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Abstract

Periodic waves in the modified Korteweg—de Vries (mKdV) equation are revisited in the
setting of the fractional Laplacian. Two families of solutions in the local case are given
by the sign-definite dnoidal and sign-indefinite cnoidal solutions. Both solutions can be
characterized in the general fractional case as global minimizers of the quadratic part of the
energy functional subject to the fixed L* norm: the sign-definite (sign-indefinite) solutions are
obtained in the subspace of even (odd) functions. Morse index is computed for both solutions
and the spectral stability criterion is derived. We show numerically that the family of sign-
definite solutions has a generic fold bifurcation for the fractional Laplacian of lower regularity
and the family of sign-indefinite solutions has a generic symmetry-breaking bifurcation both
in the fractional and local cases.
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1 Introduction

The purpose of this work is to study existence, variational characterization, and bifurcations
of periodic solutions of the following stationary equation:

DYy + e + b =2y, (1.1)

where ¥ (x) : T — Ris the wave profile on acircle T := [—m, 7], (c, b) are real parameters,
and D“ is the fractional Laplacian on T defined via Fourier series by

YO =Y g™, (DY) =) Inl Y™,
nez nez

Thanks to the scaling transformation for the cubic nonlinearity, the fundamental period of
the wave has been scaled to 2. In addition, we are interested in the simplest periodic waves
with the single-lobe profile according to the following definition.

Definition 1.1 We say that the periodic wave satisfying Eq. (1.1) has a single-lobe profile ¢
if it admits only one isolated maximum and minimum on T.

Eq. (1.1) arises in the context of the fractional mKdV (modified Korteweg—de Vries)
equation written in the form:

up + 6uuy — (D%u)yx =0, (1.2)

withu(t, x) : RxT — R. Traveling waves of the form u (¢, x) = v (x —ct) satisfy Eq. (1.1),
where c is the wave speed and b is an integration constant. The fractional mKdV equation
(1.2) admits formally the following conserved quantities:

Eu) = %f_z (D% ~ '] ax, (1.3)
1 /7 )
Flu) = 5[ Wdx, (1.4)
and
M(u) = /n udx, (1.5)

which have meaning of energy, momentum, and mass, respectively. Eq. (1.1) is the Euler—
Lagrange equation for the action functional,

Gu) =E(u)+cF(u)+bM(u), (1.6)

so that G’ (¢) = 0. The Hessian operator from the action functional (1.6) yields the linearized
operator around the wave ¥ in the form:

L:=G"(¥) =D +c—6y>. (1.7)

In addition to questions of the existence, we study the spectral stability of the periodic
wave with the spatial profile ¥ in the time evolution of the fractional mKdV equation (1.2)
according to the following definition.

Definition 1.2 The periodic wave is said to be spectrally stable with respect to perturbations
of the same period if o (8, £) C iR in L>(T). Otherwise, it is said to be spectrally unstable.
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The fractional mKdV equation (1.2) appears to be a generic model for one-dimensional
long waves with weak dispersion (see recent review in [28]). For o = 2, it is the completely
integrable mKdV equation [1]. For @ = 1, it is referred to as the modified Benjamin—Ono
equation [8].

Global well-posedness results for the initial data in H*(R) with s > % and in H*(T) with

s > % were obtained for @ = 2 in [16]. Local well-posedness results for initial data in H* (R)

with s > % were obtained for « = 1 in [27]. Energy and momentum are conserved in the

time evolution of such solutions. Local solutions with sufficiently large initial data in H 2 ®R)
blow up in a finite time [26,31].

Periodic waves of Eq. (1.1) were only studied in the local case of « = 2. There exist two
families of periodic solutions for b = 0 with the single-lobe profile: sign-definite solutions
are expressed by the dnoidal elliptic functions and sign-indefinite solutions are expressed by
the cnoidal elliptic functions. For b # 0, all periodic waves can be expressed as a rational
function of Jacobian elliptic functions [13]. Spectral and orbital stability of periodic waves
in the local case of & = 2 was also considered in the literature.

Employing the arguments in [9,35,36], orbital stability of sign-definite dnoidal waves with
b = 0 was proven in [5]. Spectral stability of sign-indefinite cnoidal waves with b = 0 was
studied in [17] by using the count of negative eigenvalues of the operator £ restricted to the
orthogonal complement of span(1, ¥) (also also [22,34]). It was discovered in [17] that the
cnoidal waves were spectrally stable for smaller speeds ¢ and spectrally unstable for larger
speeds c. Spectral and orbital stability and instability of the cnoidal waves was proven in [7]
by adopting the arguments of [30] in the periodic context and employing the approach in
[23] based on the existence of a sufficiently smooth data-to-solution-map. Orbital stability
of a particular family of positive periodic waves of the dnoidal type with b # O was proven
in [4] by adopting the arguments of [20].

In the limit of ¢ — oo, periodic waves with the single-lobe profile on the fixed circle
T concentrate near centers of symmetry and approach the solitary waves. With the scaling
transformation,

Y(x) =cIQ(cex), xR, (1.8)
for ¢ > 0, the solitary wave profile Q(x) : R — R satisfies the c-independent problem
D*Q+ Q=20 (1.9)

Existence and uniqueness (modulus translations) of solitary waves with the spatial profile Q
satisfying Eq. (1.9) was shown in [18] based on their variational characterization as mini-
mizers of the Gagliardo—Nirenberg-type inequality considered in [37,38]:

2 2

< Call D ull g el

. ue H3(R), (1.10)

4

” u ” L4 (R)
where C, > 0 is the u-independent constant. Solitary waves satisfying (1.9) give the best
value for C,, which saturates the Gagliardo—Nirenberg-type inequality (1.10).

For o = 2, the classical arguments in [2,9,20] can be used to prove the orbital stability of
solitary waves in the energy space H!(R). Spectral and orbital stability of solitary waves in
the general case o € (%, 2) was considered in [6] based on the dependence of the momentum
F(y) = cl’é F(Q) on the wave speed ¢ > 0. It was shown that the solitary waves were
unstable if o € (%, 1) and stable if o € (1, 2) in agreement with increasing and decreasing
dependence of F () versus c respectively. The critical case « = 1 was inconclusive because
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%F (¢) = 0 in this case. For the critical case, existence of blow up solutions with mini-
mal mass was proven in [31] by combining sharp energy estimates and a refined localized
argument from [26]. Hence, the solitary waves are unstable for « = 1.

The previous review of literature shows that Eq. (1.1) in the periodic domain T has been
unexplored for o« < 2. Compared to the cubic case, a similar problem with the quadratic
nonlinearity has been recently studied in many aspects, e.g. existence and stability of traveling
periodic waves were analyzed by using perturbative [25], variational [10,12,24], and fixed-
point [11,29] methods.

The standard approach to characterize the spectral and orbital stability of periodic waves
with respect to perturbations of the same period is based on the minimization of energy E (1)
subject to the fixed momentum F'(x) and mass M (u) [24]. Parameters ¢ and b appear to be
Lagrange multipliers of the action functional (1.6). It is important to realize that smoothness
of the momentum and mass with respect to Lagrange multipliers cannot be taken for granted
(compared to what was done in [24]).

In order to resolve problems of the variational characterization of the traveling periodic
waves in the fractional KdV equation (with quadratic nonlinearity), two new approaches
were recently developed.

In [21], the periodic waves with the single-lobe profile were constructed by minimizing the
energy E(u) subject to only one constraint of the fixed momentum F'(«). It was shown that
such minimizers were degenerate only up to the translation symmetry and were spectrally
stable.

From a different point of view, we characterized the traveling periodic waves in our
previous work [32] by minimizing the quadratic part of the action functional G (u) subject
to the fixed cubic part of the energy E(u) and the zero mean constraint M (u) = 0. This
approach combined with the Galilean transformation allowed us to represent all possible
periodic waves of the single-lobe profile ¢ and to derive a simple stability criterion from the
derivative of the momentum F (¢) with respect to the wave speed c.

When ideas of [32] are extended to the cubic nonlinearity in the framework of Eq. (1.1),
we face the difficulty that the Galilean transformation generates a quadratic nonlinear term
and connects solutions of the fractional mKdV equation to solutions of the fractional Gardner
equation. As a result, we are not able yet to characterize all possible periodic waves of the
single-lobe profile in Eq. (1.1). Instead, we shall study the two particular families of solutions
which correspond to b = 0 and generalize the sign-definite dnoidal and sign-indefinite cnoidal
elliptic solutions of the local case « = 2. Both families are obtained as minimizers of the
quadratic part of the action functional G (u) subject to the fixed quartic part of the energy,
but one family is obtained in the subspace of even functions and the other family is obtained
in the subspace of odd functions. For the purpose of simplicity, we refer to the first family as
the even periodic waves and to the second family as the odd periodic waves.

The following two theorems present the main results of this paper. In what follows, we
write Hj. instead of Hj. (T). The subspace of odd (even) functions in L? is denoted by

Lgdd (L2,...). Similarly, the subspace of odd (even) periodic functions in ngr is denoted by

even
s s
Hper,odd (Hper,even)'

Theorem 1.3 (Odd periodic wave) Fix o € (%, 2]. For every co € (— 1, 00), there exists a
solution to Eq. (1.1) with b = 0 and the odd, single-lobe profile Vo, which is obtained from
a constrained minimizer of the following variational problem:
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inf {/n [(D%u)2+cou2] dx : /n utdx = 1}. (1.11)

2 - -
ue Hper,odd

There exists a C' mapping ¢ — ¥ (-, ¢) € H;)xer,od

q in a local neighborhood of co such that
Y (-, co) = Vo. The spectrum of £ in L*(T) has exactly two negative eigenvalues and if 1 €
Range(L), a simple zero eigenvalue. Assuming 1 € Range(L) and setting oq := (£L~'1, 1),

the periodic wave with the profile Vg is spectrally stable if

= ] l¥ll;. > (1.12)
o 0, 0 .
0= 12

and is spectrally unstable with exactly one real, positive eigenvalue of 3, L in L~(T) if

. d d d
cither UO%HIIf”iz >0 or og=0, %nwniz <0, or og>0, Enwniz =0.
(1.13)

If 1 ¢ Range(L), then the periodic wave is spectrally unstable with exactly one real positive
eigenvalue of 3, L in L*(T) if

d 2
I3, 2 0. (1.14)

Remark 1.4 1f oy = 0, the odd periodic wave of Theorem 1.3 undertakes the stability bifur-
cation, which also results in the bifurcation of new solutions in Eq. (1.1) with b # 0. The
stability bifurcation was first discovered in [17] for « = 2. We show numerically that this
bifurcation is generic for every o € (1,2).

Remark 1.5 Based on numerical studies, we conjecture that the case 1 ¢ Range(L£) is impos-
sible for the odd periodic wave in Theorem 1.3 for every « € (% 2] and every ¢ € (— 1, 00).
Nevertheless, the case 1 ¢ Range(L) is observed for the new solutions bifurcating from the
odd periodic wave in Theorem 1.3.

Remark 1.6 Although the solution /g is obtained as a global minimizer of the variational

problem (1.11), the solution ¥ (-, ¢) € ngr, oda 1N a local neighborhood of ¢p is continued

from the Euler-Lagrange equation. Therefore, even if the solution ¥ (-, ¢) € ngr, odd 18 C !
with respect to ¢, it may not coincide with the global minimizer of (1.11) for ¢ # c¢g because
uniqueness of minimizers of the variational problem (1.11) is not proven. Nevertheless,
the spectral stability conclusions of Theorem 1.3 apply to every global minimizer of the
variational problem (1.11) for every co € (— 1, 00).

