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Multiphase wavetrains are multiperiodic travelling
waves with a set of distinct wavenumbers and
distinct frequencies. In conservative systems, such
families are associated with the conservation of
wave action or other conservation law. At generic
points (where the Jacobian of the wave action flux
is non-degenerate), modulation of the wavetrain
leads to the dispersionless multiphase conservation
of wave action. The main result of this paper is that
modulation of the multiphase wavetrain, when the
Jacobian of the wave action flux vector is singular,
morphs the vector-valued conservation law into
the scalar Korteweg—de Vries (KdV) equation. The
coefficients in the emergent KdV equation have a
geometrical interpretation in terms of projection
of the vector components of the conservation law.
The theory herein is restricted to two phases to
simplify presentation, with extensions to any finite
dimension discussed in the concluding remarks. Two
applications of the theory are presented: a coupled
nonlinear Schrédinger equation and two-layer
shallow-water hydrodynamics with a free surface.
Both have two-phase solutions where criticality and
the properties of the emergent KdV equation can be
determined analytically.

1. Introduction

There is a multitude of physical examples where
multiphase wavetrains arise naturally. In general, they
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are quasi-periodic solutions and so may have small divisor problems in establishing existence.
However, in the case where there is some underlying symmetry, multiphase wavetrains can be
characterized as relative equilibria and as such exist robustly in multiparameter families. For a
vector-valued field, u(x, t), satisfying the Euler-Lagrange equation associated with a Lagrangian
functional, an example of a multiphase wavetrain is a solution of the form

u(x, ) =0(61,6,), 0 =kix + wjt + 9].0, i=1,2,

where (k1,kp), (w1, w2) are the, in general distinct, wavenumbers and frequencies.

In this paper, we are interested in the modulation of multiphase wavetrains in conservative
systems. This problem was first studied by Ablowitz & Benney [1], using Whitham modulation
theory. They derived the conservation of wave action for scalar fields with two phases in detail,
and showed how the theory generalized to N-phases. Examples in Ablowitz [2] show that, in
general, one should expect small divisors, but weakly nonlinear solutions could still be obtained.
However, for integrable systems, multiphase averaging and the Whitham equations are robust
and rigorous, and a general theory can be obtained [3]. On the other hand, if the system is
not integrable, but there is an N-fold symmetry, then again a theory for conservation of wave
action can be developed without small divisors and smoothly varying N-phase wavetrains [4].
In essence, the conservation of wave action is replaced by the conservation law generated by the
symmetry. There is now a vast literature on multiphase averaging and dispersionless Whitham
theory, but we are not going to pursue this direction further as the interest here is in how dispersion
can be generated in the modulation of multiphase wavetrains.

The strategy, in this paper, for generating dispersion in modulation equations deduced from
the multiphase conservation of wave action is motivated by the theory for the single-phase case
studied in [5-7], but has subtle new features. The starting point is a general class of partial
differential equations (PDEs) generated by a Lagrangian

L(V)= rz sz L(V,Vy, Vi) dxdt, (1.1)

f1 Jxq

where V(x,t) is a vector-valued function of (x,t) on the rectangle [x1,x2] x [t1,t2]. It is
advantageous to first transform the Lagrangian density to multisymplectic form

fz X2
z@="| B<Z,Mzt>+§<z,lzx>—5<2)} drdt, (12)
ty Jxp

where now Z € R" for each (x,t) and n is assumed to be even. The structure operators M and
J are constant skew-symmetric # x n matrices and S:R"” — R is a given smooth function. The
transformation from (1.1) to (1.2), which is effectively a double Legendre transform, is discussed
in the previous papers [5-8]. The Euler-Lagrange equation deduced from the Lagrangian (1.2)
takes the tidy form

MZ; +JZ2,=VS(Z), ZeR". (1.3)

Suppose there exists a two-phase solution

Z(, =20,k »), 0= (91> , k= <k1), w= <“’1), (1.4)
6> ko wy

satisfying (1.3) with
b =kx+ot+6), j=1.2 (1.5)
and
Z(Ql + 27[1 92/ ) = Z(@l, 92/ ) = Z(ell 92 + 2”/ ')/ v k/ .

This two-phase solution can also be interpreted as an interaction between two waves. Associated
with the two-phase solution is a vector-valued conservation law

_ _ (A _[(B1
A; + By =0, A_<A2), B_(Bz), (1.6)
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which may be conservation of wave action, or a conservation law associated, via Noether theory,
to a two-dimensional Lie group symmetry of the PDE (1.3). Evaluation of the components of the
conservation law (1.6) on the two-phase solutions generates mappings

ko) Alk,®) and (k o) Bk, ). (1.7)

The notation here is that (A, B) are the components of the wave action conservation law when
considered as functions of (x,t) and (A, B) when they are considered as functions of (k, ®), with

components
(A w) _[(Z1(k)
Alk,w) = (ﬂz(k,w)) and Blow)= (%(k,w))'

In the generic case, the mappings (1.7) are bijective. The interest in this paper is when the mapping
k — B(k, ») fails to be bijective, in particular it is assumed that

det[DyB] =0, (1.8)
at some ko(w), and the zero eigenvalue is assumed to be simple with eigenvector ¢ € R2,
[DBl¢ =0. (1.9

To simplify notation, the subscript on kg is dropped, and it is clear in context whether kg
or k is intended. For each fixed w, the condition (1.8) defines a curve in k space which is
called the criticality curve, or, as @ varies, the criticality surface. The matrix conditions (1.8)—
(1.9) for emergence of dispersion generalize the scalar condition in the single-phase case. The
condition (1.8) is a mathematical condition, but in §3f the connection with physical criticality is
discussed.

