

2
In view of Lemma 2.4 in [65], u — g(u) — g(0) is a C*°-map from H*~! to H*~!, where g(u) =u or

g(u) =u?. From the mean value theorem [25], we infer that there is some M > 0, depending only on
max{||ylls, llzlls}, such that

lew) —g@ |, ; <Mly —zls-1.

Hence

—b
1550~ F@1, < 252 = 292,y + 1203 - 2),) + My -1
SOy = zlls—1 +clly — zlls + CMly — z|is
Clly — zlls-

Taking z=0 in the above inequality, we obtain that f is bounded on bounded set in H®.
Next, let y,ze€ H®, s > % Since H*~! is a Banach algebra, we have

-1(16—b] |b| 6—b Ib|
T R e s |
o (2-a)
2 s—1
|6 b

’|

N

|b| -2
lyy2 =22, + 2y - 2]+ 22 e -2

|6—

< (|| v =2¥i o+ |2(vz = 20) | s_) + CMIly — 251
<Clly —zlls—1 +clly — 2lls + CMlly — z]ls—1
<Clly —zlls-1.

This completes the proof of Lemma 3.5. O

Proof of Theorem 3.1. Combining Kato’s theory and Lemmas 3.1-3.5, we can get the statement of
Theorem 3.1. O

Theorem 3.2. Assume that ug € H®, s > % Then T in Theorem 3.1 may be chosen independent of s in the
following sense. If u = u(-, uo) e C([0, T); HS) nCl([o, T) H=1) solves Eq. (1.2) (or Eq. (2.1)), and if ug €
HS' for some s1 #5, 51 > 3 then u e C([0, T); H") N CL([0, T); HS'~1) and with the same T. In particular,
ifuge H® = ﬂs>o HS, then ueC([0,T); H®).

Proof. It suffices to consider the case s; > s, since the case s; < s is obvious from uniqueness which
is guaranteed by Theorem 3.1. In order to prove Theorem 3.2 for s; > s, let us return to Eq. (1.2). Set
y(t) = A%u(t). Then we have
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Z—f +AWMY+BOy=0,  y(0) = Au(0), (32)

where A(t)y = dx(u?y), B(t)y = (b — 2)uuyy.

Because u € C([0,T); H%) and ug € H%', we have y e C([0,T); H"2) and y(0) = A%u(0) e
C([0,T); H172). It is our purpose to deduce y € C([0, T); H1=2), which implies u e C([0, T); H*!).
This will complete the proof of Theorem 3.2. O

Since u € C([0, T); H%), ux € H~1, and H5~! is a Banach algebra, we obtain B(t) € L(HS™1).

Following the arguments in Lemmas 3.1-3.3 in [48], we first need to prove that the family A(t)
has a unique evolution operator {U(t, 7)} associated with the spaces X = H" and Y = H¥, where
—s<h<s—2,1—s<k<s—1,and k > h + 1. Therefore, according to the proof of Lemma 3.1
in [48], we need to verify the following three conditions.

(i) A(t) e G(H", 1, B), Vy € H".
(il) AMg A" um+1] A=k is uniformly bounded on L2.
(ili) A(t) € L(H*, H") is strongly continuous in t.

Let us begin to verify (i). Due to H" being a Hilbert space, A(t) € G(H", 1, 8) if and only if there
is a real number 8 such that [49]

@) (AOY. y)n = —Blylz.
(b) —A(t) is the infinitesimal generator of a Cg-semigroup on H".

First, we prove (a). Take y € H". Note that

— AP [AT" u?] Ay + 8 (ualy).

Then we have

(A0, y), = —(A"a[A7" u?] Ay, Aly), + (9(u?A"y), aMy),
= (AM1[a7" u2]ahy, APTy) 4 (uucaly, Aly),
< A AT ] g [ A"y g+ e | Ay [

2 2
< (cllulls + cllulis) 1yl

where we applied Lemma 5.1 in [64] with r = —(h + 1),k = 0. Setting S = c|lulls + c||u||§, we have
(A®Y, y)n = =Bl

Secondly, we prove (b). Let S = AS~!~"_ Note that S is an isomorphism of H5~! onto H" and H5~!
is continuously and densely embedded in H" as —s < h < s — 2. Define

A1(t) :=SA®)S™ ' = A1 A@) AP,

B1(t) := A1(t) — A() =[S, A®)]S 7.