Theorem 1.7 (Even periodic wave) Fix « € (%, 2]. For every c¢g € (%, oo), there exists a
solution to Eq. (1.1) with b = 0 and the even, single-lobe profile o, which is obtained from
a constrained minimizer of the following variational problem:

T « s
inf {/ [(mu)Z " couz] dx - / wtdx = 1} . (1.15)
MEHp%r.even - -

The spectrum of £ in L>(T) has exactly one simple negative eigenvalue and if 1 € Range(L),
a simple zero eigenvalue. With the transformation,

1 T
Yo(x) = ao + ¢go(x), ao:= E/ Yo(x)dx, wy:=co— 6ag, (1.16)
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assuming wy € (— 1, 00), there exists a c! mapping (v, a) — ¢(-,w,a) € ngr,even ina
local neighborhood of (wo, ag) such that ¢ (-, wo, ap) = Po and the mean value of ¢ is zero.

The periodic wave g is spectrally stable if
d
S-lgl7: >0 (1.17)
and is spectrally unstable with exactly one real, positive eigenvalue of 9, L in L*(T) if

d 2
=lgl7: <. (1.18)

Remark 1.8 We derive the criterion for 1 ¢ Range(L£), in which case £ has the double zero
eigenvalue and the even periodic wave of Theorem 1.7 undertakes the fold bifurcation. Two
solutions of Eq. (1.1) with b = 0 coexist for the same value of ¢ near the fold bifurcation.
We show numerically that the fold bifurcation is generic for every o € (%, ozo), where
log8 —log5
ap = 22 982 1 0.6781.
log?2

Ifa e (%, ao), two solutions with the even, single-lobe profile exist for the same value of
¢ € (co, 3) with ¢g € (0, 3) beyond the admissible range of values of ¢ in Theorem 1.7.

Remark 1.9 Based on numerical evidences, we conjecture that w € (— 1, 00) is always
satisfied for the even periodic wave in Theorem 1.7.

Remark 1.10 Similarly to Remark 1.6, the smooth continuation of the solution ¥ (-, w, a) =
a+¢(,w,a)withg(-,w,a) € ngr, even 18 Obtained from the Euler-Lagrange equation and
the solution ¥ (-, w, a) may not coincide with the global minimizer of (1.15) for c(w, a) # cp.
Nevertheless, under the assumption wg € (— 1, 00), the spectral stability conclusions of
Theorem 1.7 apply to every global minimizer of the variational problem (1.15) for every

1
o € (3,00).

The paper is organized as follows. The odd periodic wave of Theorem 1.3 is characterized
in Sect. 2. Examples of the odd periodic waves are given in Sect. 3 with Stokes expansions,
exact elliptic solutions in the local case ¢ = 2, and numerical approximations for « = 1. The
even periodic wave of Theorem 1.7 is characterized in Sect. 4. Similar examples of the even
periodic waves are given in Sect. 5. Section 6 discusses an open problem to characterize all
possible periodic waves with the single-lobe profile among solutions to Eq. (1.1) with b # 0.

2 Odd Periodic Waves

Here we consider the odd periodic waves and provide the proof of Theorem 1.3. First, we
obtain the variational characterization of the odd periodic waves. Next, we consider a smooth
continuation of the odd periodic waves with respect to the speed parameter c. Finally, we
obtain the spectral stability conclusions.

2.1 Variational Characterization

Ify e ngr is a solution to Eq. (1.1) with b = % ffn w3dx, then i satisfies the zero-mean
constraint and the boundary-value problem:

DY + ey = 2IToy°, 2.1)
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where [Ty f = f — % I . f(x)dx is the projection operator reducing the mean value of
2m-periodic functions to zero.
Since we use variational methods, we consider weak solutions of the boundary-value

problem (2.1) in Hpjer. By the same bootstrapping argument as in Proposition 1 in [21] or

Proposition 2.4 in [32],if ¥ € Hp%r is a weak solution of the boundary-value problem (2.1),
then ¢ € Hp°§r and, in particular, it is a strong solution to the boundary-value problem (2.1)
in Hg,.

The following theorem and its corollary give the construction and properties of the periodic

waves in a subspace of odd functions which satisfy the boundary-value problem (2.1).

Theorem 2.1 Fix o > % For every ¢ > —1, there exists the ground state (minimizer)

[
X € HPQer odd Of the following constrained minimization problem:

g
Geodd == inf {Bc(u): / u4dx=1}, (2.2)
uerZr,odd -
where
1 [T
Be () :=§/ [(Dfu)2+cu2]dx. 2.3)
-7

If o < 2, the ground state has the single-lobe profile, which is even with respect to the points
atx = +m/2.

Proof It follows that B, is a smooth functional bounded on pren odd-

portional to the quadratic form of the operator ¢ + D% with the spectrum in Lgdd given by
{c + m¥, m e N}. By Friedrichs’s inequality, we have

Moreover, B, is pro-

1 o
Bew) = (e + Dllullz, € Hyg oaq 2.4)
and by Garding’s inequality, for every ¢ > —1 there exists C > 0 such that

o
, o
Be(w) = Cllull® ¢, u € Hyp o4q-

Hy;

aNIR

T

Hence B, is equivalent to the squared norm in Hpjer odd SO that g¢ oda > 0.
Let {uy}nen be a minimizing sequence for the constrained minimization problem (2.2),

that is, a sequence satisfying

Be(un) = qeodd as n — 00.

g a
Since {u, }nen is bounded in szer’odd,thereexists x € H?

er,odd Such that, up to a subsequence,

o
: 2
Up—X 1aner’0dd, as n — 0o.

o
For every o > %, the energy space szer, odd 18 compactly embedded in Lédd (see, e.g.,

. . . g
Theorem 4.2 in [3]). Thus, there is a positive constant C such that for every x € Hper’ odd

Ixllzs = Clixll 4 (2.5)
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and
u, — x in Lgdd, as n — oo.
Using the estimate

‘ (ut — xHdx

-7

T
< / et — 5l
—TT

3 2 2 3
< (e + U7 llwnll s Do lenll 7o + lnllya) luw = X124,

it follows that x satisfies the constraint: ffﬂ x*dx = 1. In view of (2.5), this implies that

qe,0dd > 0.
Thanks to the weak lower semi-continuity of 5., we have

B:(x) < liminf B(uy) = ge,odd-
n—oo

Since x satisfies the constraint, we also have B.(x) > ¢, odd. hence B.(x) = ¢c,odada and

o
X € Hpir odd 18 the ground state (global minimizer) of the variational problem (2.2).
If o € (0, 2], the symmetric rearrangements of u do not increase 3. (x) while leaving the
constraint on the L*-norm invariant due to the fractional Polya—Szeg inequality, see Lemma
o

A.11n [15]. As a result, the minimizer y € Hpjen oda Of Be(u) must decrease symmetrically
away from the maximum point. Since x (x) = O atx = 0 and x = 4 7, the symmetry points
of x are located at x = & 7r/2, so that the single-lobe profile is even with respect to the points
atx = /2. O

Corollary 2.2 Let x be the ground state of Theorem 2.1. There exists C > 0 such that
Y(x) = Cyx(x) satisfies Eq. (1.1) with b = 0.

o
Proof By Lagrange’s Multiplier Theorem, the constrained minimizer x € szer, odq Satisfies
the stationary equation

D*x +cx = nx’, (2.6)

where u = 2B.(x) is the Lagrange multiplier found from the constraint ffn xldx = 1.

Since B.(x) > 0, the scaling transformation {» = C x with C := /B.(x) maps Eq. (2.6) to
the form (1.1) with b = 0. O

Lemma 2.3 Let x be the ground state of Theorem 2.1 and qc,oaa = Bc(x). Then qc.odd is
continuous in c for c > —1 and q¢.oaa — 0 as ¢ — —1.

Proof The proof of continuity of g, o4 follows the proof of Lemma 2.3 in [32] verbatim. In
order to show that g. oqq¢ — 0 as ¢ — —1, we consider the following function

u(x) = Asin(x),

which satisfies the constraint in (2.2) for A := (%)1/ * Substituting u into B.(u) yields

Nd

1 )
ﬁ( +o0)

T2
Be(u) = EA (I'+¢)=

Since
0< qc,odd = Be(u),

it follows that g¢ ogq¢ — O as ¢ — —1. ]

@ Springer



Journal of Dynamics and Differential Equations (2022) 34:1601-1640 1609

2.2 Smooth Continuation

Lety € ngr, odd e a solution to the boundary-value problem (2.1) for some ¢ € (— 1, 00)
obtained by Theorem 2.1 and Corollary 2.2. Let £ be the linearized operator around the wave
Y given by (1.7) and

L: HE CL*T)— L*(T). 2.7

In what follows, we determine the multiplicity of the zero eigenvalue of £ denoted as z(£)
and the number of negative eigenvalues of £ with the account of their multiplicities denoted
as n(L). It follows from Eq. (1.1) with b = 0 that

L1 =c—6y? (2.8)
and
Ly = —4y°. (2.9)

By the translational symmetry, we always have £d, ¢ = 0.

Since ¥ is the single-lobe profile of the periodic wave in the sense of Definition 1.1
and since ¢ is even with respect to the points at x = /2, then we can place the unique
maximum of ¢ at x = m/2 and adopt several results of [24] with the same proof after
translation x — x — /2.

Proposition 2.4 [24] Leta € (%, 2] and ¥ € H"‘er’odal be a solution obtained in Theorem
2.1 and Corollary 2.2. An eigenfunction of L defined by (1.7) and (2.7) corresponding to
the n-th eigenvalue of L for n = 1,2, 3 changes its sign at most 2(n — 1) times over T. An
eigenfunction of L| L2 for the n-th eigenvalue of L| L2 changes its sign at most 2(n — 1)
times over T.

Proposition 2.5 [24] Assume o € (%, 2] and € H[()Xer,odd be a solution obtained in Theo-
rem 2.1 and Corollary 2.2. If {1, ¥, Y2} € Range(L), then Ker(L£) = span(d, ).

Proposition 2.6 [24] Assume o € (%, 2] and ¢ € H;?er oda be a solution obtained in Theo-
rem 2.1 and Corollary 2.2. Then, 0, € Ker(L) corresponds to the lowest eigenvalue of L
in the space of odd functions with respect to x = m /2.

Remark 2.7 Compared to [24], the potential of £ is > € H2, rather than ¢ € HZ , where

per per>
we recall that ¢ > % This implies that the spatial period of the potential of £ is 7 rather than
27 . Nevertheless, we are interested in the properties of £ on L?(T) rather than on LZ(%T).

By an elementary application of the implicit function theorem (similarly to Lemma 3.8 in
[32]), we can also obtain the following result.

Lemma 2.8 Assume o € (%, 2] and ¥y € ngr’odd be a solution obtained in Theorem 2.1
and Corollary 2.2 for ¢ = co. Assume Ker([Iledd) is trivial. Then, there exists a C' mapping
in an open subset of co denoted by T C R:

T3cr Y, 0) € HY, o (2.10)

such that (-, ¢) = Yo and LI (-, co) = —Yo.
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Proof Let Y : (— 1, 00) x ngr’odd — Lgdd(’]l‘) be defined by Y(c, f) := D¥f +cf —2f3.
By hypothesis of the lemma, we have Y (co, ¥9) = 0. Moreover, Y is smooth and its Fréchet
derivative with respect to f evaluated at (cop, Yo) is given by £ computed at . Since
Ker(L| Lgdd) is empty by the assumption, we conclude that £ is one-to-one. It is also onto
since its spectrum consists of nonzero isolated eigenvalues with finite algebraic multiplicities
because H;)Xer, odd 18 compactly embedded in Lgdd (T)ifo > 1/2 and because L is a self-adjoint
operator. Hence, £ has a bounded inverse. Thus, since Y and its derivative with respect to f
are smooth maps on their domains, the result follows from the implicit function theorem. O

By using Propositions 2.4-2.6, and Lemma 2.8, we compute n (L) and z (L) in the following
lemma.