Given the basic state the strategy is to modulate using an ansatz, motivated by the one-phase
case in [5-7], but generalized to two phases

Z(x, ) =2(0 + e, k + e>q, 0 + £*2) + 2 W(, X, T, ¢), (1.10)

with slow time and space scales
X=ex and T=¢% (1.11)

The ansatz (1.10) is substituted into (1.3), everything is expanded in Taylor series in ¢, and solved
order by order. The main result of this paper is that the &> equation is solvable if and only if the
following equation is satisfied:

(DkA + D, B)¢ Uy + DEB(¢, ¢)UUx + K Uxxx + DxBaxx =0, (1.12)

where K and « € R? are 2-vectors and their definitions materialize in the theory. The scalar
function U is obtained by projection

Pq:=U(X,T)§, whereP:=¢|%¢¢".

Equation (1.12) is quite remarkable. First, it is a vector Korteweg—de Vries (KdV) equation—
almost. The extra fourth term changes it, and, as appears in the theory, the vector « is unknown
at this stage. Second, the coefficients of the first, second and fourth terms are all expressed purely
in terms of derivatives of the components of the conservation law and the eigenvector ¢, with the
latter determined by (1.9).

On the other hand, DB is singular by assumption (1.8) and symmetric, so if the inner product
of ¢ with equation (1.12) is taken, the last term drops out, and a scalar KdV equation emerges.
Projection of (1.12) onto the complement of the kernel of DB provides an equation determining
o, which would be used at the next order.

Although this ansatz (1.10) looks like a straightforward generalization of the ansatz in the
single-phase case, there are subtle non-trivial differences in the multiphase theory. The Jordan
chain theory here (developed in §3b) intertwines the theory in the single phase case with the new
eigenvector ¢ in (1.9). It is not a priori clear how two solvability conditions generate one equation,
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and here it is the projection and the essential role of « that are important (there is no analogue in
the single-phase theory).

In summary, the theory starts with a conservative PDE, generated by a Lagrangian in canonical
form (1.1)—(1.2), with a four-parameter family of two-phase wavetrains (1.4). When this four-
parameter family has a simple degeneracy (1.8), the modulation ansatz (1.10) satisfies the
Euler-Lagrange equation (1.3) up to fifth order in ¢ when (U, &) satisfy (1.12). Projection of (1.12)
in the direction of the kernel of Dy B then generates a scalar KdV equation

¢T(DKA + DoB)¢Ur + ¢ TDEB(¢, &) UUx + ¢ "KUxxx =0. (1.13)

In other words, it is the simple degeneracy (1.8) which is responsible for generating dispersion in
the modulation of multiphase wavetrains, and the coefficients of the emergent KdV equation can
be described in terms of the geometry of the mappings (1.7).

There are many examples of conservative PDEs with multiphase wavetrains. In this paper, we
include two representative examples. The first is two-layer shallow-water hydrodynamics with a
free surface, and the second example is a coupled nonlinear Schrédinger (NLS) equation. In both
cases, there is a natural two-parameter symmetry group, the first is associated with conservation
of mass in each layer, and the coupled NLS has a natural toral symmetry. A multiphase wavetrain
can be explicitly constructed in both cases and parameter values identified where the determinant
condition (1.8) is satisfied. Potential generalizations are discussed in the concluding remarks
section.

2. Governing equations and wavetrain properties

The governing equation is (1.3) with MT = —M, JT = —J, and, for simplicity, J is assumed to be
invertible. Non-invertible J just requires an additional assumption on the kernel of J.

Suppose there exists a two-phase solution of the form (1.4). Substitution into (1.3) gives the
following governing equation for the two-phase wavetrain:

(@M + k1])Zo, + (02M + ka]) Zg, = VS(Z). (2.1)

In the absence of symmetry, solution of this problem may encounter small divisors. However, we

assume throughout that 7 is a smooth function of 0, k and w. A class of systems for which this

is true in general is symmetric systems when the multiphase wavetrains are relative equilibria

associated with the symmetry, and both the examples in this paper have this property.
Linearizing (1.3) about the two-phase solution leads to the linear operator

Lv =D*S(Z)v — (1M + k1J)ve, — (@M + koJ)ve,. (22)

One can verify that this operator is formally self-adjoint with respect to the inner product

t=(m)

where (-, -) is the standard inner product on R".
In the modulation analysis, equations for the derivatives of Z, with respect to the phases, the
wavenumbers and the frequencies, are needed, and we find that