Let y € H" and u € HS, s > % Then we have
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[B1®y ], = [A"a[4° " u?] a0y
< Ao A u?]al ”L(LZ) ||Ahy||0
< llullsliullo,

where we applied Lemma 5.1 in [64] with r = —(h+ 1), k = s — 1. Therefore, we obtain B (t) € L(H").
Note that

A(t)uzax(uzy):2u2ux+u28xy and uxeL(HS’l).

Applying Lemma 3.2 and a perturbation theorem for semigroups, we have H’~! is —A(t)-
admissible. Then by applying Lemma 5.3 in [64] with Y = HS~!, X = H" and S = A5~ we obtain
that —A;(t) is the infinitesimal generator of a Cy-semigroup on H". Due to A;(t) = A(t) + B1(t) and
B1(t) € L(H"), by a perturbation theorem for semigroups, we have that —A(t) is the infinitesimal
generator of a Cgo-semigroup on Hj. This proves (b).

Next, we verify (ii). Take y € L. Then we have

| Atax[ A", u?]a*y | < Clullsliyllo.

where we applied Lemma 5.1 in [64] with r=—(h+ 1), k=k.
Finally, we verify (iii). Take y € H¥. Then

(v + D) = w?O)y [ <[ (@ + ) = u?©) ]
<Clutt+1) —u* O, 1yl
< Cllullsuc + ) = u® | Iyl
where we applied Lemma 5.1 in [64] with r =s — 1, t = h + 1. By the continuity of u, we prove (iii).
Thus the above three conditions imply the existence and uniqueness of evolution operator U(t, 7) for

the family A(t). In particular U (t, ) maps H" into itself for —s <r <s-—1.
Next, we choose Y = H~2 and X = H5~3. Note that

yeC(0,T); H-2)ncl([o, T); HS3).

By the properties of evolution operator U (t, T), we can obtain

d
E(U(t’ 7))y (t) =U(t, T)(—B(D)y(1)).

Integrating the above equality in t € [0, t], we obtain

t

y®) =U(,0y(0) — / U, )B(r)y(r)dr. (3.3)
0

If s < s; <s+1, then we have B(t) € L(H*'~2) is strongly continuous in [0, t), and HS~"1H%1—2 ¢ {512
ass—1> % Due to —s <§s —2 < sy —2 <s— 1, the family {U(t, 7)} is strongly continuous on H*1—2
to itself. Note that y(0) € H1~2. We regard Eq. (3.3) as an integral equation of Volterra type which
can be solved for y by successive approximation. Then the result of Theorem 3.2 is obtained.

If s1 > s+ 1, we obtain the result of Theorem 3.2 by repeated application of the above argument.

This completes the proof of Theorem 3.2. O
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4. Blow-up scenario and global conservative property

After establishing local well-posedness theory, a natural question is whether the corresponding
solution exists globally or not. We establish criteria for the blow-up of solutions to Eq. (2.1).

Theorem 4.1. Let up € H', r > % If T is the maximal existence time of corresponding solution of the initial
data ug, then the H -norm of u(t, x) to Eq. (1.2) (or (2.1)) blows up on [0, T) if and only if

e, 0 = o0,

Proof. Let u(t, x) be the solution of Eq. (2.1) with the initial data up € H", r > % which is guaranteed
by Theorem 3.1.

If limey7 [lux(t, X)[|L= = 0o, by Sobolev’s embedding theorem, we obtain the solution u(t, x) will
blow up in finite time.