Lemma29 Leta € (%, 2] and yr € ngr,odd be a solution obtained in Theorem 2.1 and
Corollary 2.2. Then, n(L) = 2 and

|1, if 1 € Range(£),
2(£) = {2, if 1 ¢ Range(L).

Proof Since v € ngr, odd 18 @ minimizer of the constrained variational problem (2.2) with

only one constraint, we have n(L| ded) < 1. On the other hand, we have
O

(LY. Y) 2 = —4|¥ ). <0,

with odd ¥, hence n(£|L§dd) > 1, so that n(£|L(z)dd) =1.

Since 9,y € Ker(£) and 9, is even with two nodes on T, then by Proposition 2.4, 0 is not
the first eigenvalue of £|;2 , sothatn(L|;2 ) > 1. However, another negative eigenvalue
of £|;> isimpossible since the eigenfunctigrelnfor the second eigenvalue of £|;> musthave
two nodes by Proposition 2.4 and the nodes are located at the symmetry pointgvc; =4m/2,
hence this eigenfunction is not orthogonal to dy¢y € Ker(L). Therefore, O is the second
eigenvalue of L] L2, which yields n (L] Lgm) = 1and

n(L) =n(Llp, ) +nLla,)=2.

It remains to consider z(£) > 1. For illustration purposes, we give the first five eigen-
functions of the operator £ in L>(T) for & = 2 on Fig. 1. By the symmetry of v and 2, the
operator £ in (1.7) and (2.7) has a m-periodic potential, which is even with respect to both
x = 0and x = 7 /2. The negative eigenvalue of £ in Lgven, which is the lowest eigenvalue of
L in L(T), corresponds to the sign-definite 7 -periodic function, which is even with respect
to both x = 0 and x = 7 /2. The negative eigenvalue in Lgdd, which is the second eigenvalue
of £ in Lz(T), corresponds to the eigenfunction with two nodes on T, which is even with
respect to x = /2. The eigenfunction d, v for the zero eigenvalue in Lgven, which is the
third eigenvalue of £ in L?(T), has two nodes and is odd with respect to x = /2. By
Proposition 2.6, the zero eigenvalue is the lowest eigenvalue for the eigenfunctions that are
odd with respect to x = /2.

Finally, we consider the eigenfunctions with four nodes on T since 0 is the third eigenvalue
of £. These eigenfunctions have the same parity with respect to x = 0 and x = 7/2, hence
odd functions in L<2>dd are also odd with respect to x = 7 /2. Since the zero eigenvalue is
the lowest eigenvalue for the eigenfunctions that are odd with respect to x = /2, the odd
eigenfunction of £ in L%dd with four nodes corresponds to the positive eigenvalue of L.
Therefore, z(EILgdd) = 0 and by Lemma 2.8, the mapping ¢ — ¥ (-; ¢) is C! in ¢ with

LIy = —, so that ¥ € Range(L).
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Fig. 1 Normalized eigenfunctions of £ on T for « = 2 computed from the exact expressions in Sect. 3.2

Assume that the even eigenfunction of £ in L2, with four nodes (call it f) belongs to

Ker (L), hence Ker(£) = span(dxy, f). Either (1, f);2 =0or (1, f);2 #0.If (1, f);2 =
0, then 1 € Range(L). It follows from (2.8) that if 1 € Range(L), then 1//2 € Range(L).
Therefore, {1, ¥, wz} € Range(£) and by Proposition 2.5, Ker(£) = span(d,y), so that
the existence of f € Ker(L) leads to a contradiction. Hence, z(£) = 1 if 1 € Range(L).
If (1, f);2 # 0, then 1 ¢ Range(L) because Range(L) is orthogonal to Ker(£). Hence,
z(£) =2 if and only if 1 ¢ Range(L). O
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Next, we introduce the subspace of L? with zero mean and denote it by Xo:

i fx)dx = 0]. 2.11)

—7T

Xo = {f e LX(T):
Denote IToLITp by L] x,. By an explicit computation, it follows that if f € ngr N Xy, then

3
Llxof =Lf + —{f,97). (2.12)
The following result is similar to Lemma 3.5 in [32].

Lemma2.10 Let @ € (%, 2] and ¢ € H;‘er,odd be a solution obtained in Theorem 2.1 and

Corollary 2.2. If there exists a nonzero f € Ker(L|x,) such that (f, 0x¥) = 0, then
2(L)=1, and (f,v¥>) #0. (2.13)

Proof Since f € Ker(L|x,), then (1, f) = 0 and f satisfies
3
1:f=_;<f,1p2>. (2.14)

Either (f, ¥2) =0 or (f, ¥?) # 0.

If (f, wz) = 0, then f € Ker(£) so that z(£) = 2 and 1 ¢ Range(£) by Lemma 2.9.
However, 1 L span(d,y, f) = Ker(£) implies 1 € Range(£), which is a contradiction.

If (f,¥2) # 0, then it follows from (2.14) that 1 € Range(£) and hence z(£) = 1 by
Lemma 2.9. This yields (2.13). O

Remark 2.11 Assuming 1 € Range(£), let us define oq := (£~'1, 1). Then, 2(L]x,) = 2if
and only if op = 0. On the other hand, z(£) = 2 if and only if o¢ is unbounded.

2.3 Spectral Stability

Next, we consider if the ground state of the variational problem (2.2) with a single constraint
is a local minimizer of the following variational problem with two constraints:

T brg
re = inf, {Bc(u) : / wldx =1, / udx = o}. (2.15)
uEHpZr - -

It is clear that r, < q.,0d4a and therefore, minimizers of (2.2) could be saddle points of
(2.15). The following lemma provides the relevant criterion. Its proof relies on the following
proposition formulated as Theorem 4.1 in [33].

Proposition 2.12 Let L be a self-adjoint operator in a Hilbert space H with the inner product
(-, -) such that L has n(L) negative eigenvalues (counting their multiplicities) and z(L)
multiplicity of the zero eigenvalue bounded away from the positive spectrum of L. Let {v; }§V= 1
be a linearly independent set in H and define

He={feH: {(f,v)=0}}
Let A()) be the matrix-valued function defined by its elements

Aij() = (L —xD" v, v5), 1<i,j<N, rA¢o(l).
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Then,

{n(L|HC) =n(L) — ny — 2o, 2.16)

2(L| ) = 2(L) + 20 — 2e0,

where no, zo, and po are the numbers of negative, zero, and positive eigenvalues of
lim; 10 A(A) (counting their multiplicities) and zoo = N — no — zo — po is the number
of eigenvalues of A(A) diverging in the limit A 1 0.

Lemma2.13 Let o € (%, 2] and ¥ € H&r,odd be a solution obtained in Theorem 2.1 and
Corollary 2.2. If 1 € Range(L), then

0, o0 <0, 1, o9 #0,
n(Lly y3yt) = { | Ug Zo gy = {2 Ug 7:&0 (2.17)
where oy := (£7'1,1). If 1 ¢ Range(L), then
n(Llgy) =1, z2(Lly y3y0) = 1. (2.18)

Proof By using the result of Proposition 2.12, we construct the following symmetric 2-by-2
matrix related to the two constraints in (2.15):

(L =D~y ) (L= an 1y, 1>] '

PO = [ (=AD", 93 (C—rD7'1, 1)

If 1 € Range(L), then

(7', =00, (£7'Ly3)=(c7 Y3 1) =0, <z:—1¢f3,1/f3>=s—1

g
vhdx, (2.19)
4J 5

thanks to Eq. (2.9). By Proposition 2.12, we have the following identities:

[n(zy“wl)=n(./:)—no—zo, 2.20)

Z('C|{l"//3}L) = Z(‘C) + 20,

where np and zo are the numbers of negative and zero eigenvalues of P (0). Since n(L£) = 2
and z(£) = 1 by Lemma 2.9, the count (2.20) yields (2.17) due to (2.19).

If 1 ¢ Range(L), then z(£) = 2 but z(£L|x,) = 1 by Lemma 2.10. By Proposition 2.12,
the count (2.20) must be replaced by

n(L =n(L) —no — 20,
( }{1’¢3}L) (L) 0 0 2.21)
2(L] g yayn) = 2(£) + 20 = 2o,
where zoo = 1, zo0 = 0, and no = 1. The count (2.21) yields (2.18). O

It follows by Lemma 2.13 that the ground state of the variational problem (2.2) is a local
minimizer of the variational problem (2.15) if op < 0, which is only degenerate by the
translational symmetry if o9 # 0, whereas it is the saddle point of the variational problem
(2.15)if o9 > O orif 1 ¢ Range(L), in which case o¢ is unbounded.

Equipped with the variational characterization of Lemma 2.13, we can clarify the spectral
stability of the odd periodic waves. The following theorem gives the relevant result.
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Theorem 2.14 Let o € (%, 2] and yr € ngr’odd be a solution obtained in Theorem 2.1 and

Corollary 2.2. If 1 € Range(L), then the periodic wave is spectrally stable if
d 2
00 =0. Iyl = 0. (2.22)
and is spectrally unstable with exactly one real positive eigenvalue of 3, L in L*>(T) if
either UOE”W”LZ >0 orog=0, EIIWIIU <0, orog >0, %IIWIILz =0, (2.23)

where oy := (L~11, 1). If 1 ¢ Range(L), then the periodic wave is spectrally unstable with
exactly one real positive eigenvalue of 9, L in L*>(T) if

d 2
v 2. (2.24)

Proof Tt is well-known [22] that the periodic wave v is spectrally stable if it is a constrained
minimizer of energy (1.3) under fixed momentum (1.4) and mass (1.5). Since £ is the Hessian
operator for G (u) in (1.7), the spectral stability holds if

| > 0. (2.25)

Lyt =
On the other hand, the periodic wave 1 is spectrally unstable with exactly one real positive
eigenvalue if n <E|{1 W}L) = 1, whereas the case n <£|{1 W}L) = 2 is inconclusive (see
[34]).

Similarly to the proof of Lemma 2.13, we construct the following symmetric 2-by-2 matrix
related to the two constraints in (2.25):

(L =D~ Y, ) (L= 2Dy, 1)] .

D@y = [ (L—=2D",9) (L—AaD7'1, 1)

If 1 € Range(L), then

) =00, (LMY = (L7 1) = -1 __1lda =
1) =00, ( ) =LY, 1) =0, (L7 v, ¢) = chlllﬁlle, (2.26)

where we have used £9,% = — from Lemma 2.8, which can be applied since z(L| ded) =0
follows from the proof of Lemma 2.9. By Proposition 2.12, we have the following identities:

[Mduwﬁznwrﬂm—m,

L]y ) = 20) + 20, @20

where ng and zo are the numbers of negative and zero eigenvalues of D(0). Since n(£) =2
and z(£) = 1 by Lemma 2.9, the count (2.27) implies n(E‘{1 w}L) = 0 due to (2.26) if the
conditions (2.22) are satisfied and n(£|{1 W}L) = 1 if the condition (2.23) is satisfied.