2w 2m
0 0

0;: (1M + k1)) Zg,0, + (@2M + ko)) Zg0, = D*S(2)Zs,,
kit (@M + ki) Zox, + 26 + (02M + ko)) Zg 1, = D*S(2) Z,,
w;: (M + kl])201wi + MZG,‘ + (02M + kZJ)ZGuUi = DZS(Z)ZM'
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These can be summarized as

LZg, =0, (2.4a)
L7y, =]Zs, (2.4b)
and LZy, =MZg, i=1,2. (2.4c)

The first of these equations highlights that the zero eigenvalue of L is not simple, and so we make
the assumption that

ker(L) = span{Zg1 , Zgz} (2.5)

and it is no larger. The second and third equations ((2.4b) and (2.4c)) suggest that there are two
different Jordan chains, and these two chains will feature prominently in the modulation analysis.
We also require the second derivatives with respect to wavenumber, and they can be summarized
as

L2k, =20 2oy, — D’S(2)(Zi;, Zt),  i=1,2 (2.60)

and
LZkyky =) Zoyk, + 2oy, — D*S(Z)(Ziy, Zi,). (2.6b)

The assumption (2.5) along with the formal self-adjointness of L give the solvability
condition for

LW=F as(Z, F)=(Zy,F)=0. 2.7)
(@) Conservation laws

When the Lagrangian is in canonical form (1.2), the components of the conservation law evaluated
on the two-phase wavetrain, whether the conservation laws are deduced from symmetry or
they are components of wave action conservation, have a geometrical form and can be readily
deduced. The canonical Lagrangian (1.2), evaluated on the two-phase wave train and averaged, is

1 2w (27 2 1 R R 1 A R
Lk, 0)= e L JO L; |:§wj(Z, MZy,) + Ekj(z, ngi)] — S(Z):| do; d6,.

The wave action vector, or symmetry-induced density, is
A L\ _ 1 ((MZ,2)
Ak, @)= = == S,
( ) (JZ{Z) (ng) 2 <<MZ92/ Z)
and the associated flux vector is

— % — "%(1 _1 <<1291/Z>>
B(k, w) = («%2) = <=2”k2) =3 (<<JZGZ,Z>>> :

G

By definition,
O o O, P2 O, P2

ik B2 Oy P2

D2B = Oy B Otk P11
ik, B2 Oy, B2

kBl ok, <@1)

The entries of these tensors are related to solutions via
O = (MZo,, Zi. ), (2.84)
o Bi = (V2o Z1;) (2.8b)

and ko Bi = (VZok,r Z) + (V26 Zick,, )- (2.8¢0)
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Note that
B = (2o, Zx, ) = (LZi, Zi, ) = (Zij, LZi, ) = (Zi;, ) Zo, ) = 0, B (2.9)
as well as
8k,"Q{i = (MZy, Zy, ) = «sz‘/JZk/ )= 3(1)‘-93]3

We say that a conservation law is critical in the multiphase case if the zero determinant
condition (1.8) is satisfied. The details of the modulation analysis when (1.8) is satisfied now
follow.

3. Multiphase modulation leading to the Korteweg—de Vries equation

With the assumption (1.8), the proposed modulation ansatz is (1.10), with

_ (1) ._ ([ (2 (i
), ), e

These arise from the phase consistency conditions relating k;, w; to 6;. In particular, the above
definitions impose that q = £, which is vector-valued conservation of waves. The strategy is to
substitute the ansatz into the Euler-Lagrange equation (1.3), expand everything in Taylor series
in ¢ and solve the equations at each order in &. The Taylor expansion of W is

83W=83W3 +84W4 +55W5 4+

The full details of the Taylor expansions are lengthy and cumbersome, and are a generalization
of [5-7], and so only a summary of the key steps of the expansion are recorded below, with
particular attention on the essential differences owing to the multiphase wavetrain.

The £° equation just returns the equation for the basic state (2.1). The el equation is

¢1L291 + ¢2LZ@2 =0.

Both the linear operator terms present in the above are zero by (2.44), and so this is trivially
satisfied, for any ¢1 and ¢, by the basic state. The &2 terms are

B LZk, + LZi, — ($1)x)Zo, — (¢2)xJZ6, = 0.
Using (2.4b), we have
(71 = (@1)x)JZoy + (92 — ($2)x)JZg, = 0.

Because JZ@l #0 and ]Z@Z #0 (or else the multiphase wavetrain would degenerate to a single-
phase wavetrain or an equilibrium), we recover that q; = (¢1)x and g2 = (¢2)x.