Next, applying the operator A" to Eq. (2.1), multiplying by A"u, and integrating by parts on R, we
have

%(u, wr = —2(ulux, u), +2(f W), u),, (41)

where f = —(1— 83)’1(8,((62;buu,2( + §u3) + ”%Zu?(). Assume there exists an M > 0, such that
limey7 [lux(t, x)[|1e < M. Then we have

(W), = (47 (%), A7u)g| = (A7 0], A7)y + (122", A7)
<Cllullr(llulleIIUxIILDOIlullr+IluxllLoollullelluIIr)JrIIHIILOOIIUxIILOOHArUHfz

2 2
< Cllufly fuflee fluxllzee < Cllully, (4.2)

where we applied Lemma 3.1 in [28] with s =r, Lemma 3.2 in [28] with F(u) =u? and s =r. Simi-
larly,

Jusdl—y = 1A ulux +ua™ g

Cliaulli | A g+ [ A7 a2 ] )

<C(Mug,_y +M>|ull—1) < Clluli-

On the other hand, we estimate the second term of the right-hand side of Eq. (2.1):

-1 6—b b b—2
(f(u),u)r:<—(1—8)%) (8x< 5 uu +3u>+ 5 ui),u)
|6 — b |b| |b— 2|
<o ( O3y + B+ P2 )

< Cllul?. (43)

From (4.1)-(4.3), we obtain

2 2
go e < Cliufly
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Thus using Gronwall’s inequality, we get
2
lu@® |7 < luoll? exp(Ct).
This completes the proof of Theorem 4.1. O

Theorem 4.2. Assume that ug € H'(R), r > % If b =1, then every solution will exist globally in time. Ifb > 1,
then the solution blows up in finite time if and only if the slope of uu, becomes unbounded from below in finite
time. If b < 1, then the solution blows up in finite time if and only if the slope of uuy becomes unbounded from
above in finite time.

Proof. Applying Theorem 3.1 and a simple density argument, it suffices to consider the case r = 3.
Let T > 0 be the maximal time of existence of the solution u to Eq. (2.1) with initial data ug € H3(R).
From Theorem 3.1 we know that u € C([0, T); H3(R)) N C1([0, T); H2(R)).

Set y =u — uxy; by direct computation, one has

Iyli7. = / (U — ty)® dx = / (2 +2u + u2) dx. (4.4)
R R
Hence,
2 X 2 X 2- .
lullfe < IylIf <2lull?, (4.5)

Multiplying Eq. (1.2) by u — uyy, after integrating by parts, we get

d
I yzdxzzfyytdxz—2/uzyyxdx—Zb/uuxyzdx=2(b—1)/uuxy2dx. (4.6)
R R R R R

From (4.6), we see that if b =1, then we have

Juxt ) oo < Ju. 0, < [y @ ]2 < ot )] 12 < o0,
This implies, in view of Theorem 4.1, that every solution exists globally in time.

If b> 1 and the slope of the solution is bounded from below or if b < 1 and the slope of uuy is
bounded from above on [0, T) x R, from (4.6), one gets that

t t
fyzdx:Z(b—1)//uuxy2dxds+fy5dx<C1 /fyzdxds—i—Cz, (4.7)
R 0 R R 0 R

where Cq, C; > 0. Due to Gronwall’s inequality, it is clear that
/yz dx < Co(1+ Czteclt), ae.te[0,7).
R

So combining with (4.6), we obtain that when uuy is bounded from below on [0, T), then so does the
H2-norm of the solution.
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On the other hand, because of u =G % y, we can get

u:G*y:/G(x—S)y(S)ds and ux:G*y:/Gx(x—s)y(S)ds.

R R
Therefore
2 2
lutxllee < ullpee luxlizee < NG 2 1Gxll2 Y172 < 21GH 2 1Gxll 2 1Y 12, (4.8)

where we used (4.6). Hence, (4.8) tells us if H2-norm of the solution is bounded then the L*°-norm
of uuy is bounded. This completes the proof of Theorem 4.1. O

In order to demonstrate a conservative property, consider the following differential equation

dq(t,x) 5
il (at,x),t), tel0,1), (4.9)
q(0,t) =x, XeR.