If 1 ¢ Range(L), then z(£) = 2 but z(L|x,) = 1 by Lemma 2.10. By Proposition 2.12,
the count (2.27) must be replaced by

n(L|y ) =n(L) —no — 20, 228

Z(£|{1,1//}i) :Z(E)"I'ZO_ZOOv '
where zoo = 1andng+zo = 1ifthe condition (2.24)is satisfied. In this case, n(C}{l w}i) =1
and the periodic wave is spectrally unstable. ’ O
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Remark 2.15 1f 1 € Range(L), the case op > 0 and ||w|| 2 <0 is inconclusive because
n(L‘| Lyt 1) = 2.Inthis case, one needs to find if the spectral stability problem has eigenvalues

A E ZR with so-called negatlve Krein signature, see [34] for further details. The same is true
if 1 ¢ Range(£) and 4 Cllylls, <o.

3 Examples of Odd Periodic Waves

Here we present three examples of the odd periodic waves obtained in Theorem 2.1 and
Corollary 2.2. Small-amplitude waves are studied with the explicit analytical computations
of the perturbation expansions. Periodic waves in the local case o« = 2 are handled by explicit
analytical computations of elliptic functions. Periodic waves for « = 1 are considered by
means of numerical approximations.

3.1 Stokes Expansion of Small-Amplitude Waves

Stokes expansions of small-amplitude periodic waves near the bifurcation point ¢ = —1 are
rather standard in getting precise results on the existence and stability of periodic waves [25,
29,32]. The following proposition describes the properties of the small-amplitude periodic
waves.

Proposition 3.1 For each o € (2, ] there exists co € (— 1, 00) such that the odd periodic
wave exists for ¢ € (— 1, co) withn(L) = 2, z(L) = 1 and is spectrally stable.

Proof We solve Eq. (1.1) with b = 0 in the space of odd functions by using Stokes expansions
in terms of small amplitude A:

¥ (x) = Ay (x) + A2Y3(x) + O(A”) 3.1)
and
c=—1+ A%c; + O(AY. (3.2)
We obtain recursively: 1 (x) = sin(x),
1 .
Y3(x) = m sin(3x),

and ¢ = % uniformly in .

Since £ = D% — 1 + O(A?), then 1 € Range(L£) for small A, so that n(£) = 2 and
z(£) = 1 forany « € (4, 2] by Lemma 2.9.

Furthermore, £7'1 = —14+ O(A?), sothatog = (£~ '1, 1) = =27 + O(A?) < 0, which
implies n(L|; y3y1) = 0 and z(L|(; y3;1) = 1 by Lemma 2.13. Hence, the odd periodic
wave for small amplitude A represents a local minimizer of the variational problem (2.15)
with two constraints for any o e é, 2].

Finally, we obtain [||7, = 7 A% + O(A*) so that

2
—uwu = T [1+omd]>o.

By Theorem 2.14, the Stokes wave (3.1) for small A is spectrally stable since the criterion
(2.22) is satisfied. ]
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Remark 3.2 For ¢ near —1, the small-amplitude wave of Proposition 3.1 coincides with the
odd periodic wave obtained in Theorem 2.1 and Corollary 2.2. This follows from local

uniqueness of the small-amplitude wave in the neighborhood of (0, —1) in prer, odd X R 3

(¢, ¢) and the result of Lemma 2.3 which guarantees that ¢/ — 0 in pr

er.odd @8 € = —1.

3.2 LocalCase a = 2

In the case of the modified KdV equation (¢ = 2), Eq. (1.1) with » = 0 can be solved in the
space of odd functions by using the Jacobian cnoidal function [7,17].
Let us recall the normalized second-order equation

VY (2) + (1 = 2k%)90(2) + 290 (2)° =0, (3.3)

which admits the periodic solution ¥o(z) = kcn(z; k) with the period 4K (k), where K (k)
is the complete elliptic integral of the first kind and k € (0, 1). The periodic solution also
satisfies the first-order invariant given by

W) + (1 = 2k + vy = k(1 — k). (3.4)
By adopting a scaling transformation and a translation of the even function cn(z; k) by a
quarter-period, we obtain the exact solution for the odd periodic wave in the form:
sn [%K(k)x; k]

2 2 2
= —kK(k —K(k)x — K(k); k| = —kv/1 - k2K (k) —F——
V) =~ ()Cn[ﬂ (k)x (k); ] kv ()dn[%K(k)x;k]

(3.5)
with
c= %K(k)z(Zkz —1). (3.6)
s

We recall some properties of complete elliptic integrals K (k) and E (k) of the first and second
kinds, respectively:

b
@ E©0)=K(©0)=7,

(b) Ek)—1, Kk)—> o0, as k—1,

and
(c) iE(k)=w <0, iK(k)=Lk)_&k) = 0.
dk k dk k(1 —k2) k
It follows from (a) and (c) that
(1 —k»HK k) < E(k) < Kk), ke (0,1). (3.7

The following proposition summarizes properties of the odd periodic waves for o = 2.
These properties were also studied in [7,17].

Proposition 3.3 Fix « = 2. The odd periodic wave (3.5) exists for every ¢ € (— 1, 00)
withn(L) = 2 and z(L) = 1. There exists ¢, € (— 1, 00) such that the odd periodic wave is
spectrally stable for ¢ € (— 1, c«] and is spectrally unstable with one real positive eigenvalue
for ¢ € (cy, 00).
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Proof The mapping (0, 1) 2 k > c(k) € (— 1, 00) is one-to-one and onto. This follows
from

de K®)

8 dk ~ k(1 —k2)
where property (3.7) has been used. Hence, the odd periodic wave parameterized by k € (0, 1)

in (3.5) and (3.6) exists for every ¢ € (— 1, 00).
The first five eigenvalues and eigenfunctions of the normalized linearized operator

[(1 =K k) = E®)] + K E(K)] > 0,

Lo =—92 +2k* — 1 — 6kcn(z; k)? (3.8)

are known in space L%(— 2K (k), 2K (k)) in the explicit form [17]. The two negative eigen-
values and a simple zero eigenvalue with the corresponding eigenfunctions are given by

Mo=1-=2k —2V1T -2+ k% @o(z) =1 +k*+ /1 — k2 + k% — 3k?sn(z; k)?,
A= =3k, 91(2) = en(z; k)dn(z; k),
Ay =0, @2(z) = sn(z; k)dn(z; k).

The next two positive eigenvalues with the corresponding eigenfunctions are given by

3 =301k, ¢3(2) = sn(z; ben(z; k),
A=1=2k2 42T -2+ k%, @4(z) = 1 +k* — /1 — k2 + k% — 3k?sn(z; k).
Eigenvalues and eigenvectors of the linearized operator £ are obtained after the same scaling

and translational transformation as in (3.5). In agreement with Lemma 2.9, we have n(£) = 2,
z(£) =1, and 1 € Range(L) for every ¢ € (— 1, 00). Moreover, we compute

1 A4Q0 — AMo@4 1
0 =1 and ———-——1[py — 4] =1,
21 — k2 k4 AoAg 2V — k2 +k*

from which it follows that
ralpo, 1) — Aolea, 1)

= —42E(k) — K(k)].
23/1 — k2 + k*aghy RE® ©1

(L', 1y =

Since

d _ d? (I =K)EK) — K(K)] — K Ek)
JKEG) =2E(K) — K (k) and —5kE (k) = =) -

0,

in addition to (b), there exists exactly one value of k, labeled as k* ~ 0.909 in [17], such
that (6611, 1) < 0 for k € (0,k*) and (Eall, 1) > 0 for k € (k*, 1). Up to a positive
scaling factor, (Lal 1, 1) gives the value of og = (11, 1. By Lemma 2.13, this implies
that n(L|y; y3y1) = 0 fork € (0, k*] and n(Lly y3yr) = 1fork € (k*, 1). Therefore, there
exists a bifurcation at k = k* such that the odd periodic wave (3.5) is a local minimizer of
the variational problem (2.15) with two constraints for k € (0, k*) and a saddle point for
k € (k*, 1). The value of k* defines uniquely a value ¢* &~ 1.425 by (3.6).
Finally, we obtain

8
Wi = — K@ [E®) - (1 =kHK®] >0

and
md

9 7k [(1 = KK (0)[K (k) — E()]+E K[ E(k)—(1—k*) K (k)]] >0,

2 _
W13 =t
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for every k € (0, 1), where the property (3.7) has been used. By Theorem 2.14 due to the
stability and instability criteria (2.22) and (2.23), the odd periodic wave (3.5) with the speed
(3.6) is spectrally stable for ¢ € (— 1, ¢*] and is spectrally unstable with exactly one real
positive eigenvalue if ¢ € (¢*, 00). O

Remark 3.4 The cnoidal wave of Proposition 3.3 coincides with the odd periodic wave
obtained in Theorem 2.1 and Corollary 2.2 for « = 2. This follows from uniqueness of
smooth, odd, and 27 -periodic solutions of the differential equation

— " 4y =297, (3.9)

withc € (— 1, 0o), where Eq. (3.9) is the Euler—Lagrange equation for the variational problem
in Theorem 2.1 and Corollary 2.2.

The claim in Remark 3.4 is based on the following proposition. Since the previous results
in [14,19] are not sufficient for the proof of this proposition, we provide a simple proof based
on explicit computations.

Proposition 3.5 Foreveryc € R, there exists a family of L-periodic, sign-indefinite solutions
of Eq. (3.9), which can be parameterized by the value T of the first-order invariant

=" =cy?+y* (3.10)

The mapping T — L is monotonically decreasing for every ¢ € R with L € (0, 2m|c|~1/?)
forc < Oand L € (0,00) for ¢ > 0. Consequently, the odd, 2w -periodic solution of Eq.
(3.9) for c € (— 1, 00) is unique.

Proof Elementary phase-plane analysis (see [14,19]) shows the existence of the L-periodic,
sign-indefinite solutions of Eq. (3.9) integrable with the first-order invariant (3.10). By using
the scaling transformation, the L-periodic sign-indefinite solution is obtained from the peri-
odic solution ¥ (z) = k cn(z; k) of the normalized equations (3.3) and (3.4) in the form:

172
W (x) = k @ cn(ax: k), o= (ﬁ) , G.11)

where k € (0, ﬁ) ifc <Oandk € (ﬁ’ 1) if ¢ > 0. For ¢ = 0, the choice k = 5 Is unique
but parameter « is arbitrary.
It follows from (3.11) that period L and parameter Z are expressed uniquely by

L=4a"'K((k), T=ao*%>1—-k>, (3.12)

where o depends on k if ¢ # 0. Computing derivatives in k yields

dr _  ke? dL _ L[l 21 Lk 2kKk)]
dk ~ (1—2k23" dk  Jeaki—1D) (1= 205 KO = 2kK D) |

Ifc >0and k € (%, 1), then ‘[% < 0 and ‘fj—é > 0 so that the mapping Z +— L is

monotonically decreasing. As k — a—>ooand L - 0. Ask — 1, K(k) — oo and

1
%»
L — oo.

Ifc <0Oandk € (0, \%2), then % > (0 and % < 0 due to (3.7) and

dL

4
dk — Je@k? — Dk(1 — k2)
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so that the mapping Z +— L is also monotonically decreasing. As k — o — oo and
L—0.Ask— 0,K(k) — 5 and L — 27 |e|~1/2.