(@) Third order

At third order, the equations become more interesting. We find that
LWs = (q1)x)Zk, + (42)x0Z,. (3.2)
Apply the solvability condition (2.7),
@)x(Zoy 2k, + @2)x(Zoy 1 Z1,) =0

@)x(Z0,/J21,) + (@2)x4 202, 215) = O,
or equivalently, after using (2.4b),

WP W2\ ((@@1)x
0= 1 2 = [DgBlqy- 3.3
<3k1 Py O, %) \(q2)x [DicBlax 63
To avoid triviality of the modulation (i.e. when (g1)x = (72)x = 0), the requirement to proceed to
the next order is that the 2 x 2 matrix DB must be singular. In the case where det[DiB]#0,
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and so qy =0 leads to W3 =0 (mod the kernel of DyB), the theory fails and dispersion does
not emerge. When det[DyB] # 0, the relevant modulation equation is dispersionless multiphase
Whitham equations, albeit with a time scale T = ¢t.

It is at this point in the analysis where the assumption (1.8) becomes important. With the
assumption that the zero eigenvalue of Dy B is simple with eigenvector (1.9), it follows from (3.3)

that we must have
(q1)x
= = Ux¢, 3.4
qx <(q2)X x¢ (3.4)

for some new slowly varying function U(X, T). In principle, U(X, T) also depends on ¢, but here
only the leading-order term is needed so U(X, T) = U(X, T, ¢)|c=0. Integrating (3.4),

qX, T, ) =U(X, T)¢ + V(T). (3.5)

The function of integration V(T) can be neglected as it does not affect the leading-order KdV
equation that arises at fifth order.
The equation for W3 in (3.2) can now be cast into the form

LWs = Ux(¢1)Zk, + £ Z,), (3.6)
with solution
W3 = a1(X, T)Z, + aa(X, T)Zg, + Uxés, (3.7)
where a = (o1, 2) is unknown at this point, and &5 is the solution of
Les = (1) 2k, + o) Zy,.- (3.8)

Equation (3.8) is solvable due to the fact that ¢ € Ker[DyB]. The solution for &5 coalesces the two
Jordan chains in (2.4c), leading to a 2 @ 4 Jordan block structure. We digress here to identify further
properties of the symplectic Jordan chain arising in this case.

(b) Jordan chain theory interlude—multiple blocks

Jordan chain theory plays a key role in the modulation theory for the emergence of the KdV
equation for the one-phase case in [5-7]. Here, a non-trivial generalization of that theory is
required. There are two Jordan chains, but they intertwine. With the assumption (2.5), the zero
eigenvalue of L has geometric multiplicity two. Hence, there are two Jordan blocks

LZg, =0 LZg, =0
R R and R R
LZkl =]JZp, LZk2 =]JZy,.

However, the existence of a solution to (3.8) suggests that a longer Jordan chain will exist.
Introduce the labelling

g1=Z0, &="12s, ~§3=Zk1/ $4=Zk2-

The existence of a solution to (3.8) defines & and, because all symplectic Jordan chains have an
even number of elements, the next element is &4 satisfying

L& =Jés. (3.9)

By changing basis, the 2 @ 4 structure of the two Jordan chains emerges

L5161 + £262) =0
L(—%261 + 61£2) =0 L(5183 + £284) =J(5161 + 5262)
L(—0285 + 6164) = (=261 + 6162) L&s = (4183 + ¢284)
L& =Jé5.
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The left-hand chain terminates at two, due to the fact that zero is a simple eigenvalue of Dy B.
It is assumed that the right-hand chain terminates at four. Define

A= (g 5), j=1,2. (3.10)

Then, non-solvability of L&; = J&; ensures that Ji’lz + Jifzz > 0.

(c) Fourth order

After simplification, absorbing the relevant terms into the linear operator, and replacing q with
U¢, we find that

LWy + 21LZ,, — ($1)TMZy, + 2012, — ($2)TMZg, — UxxJé5 =0, (3.11)
with
Wiy = Wy — (a1)xZk, — (@2)xZk, — (U1 Zp,0, — (C2Uar + ¢1Uaa) 2,6,
— UarZg,0, — $1Ux (Es)s, — $2Ux(E5)s,- (3.12)

The time derivatives in ¢1, ¢, cancel the £21, £2; terms by (2.4c). Hence, using the top of the Jordan
chain,

Wy = Uxxée + 11(X, DE + n1(X, D (3.13)

Therefore, the complete solution at this order for Wy is

Wy =y161 + v2é2 + (a1)x&3 + (a2)x84
+ s1lar Z,o, + (2Uaq + ¢1Ua2)Zp,0, + c2UarZeye,
+ 1 Ux(E5)e, + p2Ux(E5)0, + UxxEe, (3.14)

where y1(X, T) and y»(X, T) are arbitrary at this stage.

(d) Fifth order

After simplification, the &2 terms are
LWs = (i Ur(MZ, +JZa,) + Ur(MZy, +)Z0,) + UxxxJés

— QUUX(D*S(Z)(Zk,, &5) — J(Es)o, — oI Zik, — €10 Zkk,)

— qUUx(D*S(Z)(Z,, &5) = V(Es)o, — C2) Zkk, — €10 Zkk,)

+ (@)xxJ 2k, + (e2)xx) Z,. (3.15)
where W; includes all terms that can be absorbed into L as in (3.12). However, the explicit
expression for W is not needed as the solvability condition delivers the required vector KdV
equation (1.12).