Applying classical results in the theory of ordinary differential equations, one can obtain the following
useful result on the above initial value problem.

Theorem 4.3. Let ug € HS, s > 3, and T be the maximal existence time of the corresponding solution u(t, x) to
Eq. (2.1). Then Eq. (4.9) has a unique solution q € C ([0, T) x R, R). Moreover, the map q(t, -) is an increasing
diffeomorphism of R with

t
qx(t,x) = exp(/Zuux(q(s,x),s) ds), gx(0,x) =1, xeR, 0<t<T.
0

Furthermore, setting y = u — Uy, We obtain

b
y(q(x, 1), 1)q2 (£,%) = yo(x) = uo(x) —uoxx(x), X€R, 0<t<T.
Proof. First, for fixed x € R we deal with an ordinary differential equation. By the Sobolev embedding

theorem we have that u € C1([0, T) x R, R). Differentiating the first equation in (4.9) with respect
to x, one has

d
d_Qt =(qx = 2Ulxqy, t€[0,T).
X

Hence
t
qx(t. X):exp</2uux(q(s,><),s)ds>, qx(0,x) =1,
0

which is always positive before the blow-up time. Therefore, the function q(x,t) is an increasing
diffeomorphism of the line before blow-up.
For all t > 0, a simple computation shows that
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b—2
2

d b b p b
E(y(q)q;?) = (ye + yx(@qr)az + 2V (@4xdx

b
= (ye(@ + u* (@) yx(@) + buux(@)y(@))g7
=0.

b
Therefore, y(q)qs is independent of the time variable t. That is

b
y(q(t. %), t)q: (x.t) = yo(x) =ug(X) — oxx(x). O

5. Analyticity of solutions

In this section, we shall study the analyticity of the Cauchy problem (1.1) based on a contraction
type argument in a suitably chosen scale of the Banach spaces. Such an approach to analytic regularity
of solutions to Cauchy problem (1.1) was initiated by Ovsjannikov [56,57] as an abstract Cauchy-
Kowalevski theorem and later further developed by Nirenberg [54], Baouendi et al. [65] among others
and subsequently applied to the Euler and Navier-Stokes equations.

In order to state the main result, we will need a suitable scale of Banach spaces as follows. For
any s > 0, we set

ki ak
s [|0 ull g2
Es=1ueC®®): ||lulls=sup ———~ < 00{,
’ { T ke KU/ (k+ 1)

where H2(R) is the Sobolev space of order two on the real line and Ny is the set of nonnegative
integers. One can easily verify that Es equipped with the norm || - ||s is a Banach space and that, for
any 0 <s' <s, Es is continuously embedded in Ey with

Mulls < fiuls-

Another simple consequence of the definition is that any u in Es is a real analytic function on R.
Crucial for our purposes is the fact that each E; forms an algebra under pointwise multiplication of
functions.

Our main theorem is stated as follows.

Theorem 5.1. If the initial data ug is analytic and belongs to a space Es, for some 0 < s < 1, then there exist
an ¢ > 0 and a unique solution u(t, x) to the Cauchy problem (2.1) that is analytic on (—¢, €) x R.

For the proof of Theorem 5.1, we need the following theorem.

Theorem 5.2. (See [1].) Let {Xs}o<s<1 be a scale of decreasing Banach spaces, namely for any s’ < s we have
Xs C Xy and || - |ls < |l - s Consider the Cauchy problem

du
n = F(t, u(t)), (51)
u(0) =0.

Let T, R and C be positive constants and assume that F satisfies the following conditions
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(1) Iffor 0 < s’ < s < 1 the function t — u(t) is holomorphicin |t| < T and continuous on |t| < T with values
in X5 and

sup Juc, < R

‘ \

then t — F(t,u(t)) is a holomorphic function on |t| < T with values in Xy.

(2) Forany0 <s’ <s < 1andany u, v € X with |Julls <R, ||V]ls <R,

C
3mMHrw <l —vils.