Ifc=0andk = \%2, then the parameter o € R is arbitrary and it follows from (3.11) that

1
ﬁv

T = C/L* for some C > 0 so that the mapping Z — L is also monotonically decreasing
and L € (0, 00).

Since the period function L = L(Z) is monotonically decreasing in Z, there exists exactly
one odd, 2w -periodic solution for every ¢ € (— 1, 00) and by uniqueness of solutions to
differential equations, this unique solution is given by the cnoidal wave (3.5) and (3.6). O

3.3 Numerical Approximations

Here we numerically compute solutions of Eq. (1.1) using Newton’s method in the Fourier
space, similar to our previous work [32]. For better performance, the odd periodic wave with
profile ¥ in Theorem 2.1 is translated by a quarter period 77 /2 to an even function of x. The
starting iteration is generated from the Stokes expansion (3.1) after the translation and this
solution is uniquely continued in ¢ for all ¢ € (— 1, 00). This family of solutions correspond
tob =01in Eq. (1.1).

Additionally, we add a perturbation to the profile ¥ to preserve the even symmetry but to
break the odd symmetry after the translation. Numerical iterations converge back to the same
family of solutions with b = 0 for ¢ < ¢y, where ¢, € (— 1, 00) is the bifurcation point for
which a nontrivial solution in Lemma 2.10 exists. The value of ¢, exists for all & € (% 2].
When ¢ > c¢,, numerical iterations converge to a new family of solutions to Eq. (1.1) with
b # 0, which is then continued with respect to c. Convergence of numerical iterations is
measured by the L2 norm of the residual equation (1.1), with the tolerance equals to 1010

Figure 2 presents the periodic wave solutions to Eq. (1.1) for « = 2. The top left panel
shows the profiles of ¥ of the family with b = 0 for three different values of c: near the
Stokes wave limit (blue curve), near the bifurcation point c, (black curve) and when c is away
from the bifurcation point c, (red curve). The top right panel shows the profiles of ¢ of the
bifurcating family with b # 0 near the bifurcation point ¢, (black curve) and increasingly
away from the bifurcation point (blue and red curves). The vertical lines show the symmetry
points at x = = 7r/2. The family with b = 0 has odd symmetry with respect to these points,
whereas the family with b # 0 does not have this symmetry; both families are even at x = 0
andx = £7.

The middle left panel of Fig. 2 shows the dependence of » in Eq. (1.1) versus speed c.
The pitchfork bifurcation point is located at ¢, & 1.425. The two symmetric branches of
solutions with b > 0 and b < 0 are obtained by using the positive and negative perturbations
to the family of solutions with b = 0.

The middle right panel of Fig. 2 shows the momentum F () versus c. The bottom left
panel shows the dependence of og versus c. The bottom right panel displays the lowest
eigenvalues of £ versus c. The blue curve shows the family of solutions with b = 0, whereas
the red curve shows the family of solutions with b # 0.

As shown on the middle right panel of Fig. 2, the momentum F (v) is increasing function
of ¢ for both the families. In agreement with the theory, oy for the family with b = 0 changes
sign from negative to positive when ¢ passes through the bifurcation point c,, see the bottom
left panel of Fig. 2. By Theorem 2.14, it follows that the family of solutions with b = 0 is
spectrally stable for ¢ < ¢, and spectrally unstable for ¢ > c,.
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Fig. 2 Odd periodic waves for « = 2. Top left: Profiles of ¥ with b = 0 for three different values of c.
Top right: Profiles of ¥ with b # 0 for three values of ¢. Middle left: Dependence of b versus ¢ showing
the pitchfork bifurcation point cy. Middle right: Dependence of the momentum F (i) versus c¢. Bottom left:
Dependence of oy versus c. Bottom right: The lowest eigenvalues of £ versus c. The blue (red) line corresponds
to the family with b = 0 (b # 0)

On the other hand, the bifurcating family with » # 0 has o9 < 0 near the bifurcation
point but there exists another point ¢, > c¢, such that og diverges at ¢ = ¢, and becomes
positive for ¢ > ¢,. This agrees with the behavior of the lowest eigenvalues of £ shown on
the bottom right panel of Fig. 2 since z(£) = 2 at ¢ = ¢4, n(L) =2 forc < ¢y and n(L£) = 1
for ¢ > ¢,. Lemma 2.13 and Theorem 2.14 are trivially extended to the family with b # 0
and they confirm that for both cases of ¢ < ¢, and ¢ > ¢4, the periodic waves of the family
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Fig.3 The same as Fig. 2 but foro = 1

with b # 0 correspond to minimizers of the constrained variational problem (2.15) and they
are spectrally stable for ¢ > c,.

Figure 3 presents similar results for the periodic wave solutions to Eq. (1.1) for @ = 1.
Note that bifurcation point ¢, moves to the left and becomes ¢, &~ —0.310. The existence
and stability of the family of solutions with b = 0 is very similar with the only difference that
the dependence of the momentum F () versus speed ¢ approaches the horizontal asymptote
as ¢ — oo since o = 1 is the L>-critical modified Benjamin-Ono equation [8,26,31] and
the periodic waves with the single-lobe profile converge to the solitary waves in the limit
¢ — 0.
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The stability of the family of solutions with b # 0 is however different. The momentum
F () is adecreasing function of the speed c, as the insert shows, hence the family of solutions
is spectrally unstable for all ¢ > c,. It also approaches to the horizontal asymptote as ¢ — o0.
Profiles of both the families in the limit of large ¢ approach the soliton profile, but the family
with b = 0 contains two solitons on the period, whereas the family with b # 0 contains a
single soliton on the period. Hence the momentum F (/) of the family with b = 0 approaches
the double horizontal asymptote as ¢ — oo compared to the momentum F () of the family
with b # 0.

We have checked again that o along the family with b = 0 changes sign from negative to
positive at the bifurcation point ¢ = c,, whereas o¢ along the family with b # 0 is negative
for ¢ € (¢4, ¢4) and positive for ¢ € (¢4, 00), where ¢, is the point where z(£) = 2 along
the family with b # 0.

4 Even Periodic Waves

Here we consider the even periodic waves and provide the proof of Theorem 1.7. The study
follows the same structure as in the case of the odd periodic waves.

4.1 Variational Characterization

The odd periodic wave constructed in Theorem 2.1 and Corollary 2.2 is even after translation
x — x — /2. However, since n(£) = 2 by Lemma 2.9, the odd periodic wave translated
into an even function cannot be a solution of the constrained minimization problem with a
single constraint. Therefore, the same constrained minimization problem (2.2) in a subspace
of even functions yields a different branch of periodic waves.

The following theorem gives the construction and properties of the even periodic waves.

Theorem 4.1 Let @ > % be fixed. For every ¢ > 0, there exists the ground state (minimizer)

Q
X € Herr,even of the following constrained minimization problem:

T
qc,even = ir(},f {Bc(u) : f udx = 1} s 4.1
uEHer,even T

with the same B.(u) as in (2.3). There exists C > 0 such that ¥ (x) = C x (x) satisfies Eq.
(1.1) with b = 0. If o < 2, the ground state is the constant solution for ¢ € (0, %] and has

the single-lobe profile for ¢ € (%, oo).

Proof Tt follows that B, is a smooth, bounded, and coercive functional on Hp%r‘even ifc > 0,
hence g¢ even > 0. It follows from the bound (2.5) and the constraint in (4.1) that g¢ even > O.

The existence of the minimizer xy € Hpjeneven of the constrained minimization problem (4.1)
is proven exactly like in the proof of Theorem 2.1. Moreover, for « € (0, 2], the symmetric

o
rearrangements suggest that the minimizer x € Hper, even is either constant or it must decrease
symmetrically away from the maximum point.
In order to ensure that the minimizer has the single-lobe profile, we need to eliminate the

Q
constant solution in Hpér,even. By Lagrange’s Multiplier Theorem, the constrained minimizer
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o
X € szer,even satisfies the stationary equation

D +cx = pux’, (4.2)

where i = 2B.(x) due to the normalization in (4.1). Since B.(x) > 0, the scaling trans-
formation ¥ = Cy with C := /B.(x) maps Eq. (4.2) to the form (1.1) with » = 0. The
constant nonzero solution to Eq. (1.1) with b = 0 is given by ¥ (x) = /c/2 up to a sign
choice. The linearization operator £ in (1.7) evaluated at the constant solution is given by

L=D%+c—6y*=D*—2c.

Sincen (L) = lifandonlyifc € (0 1 ] the constant wave is a constrained minimizer of (4.1)
forc € (0, 2] and a saddle point of (4.1) for ¢ € (1, 00). By the symmetric rearrangements,
the global minimizer is given by the constant solution in the former case and by a non-constant

solution with the single-lobe profile in the latter case. O

Remark 4.2 Periodic waves obtained in Theorem 4.1 do not satisfy the boundary-value prob-

lem (2.1) if the mean value of ¥ € H, ..., is nonzero.

4.2 Smooth Continuation

Let { € H%, ..., be asolution to Eq. (1.1) with b = 0 for ¢ € (3, 00) obtained by Theorem
4.1. We introduce again the linearized operator £ by (1.7) and (2.7). Equalities (2.8) and (2.9)
hold true for the even periodic wave and so do Propositions 2.4, 2.5, and 2.6 (no translation
is needed for the last proposition).

The following lemma presents the count of n(£) and z(£) for the even periodic wave.

Lemma4.3 Leta € (2, 2l and v € HY be a solution obtained in Theorem 4.1. Then,

n(L) =1and

per,even

|1, if 1 € Range(L),
28 = {2, if 1 ¢ Range(L).

Proof Since ¥ € Hy. o\eq i @ minimizer of the constrained variational problem (4.1) with
only one constraint, we have n(L| Lgvcn) < 1. On the other hand, we have

(LY, ¥) 2 = —4[¥ 74 <O,

with even ¥, hence n(L| 2, ) > 1, so that n(L| 2, ) = 1. By Proposition 2.6 (without
translation), n([lle ) =0 and z(£|Lz ) =1. Hence n(ll) =1.

It remains to cons1der z(L) > 1. Smce 0 is the second eigenvalue of £, Proposition 2.4
suggests that if z(£) = 2, then the even eigenfunction of Ker(£) has at most two symmetric
nodes on T. If the periodic wave has the single-lobe profile ¥, then 3 has also the single-
lobe profile. By using the same argument as in the proof of Proposition 3.1 in [24], it follows
that z(£) = 1 if and only if {1, ¥/>} € Range(L).

Indeed, if 7 € Ker(£) is an even eigenfunction in the case z(£) = 2 and {1, v e
Range(L), then (h, 1) = 0 and (A, 1#3) = 0. The first condition suggests that & is sign-
indefinite with exactly two symmetric nodes at xo with xo € (0, ), but then (k, 1//3 —
Y3 (x0)) is sign-definite and cannot be zero, so that no & € Ker(£) exists.

Since ¥ € Range(£) due to Eq. (2.9), it follows that z(£) = 1 if and only if 1 €
Range(L). O
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The definition of £|x,, where Xo C L2(T) is defined by (2.11), is the same as in (2.12).
The result of Lemma 2.10 holds true for the even periodic wave ¥ € Hpye, cyep- In order to
count the indices n(L|x,) and z(L|x,), we shall re-parameterize the even periodic wave to
the zero-mean periodic wave.

Recall from Remark 4.2 that ¢ has generally nonzero mean value and does not satisfy the

boundary-value problem (2.1). Let us define ¥ (x) = a + ¢ (x), where a := ﬁ ffﬂ Y(x)dx.