The key terms on the right-hand side are proportional to Ur, Uxxx, UUx and axx, so the
form of (1.12) is emerging. Application of the two conditions for solvability (2.7) produces two

equations. The solvability conditions are applied term by term. The coefficients of the Ur term
involve

<<29i/ Mzkj + ]ij >> = _<<M29,’/ Zk,‘ » - <<129i72a)]' >> = _akij{i - aw,«%)z*

Therefore, defining the vector e by

S ((201, Cl(M%kl +1Z0) + {2(M?k2 + ngz)»
<<ZOZ/ §1(M2k1 + ]Zwl) + {Z(Mzkz + sz2)>> ’
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the vector coefficient of Ut is

e $1(0, DA + 3y $1) + £2(Ok, A + 0y 1)

_ (O @1 + 80, 1) (O + 0, P1) | (61

=[DxA + DyBJ¢.

For the coefficient of Uxxx, use (3.10) and define K = (.4, %)T. Solvability of the axx terms is
similar to the construction in §3a and solvability gives a term [DyBlaxx. By combining terms, and
multiplying by —1, solvability of (3.15) gives

elUr + fUUyx + KUxxx + [DiBlaxx =0. (3.16)

To confirm that this is the same as (1.12), it remains to show that

2
f=D?B(¢,¢):= d—2B(k+s§,w) . (3.17)
ds 0

With £ = (1, f2), solvability of (3.15) gives, for j = 1,2, that
—fi = —t2(Zo,, (D’ S(Z)(Zi, £5) — V(Es)o, — £ Ziky, — 1) Zkyky))
— c1(Ze,, (D3 S(2)(Zi,. £5) — V(E)o, — E2 2k, — §1) Zkiky))- (3.18)
To relate these terms to derivatives of B(k, w), use (2.8¢) to obtain
10k, By + Q20kk, B = El(((]zojkll Zi ) + (026, Zior, ) + CZ(((]ZOij,Zkl )+ (Z6,s Ziot, )
= _<<Z9,-k11 eI Zi, + 02321, ) — (Zgy, 6102k, + 02 ik )
=—(Zox,, L&s) — (2o, 010 2kt + &2 2oy )-

Differentiating (2.4a) with respect to k;, LZQik], = —D3S(2)(ij, 29[) + JZ(;igj, hence

010k B + 20k, B = — (Lo, &) — (2o, 610 2k, + €2 2oy )
= (D*S(Z2)(Zk,, Zo)) — VZo0,,85) — (2o, 1) 2k, + E2 2k, )
= (24, D’ S(Z)(Zy, , &5) — JEs)o, — 1) 2kt — E2) 2ok, )-

Similarly, it can be shown that

010k, B + 020k, By = (26, D S(Z) Ly, 85) — 1) Ziky — G2V Ziyk, — V(ES)a)-

Substitute these expressions into (3.18)

fi= (106 %) + 20k, %)) + (8100 K, D) + Q%) j=1,2,
and so

f (Clz%kle% + 20100k, B1 + $3 0k, B

=D?B(¢, ¢).
020k B + 202520k, 1, B + 5223k2k2f@2) ®

Projection of (3.16) in the direction of the kernel of Dy B then gives the scalar KdV equation (1.13).

In the one-phase case, the modulation equation arising at fifth order is precisely the KdV
equation. Here, the intermediate equation (3.16) arises and it is indeterminate, because axy is
unknown at this order. Hence, it is not a coupled KdV equation. It is at best an inhomogeneous
coupled KdV equation with an indeterminate inhomogeneity. It is here that the eigenvector ¢
associated with the zero eigenvalue of Dy B plays a central role. Projection of (3.16) in the direction
of ¢ then delivers a fully determined scalar KdV equation. Projection of (3.16) in the direction of
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the complement of the kernel of Dy B gives a defining equation for axy, which is not needed until
the next order.

The above analysis also gives an indication of how a true fully determined coupled KdV
equation can arise: when Dy B has a double-zero eigenvalue with two independent eigenvectors,
with the system once again emerging when one projects in the direction of the kernel.

(e) Modulation of steady multiphase wavetrains

The reduction to KdV is essentially the same when the multiphase wavetrain is steady

Z(x/ t) = 2(91/ 92/ k)/ k= <Zl) ’ (319)

with 0; =ij+0].0, j=1,2. In this case, there is no frequency modulation, but the resulting
equation is the same as (1.12) with the first coefficient replaced by

DyA + DB =DyA + D AT

Then, all coefficients depend only on k and so can be computed from the steady solution. This
simplification is useful in examples.

The justification of this claim is as follows. The (¢;)1 terms in (3.11) now are no longer cancelled
with the £2; terms, as these are not present, and so the additional solvability requirement is

(Zo,MZg) =0, i,j=1,2. (3.20)

This has to be true, because the zero eigenvalue is of even multiplicity and this is part of the
Jordan chain formed by M instead of J. Therefore, there exists «; such that

Li; = MZg,.