‘ \
(3) There exists M > 0 such that forany 0 <s < 1,

M
_s'

sup [|F ¢, 0], <
1t1<T

I<

Then there exist a To € (0, T) and a unique function u(t), which for every s € (0, 1) is holomorphic in |t| <
(1 — s)To with values in X, and is a solution to the Cauchy problem (5.1).

We restate the Cauchy problem (2.1) in a more convenient form. Let v = uy, then the problem (2.1)
can be written as a system for u and v

U =—u v—(l—a )" 1(bu2v+(6—b)uvvx+2v3)=F(u,v),

ve=—2uv? —ulvy— (1-8%)" 1Bx(buzv—l—(6—b)uvv,<+2v3):G(u,v), (5.2)
ux,0)=upx), v(x,0) = uo(x).

Proof of Theorem 5.1. Theorem 5.1 is a straightforward consequence of the abstract Cauchy-
Kowalevski theorem [1]. We only need verify the conditions (1)-(3) in the statement of the abstract
Cauchy-Kowalevski theorem (5.2) for both F(u,v) and G(u, v) in the system (5.2) since neither F
nor G depend on t explicitly. We observe that, for 0 <s’ <s < 1, the estimates in Lemma 2.4 and
Theorem 2.1 in [40] imply the following bounds

C
¢ <Ib+TulZ vl + 20 vl + — 7 Mullsliving

and

C
2 2
< 2lulishivils + =g Mulislivils

+ bllluliZlvils +

¢ 2 3
— ulislivils + 2livils.

where the constant C depends only on R, hence condition (1) holds.
Note that to verify the second condition it suffices to estimate

I[F @1, v) = Fuz, v

|F(u,v1) — F(u, v2)

s s

and

6. v) = Gz, v))|

|S/!

|Gu, vi) —
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Since

| F (1, vi) = Fuz, v2)|

o <|[Fui,vi) — Fuy, vo)|

o+ [|Fui, v2) = F(uz, va)|

s

and

|G1, v1) — G(uz, v2)|

¢ <G, vi) = G(uy, va)|

o+ [IG1, v2) — G(uz, va)|

s

using this together with Lemma 2.4 and Theorem 2.1 in [40], we get the following estimates

C
IF @, v) = Fua, wlly < Cllut = 3l ivils + — s = u2llsIviig
< Cllur — uallls + —— llur — uzls,
§—S
C
IF (. va) = Fau, va)llly < Cliva = vallsliully + — [Ivi = 3l il + 2{vi = v3]l;
< Clive = valls + —— llvi — valls,
S$—S

61, v) = Guz, v)|

2
¢ S Clllur —u2llslivills +

[lug — w3 Mvils

C
s—¢

s—¢

+ Ibl[[Ju? — w3 || Mvils + llur — w2 llslivii2

< Cllluy —uafls +

sl —ualls,

[IG, vi) — G(u, v2)|

2 2 2 2
o <C[Iv3 = V3|l ulls + —— lve — vallshull? + Clivy — vallsliui?

s—¢

C
Sl - 3l et + i - 3,

S Clive = valls + llvi = valls. (5.3)

s—¢
where the constant C depends only on R, b.
Now, we verify the third condition. Note that ug is analytic by the assumption of Theorem 5.1.

We can deduce that both [Jugls and [Jug]ls are bounded. For 0 <s" <s <1, by Lemma 2.4 and
Theorem 2.1 in [40], we have

I (uo. vo)|

<|b+1 2 2 5, C 2
o < Ib+1luollglivolls + |||V0|||s+s_s,|||u0|||s|||V0|||s

and

|G o, vo) ||, < 2lluolislivolls + luollZlvolls

s—¢

C
+ [bllluolZlivolls + mllluolllslll\/olllﬁ +2[voll3,
where the constant C depends only on R, hence condition (3) holds. The conditions (1) through (3)

above are now easily verified once our system (5.2) is transformed into a new system with zero initial
data as in (5.1). The proof of Theorem 5.1 is complete. O
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6. Peakon solutions

In this section we define strong solutions and weak solutions for Eq. (1.1). We also prove that its
peakon solutions are weak solutions.