Then, ¢ € Hye even N Xo is a solution of the stationary equation:

D¢+ wp + B =2 (4> + 3ap?), 4.3)
where @ := ¢ — 6a% and B := ca — 2a>. Since ¢ has zero mean, 8 can be equivalently
written as

1 : 3 2
Bi=— [ (¢ +3ag?)dx, (44)
T J-n

so that Eq. (4.3) can be rewritten as the boundary-value problem:
D¢ + wp = 2Ty (¢* + 3a¢?) . (4.5)
The following lemma presents the computation of n(L|x,) and z(L|x,).

Lemma4.4 Leta € (%, 2land r € Hpy; even be a solution obtained in Theorem 4.1. Assume
that w € (— 1, 00) after the transformation to Eq. (4.3). Then, n(L|x,) = 1 and z(L|x,) = 1.

Proof Transformation ¥ = a + ¢ and @ = ¢ — 6a* changes £ given by (1.7) into the
equivalent form:

L=D%+c—6y>=D"+w—6p>— 12a¢ =: L. (4.6)
Then, it follows directly that
T g
(Llxgp. ¢) = —4 | ¢*dx —6a | ¢ dx. (4.7)
-7 -

Taking an inner product of Eq. (4.3) with ¢ yields the Pohozhaev-type identity

T g

Bo(@) = | ¢*dx+3a | ¢3dx. (4.8)
-7 -7

where B, (¢) is defined by (2.3). Since w € (—1,00) and ¢ € ngr,even N Xp, we have
B, (¢) > 0, so that the equality (4.7) can be estimated by

T
(Llxy$,d) <=2 | ¢*dx <0. (4.9)
—
Hence n(L|x,) > I and since n(£) = 1 by Lemma 4.3, we have n(L|x,) = 1. By Proposi-
tion 2.12, we have the following identities:

{ n(Llx,) = n(L) — no — 2o,

2(L]xy) = 2(L) + 20 — Zoo> (4.10)

where zo, = 1 if 1 ¢ Range(L). It follows from the first equality in (4.10) that ng = z0 =0
since n(£) = n(L|x,) = 1. Then, the second equality yields z(L|x,) = z(£) — Zeo. If
2(L|x,) = 2, then z(£) > 2, which is in contradiction with Lemma 2.10 extended to the
even periodic wave ¢ € H&r,even. Hence, z(L|x,) = 1, in which case z(£) = 1 4+ z in
agreement with Lemma 4.3. O
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Remark 4.5 1t follows from the proof of Lemma 4.4 that o9 > 0 if 1 € Range(L), where
oo = (L1, 1).

In order to derive the spectral stability result, we shall now extend solutions to Eq. (4.3) with
respect to two independent parameters (w, a) and with 8 being a C! function of (w, ). Since
the periodic waves satisfy Eq. (1.1) with b = 0, where c is the only parameter, parameters o,
a, and B in Eq. (4.3) are parametrized by c, hence a is not independent of w. The following
lemma allows us to extend zero-mean solutions to the boundary-value problem (4.5) with
respect to independent parameters (w, a) near each uniquely defined point (wp, ag).

Lemma4.6 Assumea € (%, 2] and ¢po € Hyep eyen N Xo be a solution to the boundary-value
problem (4.5) with w = wg € (— 1, 00) and a = ag € R. Then, there exists a C' mapping in
an open subset of (wy, ag) denoted by O C R2Z:

03 (w,a)— ¢(,w,a) € HI‘,"

er,even

N Xo, 4.11)
such that ¢ (-, wo, ag) = ¢o.

Proof The proof repeats the arguments in the proof of Lemma 2.8. Let Y : (— 1, 00) X R x
HY N Xo — L2, (T) N X, be defined by

per,even even
YT(w,a,g) = D% +wg — 21 (g3 + 3ag2) . (4.12)

By hypothesis we have Y (g, ao, ¢o) = 0. Moreover, since Y is smooth, its Fréchet deriva-
tive with respect to g evaluated at (g, ao, ¢o) is given by

Dy Y (wo, ag, ¢o) = D* + wo — 6T1g (¢3 + 2aodo) = D* + co — 6TIoYg = L]x,4.13)

where we have unfolded the previous transformation ¥o = ag + ¢ and wg = co — 6a5 and
used the same operator as in (2.12) computed at yr.

Since z(L|x,) = 1 by Lemma 4.4 and Ker(L|x,) = span{d,¢o} with dy¢¢ ¢ H&r,even N
Xo, we conclude that DY (wp, ap, ¢o) is one-to-one. Next, we show that Dg Y (wo, ag, ¢o)
is onto. Since Hy, oyen N Xo is compactly embedded in L2, (T) N Xg if @ > 1/2, the
operator L|x, has compact resolvent. In addition, £|x, is a self-adjoint operator, hence its
spectrum o (L] x,) consists of isolated eigenvalues with finite algebraic multiplicities. Since
DY (wy, ag, ¢o) is one-to-one, it follows that 0 is not in the spectrum of D¢ Y (wo, ag, ¢o), SO
that it is onto. Hence, D¢ Y (wo, ao, ¢o) is a bounded linear operator with a bounded inverse.
Thus, since Y and its derivative with respect to g are smooth maps on their domains, the
result follows from the implicit function theorem. O

Recall that £ = £ in (4.6). Extension of relations (2.8) and (2.9) yields
L1 =w— 12a¢ — 6¢> (4.14)
and
Lo = —B — 6ad? — 4¢°, (4.15)

where 8 = B(w, a) is a C' function by Lemma 4.6 and the representation (4.4). Therefore,
we also obtain two more relations:

LIyp = =3B — ¢, (4.16)
and

LOg¢ = —0,8 + 6. 4.17)
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These relations allow us to completely characterize Ker(£), which can be two-dimensional
if 1 ¢ Range(L) by Lemma 4.3.

Lemma 4.7 Assume o € (%, 2] and ¢ € H&r’even N Xo be a single-lobe solution to the
boundary-value problem (4.5) with v € (— 1, 00) and a € R. Then, z(L) = 1 if and only if
S0 :=w— 0,8 + 12ad,p # 0.

Proof Eliminating ¢ and ¢ from (4.14), (4.16), and (4.17) yields

L1+ 8,0 — 12ad,¢) = @ — 3.8 + 12ad,8 =: so. (4.18)
Recall that £ = £ in (4.6). If so # 0, then 1 € Range(L£), so that z(£) = 1 holds by Lemma
43.If so =0, then 1 4+ 9,¢ — 12ad,¢ € Ker(£) in addition to 9,¢ € Ker(L). ]

4.3 Spectral Stability

We are now ready to provide the criterion for spectral stability of the even periodic waves.
This result is given by the following theorem.

Theorem 4.8 Assume o € (%, 2] and ¢ € ngr,even N Xo be a single-lobe solution to the
boundary-value problem (4.5) withw € (— 1, 00) and a € R. The periodic wave is spectrally
stable if and only if

9 2
8w||¢>IIL2 >0, (4.19)
independently of either z(L) = 1 or z(L) = 2.

Proof We proceed similarly to the proof of Theorem 2.14. If 1 € Range(L), we use (4.18)
and compute

_1 2
00 = (L', 1) = ==,
50

where so # 0 by Lemma 4.7. For the even periodic wave, we have o¢ > 0 (see Remark 4.5),
so that so > 0. Eliminating constant term from (4.16) and (4.18) yields

L [Bwq’) + salawﬂ (14 9,0 — 12a8w¢)] =—¢, (4.20)
By projecting (4.16) to d,¢ and (4.17) to 9, ¢, it is easy to verify that
6(¢, 9u$) + (9. dap) = 0. @21
Using (4.20) yields
(L719) = (L7, 1) = —00dup.
where we have used that

290 B = 6(¢%, dud) + 12a($, dud) = — (¢, du0) + 12a($. d®).
which follows from (4.4) and (4.21). Finally, we obtain from (4.20) and (4.21) that

(L7'h, ¢) = —(¢, D) + 00 (BB)* .
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By Proposition 2.12, we have the following identities:

n(Ly{l,w}L) = I/l([,) — no — 20,

2(L]y yy0) = 2(0) + 20, (422

where ng and zg are the numbers of negative and zero eigenvalues of D(0) in the proof of
Theorem 2.14. Since

detD(0) = —00(¢, 0up).

and oy > 0, we have ng + zg = 1 if the condition (4.19) is satisfied and ng + zo = 0 if it is
not satisfied. Since n(£) = 1 and z(£) = 1 by Lemmas 4.3 and 4.7, the count (4.22) implies
n(£|“,wl) = 0 if the condition (4.19) is satisfied and ”(C}{l,w}i) = 1 if it is not satisfied.
This gives the assertion of the theorem if 1 € Range(L).

If 1 ¢ Range(L), then z(£) = 2 and so = 0. In this case, the count (4.22) should be
adjusted as

{nw!“w) = n(L) = no — 20, 423

Z(£|{1,W}L) = Z(L") + 20 — Zoos

where zoo = 1. At the same time, ng + zo = 1 if and only if the same condition (4.19)
is satisfied and ng + zo = 0 if it is not satisfied. Hence the stability conclusion remains
unchanged if 1 ¢ Range(L). O

Remark 4.9 The momentum (1.4) computed at the even periodic wave with the profile ¥ and
the decomposition v = a + ¢ is given by

F(y) = F(@) +ma’.
If w and a are independent parameters, it is true that
d

dw

iF(¢>) = —F), (4.24)
dw

however, this quantity is not defined by the dependence of the momentum F(yr) on the
original wave speed c. In addition, if i satisfies Eq. (1.1) with b = 0, then a depends on w,
therefore, the dependence of F'(y) versus @ does not generally provide information about
the slope condition (4.24). See also numerical approximations in the next section.

5 Examples of Even Periodic Waves

Here we present three examples of the even periodic waves obtained in Theorem 4.1. These
examples mimic the corresponding examples of the odd periodic waves.

5.1 Stokes Expansion of Small-Amplitude Waves

Stokes expansion gives again a direct way to illustrate small-amplitude periodic waves bifur-
cating from the constant solutions at ¢ = % In order to eliminate the constant wave, we
set

c

Y(x) = + e(x), (5.1)

Sl
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where ¢ is not required to satisfy the zero-mean property. Eq. (1.1) with b = 0 is written in
the equivalent form:

D% — 2c = 2¢° + 3v/2c¢?. (5.2)

By using the Stokes expansion in terms of small amplitude A:

9(x) = Ag1 (x) + A202(x) + A (x) + O(AY), 53)
2e = 1+ A%y + O(AY, '
we obtain recursively: ¢ (x) = cos(x),
3 3
P2(x) = =5 + 200 1) cos(2x),
1 9
»m(x) = 367 1) 1+ a1 cos(3x),
and
L9
V2= T 20e 1y
It follows that y» = 0 if and only if 2% = %, which is true at
log8 —log 5
ap = —E° " 982 0.6781. (5.4)
log2

The following proposition summarizes properties of the small-amplitude periodic waves.

Proposition 5.1 Let «g be given by (5.4). For each a € («g, 2], there exists cy > % such that
the even periodic wave exists for ¢ € (%, co) with n(L) = 1, z(L) = 1 and is spectrally
stable. For each o € ( %, ao), there exists co < % such that the even periodic wave exists for
c € (co, %) with n(L) = 2, z(L) = 1, and is spectrally stable.