This means that an additional term of the form (d’i)TMZGi appears as part of the solution in (3.14).
The presence of these terms at the next order shows the vector coefficient e is now given by

e _ (Zo,, €1(MZg, + Jier) + 22(MZ, +J2))
(Zo,, c1(MZg, + Jx1) + £2(MZ, + Ji2))

_ <(]?01/ 1K1 + Lak2))
—Dihe <<(1202/ G + {2K2>>>

_ DAL + («ka aMZg, + (oM Zg, >>)

(Ziy, 1M Zg, + £2MZg, )
= DkAC —+ DkAfT

as required.

(f) From mathematical criticality to physical criticality

The emergence of the KAV equation owing to degeneracy of the Jacobian Dy B is a mathematical
result. The result is based on the abstract properties of a Lagrangian, and is deduced without any
recourse to physical input. One interpretation of the importance of the mapping k — B(k, w) can
be seen by characterizing the Euler-Lagrange equation (2.1) as a constrained variational principle:
multiphase wavetrains are critical points of the Lagrangian taking the wave action and wave
action flux as constraints, then frequency and wavenumber are Lagrange multipliers. The values
of k, w in the resulting solution 7(6,k, ) of the Euler-Lagrange equation (2.1) are determined by
the values of the constraints. Therefore, the mappings (k, ) — (A, B) need to be non-degenerate in
order to solve for (k, ®) in terms of the values of the constraint sets. Breakdown of this mapping,
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det[DyB] =0, we call (mathematical) criticality, although we generally use the term ‘criticality’
without qualification.

All the steps in the theory follow from mathematical considerations. Hence, it is all the
more remarkable that it is an excellent model for capturing criticality in physical systems.
The connection is easy to see in simple models such as one-layer shallow-water flow where
criticality corresponds to Froude number unity. The Froude number unity condition can than
be re-characterized as the appearance of a zero eigenvalue which, in turn, can be related to
mathematical criticality (see §8 of [5]). In the fluid mechanics literature, criticality, in more
complicated systems, is often associated with the appearance of zero eigenvalues (see [9] for an
extensive discussion of this viewpoint). It is the appearance of zero eigenvalues that connects the
two theories: zero eigenvalues are an essential part of both mathematical and physical criticality.

While the connection can be made fairly precise in fluid mechanics, in other systems,
such as the coupled NLS equations arising as a model for Bose-Einstein condensates and
nonlinear optics, the connection is not as clear because of the absence of a concept of physical
criticality. Nevertheless, the mathematical theory applies to give results which then have physical
implications. Below, two examples are given. The first from fluid mechanics shows how the theory
of this paper gives a new mechanism and simplified derivation of the emergence of KdV in two-
layer shallow-water hydrodynamics. The second example shows how a single KdV equation can
emerge at criticality for coupled NLS equations, showing how the mathematical theory can evoke
new results for the physical system, without the need to understand the physical mechanism
behind the criticality condition for NLS.

4. Example 1: two-layer shallow-water flow

A natural application of the multiphase theory presented here is the case of shallow-water
hydrodynamics with two layers of differing density bounded above by a free surface. The
conservation laws in this case are mass conservation in each layer, and they are associated with
the potential symmetry. The basic multiphase wavetrain in this case is just uniform flow (constant
depth and velocity in each layer).

The governing equations for this system are

(o1m)t + (p11u1)x =0, (4.1a)
(P22t + (p2xu2)x =0, (4.1b)
p1
(o1u1)t + (EM% +gpo1n + gpzx)Y = 11 Mxxx + A12 Xxxx (4.1c)
2
and (o2u2)t + <?u§ +gpon + g,02X>x =21 Nxxx + 22 Xxxx, (4.1d)

with

1 5 1 5
a1 = _§P18’70 — P28NM0X0 — 58)(0,

1 5, 1 03 5 )
a1 =4az1 = —gngno - 1'028770)(0 - ﬂgﬂo)(o - ﬁngxo,

2
g P2 _1 .2
22 = zplgnoxo 3/028)(0-

In these equations, p1, 7, u; are the density, depth and horizontal velocity in the lower layer,
and py, x, up are the density, depth, and horizontal velocity in the upper layer. In the dispersion
coefficients, ng and xo are quiescent depths in the two layers. The dispersionless version of these
equations is derived in Baines [10], and the dispersive terms are derived in Donaldson [11] (see
also [12]).

The first two equations (4.1a) and (4.1b) are the system’s conservation laws and the symmetry
associated with them is a constant shift of the velocity potentials which are defined by 11 = (¥1)x
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and up = (2)x. Steady multiphase wavetrains associated with this symmetry take the form
Y1 =01:=kix+6) and Yo=0:=kx+69,

where k1 and k; are constant velocities in each layer. Substitution into the governing equations
requires that k; and k; satisfy

1 1
Eplk% + p1gno + p28x0 =Ry and Epzk% + pagno + p28x0 =Ro, (4.2)

where Ry, R; are constants of integration (Bernoulli constants in each layer). These two equations
are used to express np and yg in terms of k; and k; in the conservation laws.