Note that Eq. (1.2) has the soliton waves with corner at its peak. Obviously, such solitons are not
strong solutions to Eq. (2.1). In order to provide a mathematical framework for the study of solitons,
we define the notion of weak solutions to Eq. (2.1). Let

F(u)= uzux + px* (buzux + (6 — b)uuxuxx + 2u)3<).

Then Eq. (2.1) can be written as

ur+ F(u) =0, u(0, x) = up. (6.1)

Definition 6.1. Assume ug € HS, s € [0, %]. If u(x, t) € L.([0, T); H®) and satisfies the following iden-
tity

T
//(ugot— F(uw)gp) dxdt—i—/uw(O,x)dx:O,
0 R

R

for all ¢ € C°([0, T) x R). Let C2°([0, T) x R) denote the space of all functions on [0, T) x R, which
is restricted to [0, T) x R is a smooth function on R? with compact support contained in (—T, T) x R.
Then u(t, x) is called a weak solution to Eq. (2.1). If u(t,x) is a weak solution on [0, T) for every
T > 0, then it is called a global weak solution to Eq. (2.1) (or (1.1)).

Theorem 6.1. The peakon solitary

1 et
u(t,x) = tcze ¥=ct=%l ¢~ 0, xo = constant,

is a global weak solution to Eq. (2.1). Moreover, V¢ > 0, u(t, x) € L>.([0, T); H').

o0
loc

. . o . 1
Proof. Since x( is constant, it is only to consider u(t, x) =c2 e~ =t Note that

T
//(u(pt—F(u)go)dxdt—i—/uo(p(o,x)dx
0R

R

T
=//(ut+F(u))<pdxdt
0 R

T
= // (ue + u™ T uy + p o (bu™ Mg + (6 — b)uMuxuxy + 2u3)). (6.2)
0R

Since

[u[ — c2e "t sgn(x — ct) = (cu) sgn(x — ct), 63)

Uy = —cre ket sgn(x — ct) = —(u) sgn(x — ct),
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it follows that
ue + uuy = (cu — u?) sgn(x — ct). (6.4)
On the other hand, in view of (6.2), we have
D % (buzux + (6 — b)uuxuxy + 2u)3()

6-—b b b—2
= 04D * (Tumuﬁ + §u3) +——px (ud)
1 6—b b b—-2
=/ax<§e—"‘—y'>( > uu§+§u3>(t,y)dy+/Te“"‘y'uf‘dx
R R

X
1 6-b b b-2
= / —Eey"‘< 5 t3t sgn(y—ct)>u3(t,y)dy

—00

o0
1 6-b b b-2
+/ Eey”‘( T3 sgn(y — ct))u3(t, y)dy. (6.5)

X

If x < ct, using u(t,x) = c2e—*—tl, we deduce from (6.5) that

p * (buPuy + (6 — b)utixtie + 2u3)

X ct
6-b b b-2 6-b b b-2
_ (=~ o y—x,,3 e s R P o
—/ ( ) +3 5 )e u(t,y)dy—i—/( 5 +3+ 5 >e u>(x, y)dy
X

1/6— b b—2 3 3(x—ct) 1/6-b b b—2 3 x—ct 3(x—ct)
= — 4+ - = 2 - — + = 2 -
4( 5 T3 5 )ce tol 5 t3t 3 c2(e e )
1/6-b b b-2)\ 3
e=-v . 5 pX—ct
+4< 3 +3 3 )c e

— _C%eB(x—ct) + C%ex—ct
=cu—u’. (6.6)
Similarly, if x > ct, we have
p * (buPuy + (6 — b)utixtie + 2u3) = —cu +u’. (6.7)

In view of (6.6) and (6.7), we obtain

p * (bu?uy + (6 — b)utietie + 2u3) = (cu — u?) sgn(x — ct). (6.8)
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Combining (6.1), (6.4), (6.8) with Definition 6.1, we deduce the desired result. This completes the proof
of Theorem 6.1. O
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