Proof The existence statement follows from the Stokes expansion (5.3) with small wave
amplitude A since y» > 0 for @ > g and y» < 0 for @ < «g.
In order to compute n(£) and z(L), we substitute (5.1) and (5.3) into (1.7) and obtain

L =DY—1—Acos(x) — A?[y2 + 6¢2(x) — 6 cos*(x)] + O(A?).

We solve the spectral problem Lv = Av perturbatively near the eigenvalue A = 0 associated
with the subspace of even functions in L2(T). Hence, we expand

u = cos(x) + Aui(x) + A%ur(x) + O(A3), A= A%x + O(AY),

and obtain recursively: u1(x) = 2¢2(x) and A» = 2y,. Hence, A > O0if » > Oand A < 0
if y» < 0. The zero eigenvalue associated with the subspace of odd functions in L*(T) is
preserved at zero for every A due to d,y € Ker(£). In addition, there exists a negative
eigenvalue of £ associated with the constant functions at A = 0. Hence, we confirm that
n(L) = 1fora > g and n(£L) = 2 for @ < «g, whereas z(£) = 1 for both « > «g and
o < ap.

In order to deduce the spectral stability conclusion, we use transformation ¥ (x) = a +
¢ (x), where the zero-mean function ¢ satisfies the boundary-value problem (4.5). Computing
the mean value

< L33 2 4
= o [ wear= g - 2 Aot
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we obtain

A%+ 0A?
ZO,_J +0(A%)

and
3 3 2 4
Bi=ca—2a =5A + O(AY).

No fold point occurs in the expansion of @ with respect to the Stokes amplitude A, in

particular,
dw 3
— =21 O(A?) > 0.
dA? 2[ Jr2¢>f—1]Jr (4% >

Since [|¢]17, = wA> + O(A*), we have
o, =X o= 0 (5.5)
_ = — > U. .
do' "7 32042

In Appendix A, we show that g > 0 for @ > a9 and o9 < O for & < «p. In addition, we
show that

I 2 d .. 2
el = —=lI8l7. + O(A7) > 0.

By Theorem 4.8, the periodic waves are spectrally stable for small A both for & > o and
a < op. O

Remark 5.2 For o > ag, the small-amplitude periodic wave in Proposition 5.1 have the same
properties n(£) = 1, z(£) = 1, and op > 0 as the even periodic wave in Theorem 4.1.
However, for « < a9, the small-amplitude periodic wave in Proposition 5.1 cannot be a
minimizer of the constrained variational problem (4.1) in Theorem 4.1 because it exists for
c< % and has n(£) = 2 and op < 0. Spectral stability of the periodic wave with n(£) = 2,
oo < 0, and the slope condition (4.19) follows from the same computation as in the proof of
Theorem 4.8.

5.2 Local Casewitha = 2

In the case of the modified KdV equation (o = 2), Eq. (1.1) with » = 0 can be solved in the
space of even functions by using the Jacobian dnoidal function [5,17].
Let us recall the normalized second-order equation

Ui () + (K = 2)90(2) + 290(2)° =0, (5.6)

which admits the periodic solution ¥o(z) = dn(z; k) with the period 2K (k), where K (k) is
the complete elliptic integral of the first kind. Adopting an elementary scaling transformation
yields the exact solution in the form:

Y(x) = lK(k)dn [lK(k)x; k] (5.7)
s T
with
c= %K(k)z(z —k%). (5.8)
v
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The following proposition summarizes properties of the even periodic waves for ¢ = 2.
These properties were studied in [5,17].

Proposition 5.3 Fix o = 2. The even periodic wave (5.7) exists and is spectrally stable for
every c € (%, oo) Moreover, n(L) = 1, z(L) = 1, and o9 > 0 for every c € (%, oo)

Proof The mapping (0, 1) 3 k — c(k) € (%, oo) is one-to-one and onto. This follows from

m?dec Kk 2 2
T m[(2—k YE(k) —2(1 — k) K (k)] > 0, (5.9)
where the latter inequality was proved in [5] (see also [17]). Indeed, if
flk) == Q2 —kHE(k) —2(1 — kK (k).

then f(0) = 0, whereas f'(k) = 3k[K (k) — E(k)] > 0 so that f'(k) > 0 for k € (0, 1).
The mean value of the periodic wave in (5.7) is computed explicitly by

L[ 1 [K® 1
a:=— Y(x)dx = —/ dn(z; k)dz = —.
2w 7 T Jo 2

Hence, the zero-mean function ¢ (x) := ¥ (x) —a is a solution to the boundary-value problem
(4.5) with

This gives the straight line dependence f = %(a) + 1) for the periodic waves with the
single-lobe profile. Furthermore, we can compute

1912 = 2K M E®) - =
L2 — T 2 )
from which we verify that

(@, ) = —— [K (K)*(1 —k*) — E(k)*] > 0.

1
(1—k%
The latter inequality is also proven directly by setting
f) =K@ =k — E()?

such that £(0) = Oand f'(k) = —2k~'[K (k) — E(k)]> < Osothat f (k) < Ofork € (0, 1).
By Theorem 4.8, the even periodic wave (5.7) with the speed (5.8) satisfying (5.9) is spectrally
stable for ¢ € (%, oo)

Other properties such as 1 € Range(£), o9 > 0, and n(L) = 1 for every k € (0, 1) can
be confirmed by explicit computations. The normalized linearized operator is given by

Lo = —82 — 4+ 5k* — 6k*en(z; k)2 (5.10)

Eigenvalues of Lo in (5.10) are given by subtracting 3(1 — k%) from eigenvalues of Lo in (3.8).
However, Ly in (5.10) is considered in space L%(— K (k), K (k)) so that the eigenvalues |
and A, given below (5.10) with the eigenfunctions in L?(=2K (k), 2K (k)) are not relevant.
Hence, the first three eigenvalues of Ly in (5.10) are given by

Moo= 24k =2V1—Kk2+ k%, @o(z) = 1+ k> + 1 — k2 +k* — 3k>sn(z; k)2,
A1 =0, @1(2) = sn(z; k)en(z; k),
=24k +2V1 k2 + k4, () =1+ k% — 1 — k2 + k% — 3k%sn(z; k)2.
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Eigenvalues and eigenvectors of the linearized operator £ are obtained after the same scaling
transformation as in (5.7). In agreement with Lemma 4.3, we have n(£) = 1 and z(£) = 1.
The property 1 € Range(L£) follows from the representation

1 O[kz(ﬂo—sz}:l and ;[wo—w]:l
2T+ i Aor2 2V = k2 4 ke |

Direct computations yield

A2(po. 1) — dole2, 1) 2

ot 1) = =
0 1 — k2 + k*xphra k4

[@—KkHK (k) —2E(K)] > 0,

where the latter inequality is justified by assigning
fk) =2 —k>K (k) — 2E (k)

with £(0) = 0 and f/(k) = k(1 — k*)"HE®k) — (1 — k*)K (k)] > 0 so that f(k) > O for
ke (0,1). O

Remark 5.4 Explicit computations in the proof of Proposition 5.3 repeat computations in
[17], however, the expression for (L 1 1, 1) was typed incorrectly in [17].

Remark 5.5 The dnoidal wave of Proposition 5.3 coincides with the even periodic wave
obtained in Theorem 4.1 for « = 2. Similarly to Remark 3.4, this follows from uniqueness
of smooth, positive, and 2m-periodic solutions of Eq. (3.9) with ¢ € (%, 00), where Eq.
(3.9) is the Euler-Lagrange equation for the variational problem in Theorem 4.1. Compared
to Proposition 3.5, it is well-known (see, e.g., [39]) that the mapping Z +— L is mono-
tonically increasing for the L-periodic, positive solutions of Eq. (3.9) with the first-order
invariant (3.10) for ¢ > 0 such that L € (27 (2¢)~/2, 00). Therefore, there exists exactly
one even, positive, 27 -periodic solution for every ¢ € (%, 00) and by uniqueness of solutions
to differential equations, this unique solution is given by the dnoidal wave (5.7) and (5.8).

5.3 Numerical Approximations

Here we numerically compute solutions of Eq. (1.1) with » = 0 using Newton’s method in
the Fourier space. The starting iteration is generated from the Stokes expansion (5.3) and this
solution is uniquely continued in ¢ for all ¢ € ( %, oo) if o > «ag.

Figure 4 presents the periodic wave solutions for « = 2. The top panel shows the profiles
of i for three different values of c¢. The bottom panels show the dependence of F (/) versus
¢ (left) and the dependence of F(¢) versus w (right), where ¢ and @ was computed from
the transformation ¢(x) = ¥ (x) —a and w = ¢ — 6a? with a := % ffﬂ Y (x)dx. The

even periodic wave with the single-lobe profile v (red line) bifurcates at ¢ = % from the

constant wave (grey line) shown on the bottom left. Since F(¢) is increasing in w and a = %

is independent of w, the even periodic wave is stable by Theorem 4.8.

Figure 5 presents similar results but for « = 1. The periodic wave (red line on the top
right panel) still bifurcates from the constant wave (grey line on the top right panel) to the
right of the bifurcation point at ¢ = % However, a depends on w for the even periodic wave,
hence

0 da 0

d
o F @) = F@)+ -~ F($)
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Fig.4 Even periodic waves for @ = 2. Top: Profiles of i for three different values of c¢. Bottom: Dependence
of the momentum F (1) versus c¢ (left) and F(¢) versus w (right)

by the chain rule. In the Stokes limit, we have shown in Appendix A that % F(¢) = O(A?)
for small A so that
d d 2

—F(@) = —F(¢$)+O(A%) > 0.

ow dw
However, a discrepancy between partial and ordinary derivatives of F'(¢) in w exists away
from the Stokes limit. The additional bottom right panel on Fig. 5 (compared to Fig. 4)
shows the partial and ordinary derivatives on the same graph by the solid and dashed lines
respectively. Since % F (¢) remains positive, the even periodic wave is stable by Theorem 4.8.
Since F(y) for the even periodic wave is decreasing in ¢ towards the horizontal asymptote
as ¢ — 00, it is clear that the stability conclusion does not follow from the dependence of
the momentum F'(y/) versus the wave speed ¢ (see Remark 4.9).

Figure 6 presents similar results but for « = 0.6 < «g. The periodic wave with the single-
lobe profile i bifurcates to the left of the bifurcation point at ¢ = % There exists a fold point
¢ = c¢o ~ 0.4722, where the branch turns and extends to all values of ¢ > cp. The upper
branch (shown in red line on the top right panel) in ¢ € (co, %) has n(£) = 2, whereas the
lower branch (shown in blue line on the top right panel) has n(£) = 1. The two branches
were found iteratively from different initial approximations: the Stokes expansion was used

for the upper branch and the periodic wave with larger ¢ > % was used for the lower branch,
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P(x)

F(¢)

Fig.5 Even periodic waves for « = 1. Top: Profiles of ¢ for three different values of ¢ (left). Dependence of
the momentum F () versus c (right). Bottom: Dependence of F(¢) versus w (left). and derivatives of F (¢)
in w (right). The solid (dashed) line shows the partial (ordinary) derivative in w

then the two branches were continued in either direction. The grey line on the top right panel
shows the momentum F (/) of the constant solution.

It follows from the graph of F(¢) versus w and its derivatives (bottom panels) that the
periodic wave is stable near the bifurcation point before and after the fold point but there
exists ¢, & 0.4774 such that the even periodic wave is stable for ¢ < ¢, and unstable for
¢ > c4. By comparing the partial and ordinary derivatives of F (¢) with respect to @ (solid
and dashed lines, respectively), we can see that the partial derivative becomes zero for a
smaller value of w, which gives the correct transition from stability to instability at ¢ = ¢,
by Theorem 4.8.