(a) Conservation laws and criticality

The first two equations of this system (4.1a) and (4.1b) form the conservation laws for the system.
Therefore, we have

Ay=p1n, Ax=prx, Bi=pinqui, Bo=paxus. (4.3)

Evaluating them on the basic state, and differentiating, gives the following necessary condition
for the emergence of the KdV equation:

1o — p1k? p2kiko
1- 1-
det[DyB] = §d =1 gd=n . |1=0
p2kiky o — p2k;
gl—r) g1 —7)
where r = pp/p1, which upon expansion is
p2k2k2
proanoxo(l —r —F)(1 —r — F3) — =0 = (1-F)(1-F)=r, (4.4)
where we have introduced the Froude numbers
k3 K3
F3= FB=-2, (4.5)
g no’ gXo

The condition for the emergence of KdV agrees with the classical criticality condition found in
the literature [13-15]. The sign of det[DyB] in [14] was linked to the stability, with det[DyB] <0
being necessary (but not sufficient) for flow instability. This loss of stability was shown to lead to
the presence of hydraulic jumps within the flow. Assume that the trace of DyB is non-zero, and
so the zero eigenvalue is simple with eigenvector

_ —p2kiko
gpino(l —r —F3)

(b) Emergence of Korteweg—de Vries at criticality

The relevant coefficient matrices for the vector KdV equation (1.12) are

DA = 1 (—,Olkl p2ka )/

g =1\ pki  —pk2
DB = ; —6p1k1  2p2ky | 2p2ka  2p2ky
281 —1) \ 2mka  2pok1 | 2p2k1  —6p2k2

Now, we project to obtain the coefficients of the reduced KdV equation, using the theory of §3.
The first term projects to

k
{T(DyA + DAY = —2202pa o2 — 1 — F2) (gnlo< B+ g—(l - )) .
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For the second derivative
£TDEB(E, £) =387 pakang(1 — *(1 — r — F1)(xor(1 — FR)F] — no(1 — F7)°F3).
Because the dispersion vector K is a coefficient of a linear term, it can be calculated using the

dispersion relation (associated with the linearization about the basic state) or using the Jordan
chain. The details are omitted and we just state the result,

__ 1 p1ki Ty
g1 =1 \pkoT2 )’

with
T, = oo(ar1r + (1 + rarp + ax)ko — ¢1(ann + 2a12 + axn)ky
gp1(l—7) ’
Ty = ci(anr + (1 +raz + axn)ky — L(a11r? + 2a10r + ax)ks
gpa(l1—71)
This projects to

a4+ o =gpinixo(1 — r — F3)(a1r(1 — F5) — 2ragn + (1 — F)an).

Therefore, the reduced scalar KdV equation after simplification is
k k
oo (2= B+ 2= D) Ur
8no 8&Xo

3
— 5 P1o2ka(xor(1 - F3)F? — no(1 — F2)?F3)UUx

X
- ﬁ(rznr(l — F3) — 2rapy + (1 — FRax)Uxxx =0. (4.6)

The purpose here is to show that, once the singularity condition (1.8) is established, the
coefficients in the emergent KdV equation are determined via elementary calculations. The
derivation of a single KdV for two-layer flow is not new (see [12,15] and references therein;
the coefficient of the nonlinearity here agrees with that in [12,15]). It is how the KdV
arises that is new and of interest here. Further details, including physical implications, the
multisymplectic formulation of the problem and discussion of validity will be given elsewhere.
The multisymplectic formulation can be obtained as the tensor product of the multisymplectic
formulation of the single-layer shallow-water equations in §8 of [5].

5. Example 2: NLS x NLS — KdV reduction

Another example where a two-phase wavetrain arises naturally is the coupled NLS equation. To
illustrate, we use a coupled NLS equation which appears in the theory of water waves [16] and in
models for Bose-Einstein condensates [17]

1091 + a1 (W)xx + (B ¥ * + B2l ¥ =0 (5.1a)
and

100 + a2 (¥2)xx + (B21 191 7 + Bl W2 [P =0, (5.1b)

for complex-valued functions ¥1(x,t) and W»(x,t) and real constants «;, Bj;, with fo1 = pr2.
For convenience, define B =p1182 — P12f21 #0. There is a natural toral symmetry in that
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(e1y, el29) is a solution for any (01,602) € S x S! whenever (¥, %) is a solution. A two-phase
wavetrain associated with this symmetry is

Wy (x, t) = llll(o)eigl, Wy (x, t) = llll(o)eigz, (5.2)

where the phases are taken to be steady: 6; =kjx + 9{) and 6, =kyx + Gg . Substitution of (5.2)
into (5.1) requires k and the amplitudes to be related by

1 1
|‘1’1(0)|2 = B(ﬂzzalk% — Broaokd), |.1/2(0)|2 = B(ﬁll“Zk% — B k).

In this section, the multiphase modulation theory of the paper is used to show that there is a large
range of parameters where the coupled NLS equation can be reduced to a single KdV equation. As
far as we are aware, this is the first time that NLS x NLS — KdV has been obtained. On the other
hand, there are results in the literature reducing NLS x NLS — KdV x KdV owing to Brazhnyi &
Konotop [18]. However, reduction to a coupled KdV requires additional parameters, and so will
be more rare than the reduction to a single KdV here (see comments at the end of §3d).