6 Discussion

It remains an open problem to characterize the most general solution of Eq. (1.1) with
arbitrary b. Here we generalize the two alternative parametrizations used in this work for the
odd and even periodic waves.

Let ¢ € Hy, even be a periodic wave solution to Eq. (1.1) with parameters (c, b) defined

in an open region Z C RZ. As in Sect. 5, we can define Y(x) = a + ¢(x), where a :=
% ffﬂ Y(x)dx so that (1,¢) = 0. Then ¢ € H® N Xo is a solution of Eq. (4.3),

per,even
where w 1= ¢ — 6a? and B := b + ca — 2a°. Parameters (w, a) are defined in an open
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Fig.6 The same as Fig. 5 but for ¢ = 0.6

region O C R2, which is the image of the transformation ® = w(c, b) and a = a(c, b),
whereas § = B(c, b) is uniquely determined by (4.4). Smoothness and invertibility of this
transformation are described as follows.

Proposition 6.1 Assume that z(L) = 1 for a periodic wave with the single-lobe profile
/S le)xer,even‘ Then, the mapping T 3 (¢, b) — (w,a) € O is C'. The transformation is

invertible if and only if

% L 6.1)

ab ' '
Proof In the case z(£) = 1, the mapping Z > (¢, b) = ¥ € H; oyep 18 C! by the implicit
function theorem (applied similarly to the proof of Lemma 2.8). Let @ := ¢ — 6a® and

a:= ﬁ fﬂ- ¥ (x)dx. The mapping Z > (¢, b) — (w,a) € Ois C! and the Jacobian of the
transformation is given by

f) 0
- ekt iy e
3c b db
so that the transformation is invertible if and only if the condition (6.1) is satisfied. m]

Remark 6.2 Since the mapping 7 > (c,b) — ¥ € H is C! in Proposition 6.1, we

er,even
have
0
£—w =

ab

9 9
1 = g=( 1= —<%, 1> _ _2”£'

@ Springer



Journal of Dynamics and Differential Equations (2022) 34:1601-1640 1635

It follows that the criterion (6.1) is equivalent to the criterion o # 0 for z(L|x,) = 1 (see
Remark 4.5). If g—z =0, then z(£|x,) = 2 and %’ € Ker(L|x,). In the latter case, we have

bifurcation studied in Proposition 3.3 for o = 2.

Similarly, but in the opposite direction, let ¢ € Hg, cyen

N X be a periodic wave solution
to Eq. (4.3) with parameters (w, a) defined in an open region @ C R? and parameter =
B(w, a) being uniquely defined by (4.4). Then, ¥ (x) = a + ¢(x) € is a solution
of Eq. (1.1), where ¢ := w + 6a% and b := B(w, a) — wa — 4a>. Parameters (c, b) are
defined in an open region Z C R?, which is the image of the transformation ¢ = ¢(w, a) and

b = b(w, a). Smoothness and invertibility of this transformation are described as follows.

H
per,even

Proposition 6.3 Assume that z(L|x,) = 1 for a zero-mean periodic wave with the single-
lobe profile ¢ € H[())ier.even N Xo. Then, the mapping © > (w,a) — (c,b) € T is C'. The
transformation is invertible if and only if

w— % + 12a% #0. (6.2)
da w

Proof In the case z(L]|x,) = 1, the mapping O 5 (@, @) = ¢ € Hy oyen N Xo is C! by the
implicit function theorem (applied similarly to the proof of Lemma 4.6). Let ¢ := @ + 6a?
and b := B(w, a) —wa —4a>. The mapping O 3 (w, a) — (c,b) € T is C! and the Jacobian

of the transformation is given by

1 12a B 12 aB
=— —12a— — o,
%—a%—w—naz da dw
so that the transformation is invertible if and only if the condition (6.2) is satisfied. m]

Remark 6.4 The criterion (6.2) is equivalent to the criterion for z(£) = 1 as in Lemma 4.7.
If
0 0
w— —'3 + 12a—'3 =0,
da dw
then z(£) = 2 as follows from equality (4.18). In the latter case, we have bifurcation studied
in Proposition 5.1 for small-amplitude periodic waves.

Both parameters ¢ and b arise as Lagrange multipliers of the following variational problem
with two constraints

T 1 T
Fen i= inf {Bc(u): / utdx =1, — / udx:m}. (6.3)
5 - 2 ) x

ue Hp%r

When m = 0, the variational problem (6.3) reduces to the form (2.15) which was used in
the context of the odd periodic waves. Without loss of generality, it suffices to consider (6.3)
for m > 0 as solutions for m < 0 are mapped to solutions for m > 0 by the transformation
u — —u. Asis shownin Appendix B, the variational problem (6.3) defines constant solutions
ifm=mg := (271)_% and periodic waves with the single-lobe profile if m € (—mg, my).

Further studies are needed to investigate how the variational problem (6.3) with two
constraints recovers the most general periodic solution to Eq. (1.1) with two parameters
(c, b).
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Appendix A. Stokes Expansion of General Small-Amplitude Waves

Here we generalize the Stokes expansion of Sect. 5.1 in order to prove that op > O fora > o
and og < O for @ < «g, where o9 = (L‘,’l 1, 1) is computed on the small-amplitude wave
(5.1) and (5.3) in terms of the small amplitude A.

Let ¢ satisfy Eq. (1.1) for (c, b) defined in an open neighborhood Z C R? of the point
(% 0). We generalize the decomposition (5.1) by setting

V(x) = Yo + ¢(x), (6.4)

where Yo = ¥ (c, b) is a root of the cubic equation b + cyyg = 21#8 and ¢ is not required
to satisfy the zero-mean property. Since three roots exist for ¥y at b = 0, we are picking
uniquely the positive root by using the expansion

1 b
Yolc, b) = 5@+ >t o). (6.5)
Eq. (1.1) is written in the equivalent form:
D¢ + (c — 6Y3)p = 2¢° + Y00, (6.6)

which generalizes (5.2). By using the Stokes expansion in terms of small amplitude A:

p(x) = Api(x) + A%y (x) + A’p3(x) + O(A%), 67)
c—6yg = —1 + A%wy + O(AY), '
we obtain recursively: ¢1(x) = cos(x),
3v0
¥2(x) = =3¢ + 7o 1 cos(2x),
1 1 18y
p3(x) = o1 |:2 + T cos(3x),
and
3 ,  18y¢
=--36 .
02 =5 TV 5T
By substituting w» to the expansion for ¢ in (6.7) and using expansion (6.5), we obtain
A2 =2c — 14 6b+ O(Q2c — 1)? +b?), (6.8)
where y, = _w2|1/fo= 1 is the same as in (5.3). By using (6.8), we obtain perturbatively:
1 T
a=— Y (x)dx = Yo [1 = 347 + O(AY)]
2n J_n

1
5 a1(2c — 1) — asb + O((2c — 1)? + b?),
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w = ¢ — 6a>

1
= =1+ 5 (14 12a)Qc = 1) + 6a2b + O((2c — 1) +b?),

and
B =b+ca—2a°
1
= Z(l +4a1)2c — 1) + (1 +a2)b + O(2c — 1) + b,
where
3 42 3 242
a) = ———-, ay.=— .
8y, 2% — 1 29,29 — 1

If y» # 0 for o # «g given by (5.4), the transformation Z 5 (¢, b) — (w,a) € O'is C!and
invertible with the inverse transformation

c= %+(w+ 1)+ 6(a — %)4—0((0)—1— D%+ 2a — 1)?),
b= —ai |:2a1(a)+ 1)+ %(1 +12a)2a — 1) + O((w + 1)* + (2a — 1)2)] ,
2

from which we obtain 8 = (w, a):

ap —4a 200 — 1 — 12a
=L G+ T T M o )+ O+ 1D+ 2a— 1)?)
2an 2a;

and
1
50 = — 9B + 12a0,8 = — + O((w + 1)? + (2a — 1)?).
az

Since o = ZTZ’ we have sign(og) = sign(az) = sign(y»), from which it follows that o9 > 0
fora > ag and oy < O for o < «p.
Furthermore, it follows from (6.8) that

A2 = 2("%6“1)@ IR _alz_ 1201) 50— 1) + O + 12 + 2a — 1)?).

Explicit computation shows that 2a; — 1 — 12a; = 0, hence ||¢[|7, = 7 A% + O(A?) as a
function of (w, a) satisfies

2w 2% — 1

27‘[((12 —6(11) haid
32942

+0(AY) =

9 2 = OA2—d 2 4+ O(A?
£||¢||Lz— + O( )—%II¢>IIL2+ (A9,

in agreement with (5.5). In other words, although « is defined by w at the periodic waves
satisfying b = 0 by

2a—1 Y 1)+ O+ DD
a—1l=——(w w ,
14+ 12a4

this dependence does not result in the discrepancy between partial and ordinary derivatives
of ||¢ ||i2 in w along the family of even periodic waves in the limit A — O.
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Appendix B. On the Variational Problem (6.3) with Two Constraints

We show that the periodic solutions to Eq. (1.1) with two parameters (c, b) can be recovered
from the ground state of the variational problem (6.3).

Proposition 6.5 Fix o > % and mqy = (271)_%. For every m € [—mg, mg] and every

c € (— 1, 00), there exists the ground state (minimizer) x € prer of the variational problem
(6.3). If m € (—mg, mg), the ground state has the single-lobe profile and there exists C > 0
such that  (x) = C x (x) satisfies Eq. (1.1) with some b.

Proof The bound |m| < m follows by the Holder’s inequality

/udx < (/ I%d)c>Z </ u4a’x>AT =(271)%-
T T T

The quadratic functional B, (u) in (2.3) is bounded from below by the Poincaré inequality:

B LAt SRR SR S 2 9
() 2 Sl =mifs + Selullf: = S+ ) ullj. —wm’.

By the same analysis as in the proof of Theorem 2.1, for every m € [—myg, mo] and every

¢ € (—1,00), there exists the ground state xy € Hp%r of the variational problem (6.3).
Moreover, by the symmetric rearrangements, the ground state is either constant or has the
single-lobe profile. The constant solution corresponds to |m| = mg, hence the ground state
has the single-lobe profile if m € (— mg, mo).

o
With two Lagrange multipliers i and v, the ground state x € Hpe, satisfies the stationary
equation

D +cx +v=nux. (6.9)
Lagrange multipliers satisfy two relations due to the constraints in (6.3):

w=2Bc(x) + 2mwmv, M/ x3dx =27 (cm + v). (6.10)
T

Eliminating v yields
[1—m/ X3dx:|M:2[Bc(x)—ncm2]. (6.11)
T
The left-hand side of (6.11) can be rewritten in the equivalent symmetrized form:

o o= g [(for) (fotae) = (L) (foros)

1

= Ton /qur ([x(x) —xOMI*+3 @) - xz(y)]z) dxdy,

from which it follows that it is strictly positive if x (x) is not constant. Similarly, the right-hand
side of (6.11) is strictly positive if x (x) is not constant due to the following inequality

2Bc(x) —2mem® = | DIy |3, +cllu —m|3, = (1 +c)u—m|3, > 0.

Since the ground state is non-constant if m € (— mg, mg), we obtain the unique © > 0 from
(6.11) such that the transformation v = Cx with C := ﬁ/ﬁ reduces (6.9) to Eq. (1.1)

withb = v /i/ V2, where v is uniquely found from (6.10). O
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