(a) Conservation laws and criticality

The components of the conservation law associated with the toral symmetry are
M=310P, Ap=3ll’, Bi=ed(# (1)) and By =¥ (#2)y),

where an asterisk denotes complex conjugation and J denotes the imaginary part of the bracketed
expression. Evaluate (A, B) on the basic state

1 a1k
1 E(ﬂzzalk% — Pr202k3) %(/322051](% — Pr202k3)
AG=3 [} and Bl=| "
3 (Br12k3 — Pr1e1k?) %(ﬁllazkg - Ba101k?)
Differentiating B(k)
2 kik
o9 2(1 + D) —WZT”/SH
DicB = 2a100k1ko B ’
102k1ka P12 0
— 5 azl%( 121+ p11E3)
where
201 k3 207k2
E2= L g2 S0 (53)

- 0" 27 0)2°
B2 Blug” 2
The zero determinant condition (1.8) then requires

(1 + BEN (1 + p11E3) — Pr2Ba1 ETE; =0. (5.4)
Suppose the trace of Dy B is non-zero and choose the eigenvector as

201 azk1kz B12
= B . (5.5)
1|9V 2(1 + praE2)

The condition det[DxB] <0 has been shown to relate to the stability of these wavetrains.
Examples of this instability criterion have been derived for specific systems by Roskes [16] and
Law et al. [19]. A general result for conservative systems in terms of the conservation of wave
action was derived in [4]. The condition det[DyB] =0 is therefore of interest both as a necessary
condition for emergence of the KdV equation and as an instability boundary.
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(b) Emergence of Korteweg—de Vries at criticality
The relevant matrices needed for the emergent vector KdV equation (1.12) are

k — k
DkA— a1 22k azf12ka
B \—a1pi2kr  azpuke

(5.6)
5 2 [ 32Bnki  —arwpPioks | —aranfioks  —aranpioki
and DyB=— 5
B \—a1a0Bioky  —a1epioky | —e1eaproki  3espriks
The first of these projects to
¢ (DA + DkAT)c = o3(1%3" (B2 + BEDK1 + 19O (11 + BED)K2), (5.7)

where a3 = Zal arB1 |‘1/ | a1+ ﬁzzEz) The second matrix has the projection

tTDIB(Z, £) = 3w anas| WV PV P(1 + BB (B + BED) — WV P(1 + BuEDBr).  (5.8)

The dispersion coefficient ¢TK can be calculated, using the dispersion relation from the
linearization or by constructing explicitly the Jordan chain. The details are lengthy and will be
given elsewhere. The result is

£TK = Y3 (B11 B EAE2 (1 B 50 2 + aua 11 190 2) + e B2 B2, 0O 2
+ B o1 BRI 2 + o100 P) + B a2 1O + an L1000 P). (5.9)

Substitution of (5.7)—(5.9) into (1.13) then delivers the emergent scalar KdV equation in this case.
Further details, including physical implications, the multisymplectic formulation of the problem
and discussion of validity are given elsewhere. The multisymplectic formulation can be obtained
as the tensor product of the multisymplectic formulation of the single NLS equation in §9 of [5].

6. Concluding remarks

This paper has shown that systems generated by a Lagrangian that have two conservation laws
and possess two-phase wavetrain solutions can lead to the emergence of a scalar KdV equation,
when the mapping from wavenumber space into the flux vector is singular. It appears that the
theory will generalize to m-dimensional Lie groups with m > 1 when the group is Abelian, with
the condition that DiB have a simple zero eigenvalue, regardless of the dimension m. If the
zero eigenvalue is not simple, then potentially a true vector-valued KdV equation is expected to
emerge, but emergence of the coupled KdV is higher codimension, that is, it requires additional
parameters.

Analysis of systems with a one-parameter Lie group has shown that, with additional
conditions, other equations are generated by the modulation, e.g. the two-way Boussinesq
equation [7] and the KP equation [12] in the 2 4 1 case. That theory should also generalize to
the multiphase case. In the case of the Boussinesq equation, we would expect this to occur when
the time term in the scalar KdV equation vanishes, which implies that the system

DyBaxx = —(DiA + DyB)¢

is solvable. With this additional condition and a suitable rescaling, one expects a similar approach
to that here will lead to a scalar two-way Boussinesq.

The analysis presented here appears to generalize quite naturally to multiphase wavetrains
with any finite number of phases (with attendant symmetries and conservation laws). In the
case of a simple zero eigenvalue, the results here are almost immediately applicable with some
small alterations to accommodate the additional phases. The extra phases also more readily allow
for situations where the geometric multiplicity increases and so the coupled KdV emerges as
discussed.

There is a dual version of the theory by switching space and time. Then, it is degeneracy of the
mapping @ — A(k, ) that drives the theory, resulting in a scalar KdV equation with space and
time reversed.
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