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ABSTRACT

We study the modulational stability of periodic travelling wave solutions to equations of nonlinear
Schrédinger type. In particular, we prove that the characteristics of the quasi-linear system of
equations resulting from a slow modulation approximation satisfy the same equation, up to a change
in variables, as the normal form of the linearized spectrum crossing the origin. This normal form is
taken from [LBJM2019]], where Leisman et al. compute the spectrum of the linearized operator near
the origin via an analysis of Jordan chains. We derive the modulation equations using Whitham’s
formal modulation theory, in particular the variational principle applied to an averaged Lagrangian.
We use the genericity conditions assumed in the rigorous theory of [LBJM2019] to direct the
homogenization of the modulation equations. As a result of the agreement between the equation for
the characteristics and the normal form from the linear theory, we show that the hyperbolicity of the
Whitham system is a necessary condition for modulational stability of the underlying wave.

1 Introduction

In this paper, we consider the modulational stability of periodic solutions to equations of nonlinear Schrodinger type

Wy = Yee + CL (W20 (1)

under perturbations in Lo (R). The nonlinearity f(|+)|?) is arbitrary, but assumed to be well-behaved (double-integrable).
This equation has a rich history of study; the cubic nonlinear Schrodinger equation, f(|1|?) = =£[|?, describes the
envelope of a slowly modulated carrier wave in a dispersive medium [SS1999| |IAS1981]. This equation, and others
of NLS-type with higher order nonlinearities, arise in the study of a plethora of physical systems, including: water
waves [Zakharov1968, [HO1972]); nonlinear optics [Agrawal2013| [HM2003]]; plasma physics [[Chen2016, [LTE2019,
MOMT1976|; and Bose-Einstein condensates [[Gross1961, [Pitacvskii1961]].

Since the dynamics of equation (E]) exhibit linear, nonlinear and modulatory behaviour, the literature includes analyses
of linearized, orbital and modulational stability. If one chooses a suitable potential f(|+)|?) such that equation (1)) is
integrable, then it is possible to give an explicit description of the spectrum. The cubic nonlinear Schrédinger equation
is the best example of this [BDN2011), [DS2017], however relying on integrability is not necessary [GLCT2017]].
Rowlands determined the spectral stability of stationary periodic solutions of the cubic nonlinear Schrédinger equation
subject to long-wavelength disturbances [Rowlands1974], and in so doing demonstrated modulational instability in
the focusing case. Alfimov, Its and Kulagin [AIK1990] constructed the homoclinic orbit for an unstable, spatially
periodic solution to the focusing nonlinear Schrédinger equation, essentially providing a nonlinear description of
the modulational stability of this type of solution. Using the general methods of [GSS1987,|GSS1990], Gallay and
Hardgus proved that quasiperiodic, small-amplitude solutions to the cubic nonlinear Schrodinger equation are orbitally
stable within the class of solutions having the same period and Floquet multipler [GH2007All. They further proved
that these solutions are linearly stable under bounded perturbations in the defocusing case, but linearly unstable in the
focusing case. In [GH2007BI], Gallay and Hardagus extend the orbital stability results in [GH2007A]] to solutions of any
amplitude.

This paper deals with modulational stability of equation (), that is, the spectral stability subject to long-wavelength per-
turbations. Rigorously speaking, this amounts to expanding the spectrum of the linearized operator in a neighbourhood
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of the origin in the spectral plane. Whitham modulation theory [Whil965A,Whi1965B|Whi1967,[Whi1970, Whi1999]
provides a formal procedure in which the modulational stability is computed by considering the hyperbolicity of a
system of PDEs called the Whitham modulation equations. These modulation equations arise from an asymptotic
expansion of the governing PDE via (x,t) — (ex, et) along with a WKB approximation of the solution. To O(¢), these
equations are an homogeneous system of PDEs in terms of the slowly-varying parameters of the original PDE. Proving
that the Whitham modulation theory accurately predicts the results of the rigorous analysis of the linearized spectrum is
non-trivial, and to our knowledge is an open problem in the general case. Our present analysis is influenced by the
examples of where this has been done, such as: the nonlinear Klein-Gordon equation [JMMP2014]]; the generalized
Korteweg-de Vries equation [JZ2010]; and systems of viscous conservation laws [Serre2005) (0Z22006].

In addition to the WKB approximation and asymptotic expansion, Whitham proves that there are several other, equivalent
methods for deriving the Whitham modulation equations [Whi1970, [Whi1999]. In particular, these are: the variational
principle applied to an averaged Lagrangian; and averaging and two-timing a system of conservation laws. As a result
of unwieldy algebra that arises in the modulation equations, one often chooses the method which provides the simplest
derivation of the Whitham modulation equations, thereafter making a change of variables in order to prove that the
hyperbolicity of the Whitham system is equivalent to the linearized stability theory. When the modulational instability
criterion from the linearized stability theory is given in terms of the derivatives of special quantities of the original PDE
such as the period, mass and momentum, a useful technique is to introduce a classical action variable W, since the
derivatives of W are related to these special quantities. This is the case for both the nonlinear Klein-Gordon equation
[JMMP2014] and the generalized Korteweg-de Vries equation [BJ2010,JZ2010]. This approach relies on the symmetry
properties of Lagrangian systems, and Whitham in fact derives the modulation equations using the averaged Lagrangian
method in the cases of both of these PDEs (only the non-generalized case for KdV) [Whi1999]. Equation (T)) admits
a Lagrangian (cf. equation (22)), and so we follow the averaged Lagrangian method in order to more easily derive
the Whitham modulation equations. If, however, there is not an obvious Lagrangian but the travelling wave ODE is
integrable, one can compute the tangent space to the manifold of travelling wave solutions and construct the kernel of
the linearized operator from a basis of the tangent space. In [Serre2005]], Serre performs this exact procedure to prove
that the hyperbolicity criterion of the Whitham modulation equations agrees with the rigorous modulational stability
analysis (as determined from an Evans function expansion) of a system of scalar, viscous conservation laws [0Z2003],
which is later extended to the multi-dimensional case [[0Z2006].

There is a well-developed Whitham modulation theory for the nonlinear Schrédinger equation; Diill and Schneider
have proven that the Whitham modulation equations are a valid approximation of spatial and temporal modulations
of periodic wave solutions of the cubic nonlinear Schrodinger equation [DS2009]. In [Bridges2015, BR2019], the
authors investigate the transition between a hyperbolic and elliptic system of Whitham modulation equations for cubic
NLS in the single phase case and a coupled NLS system in the multiphase case. In [Kamchatnov2000|], Kamchatnov
provides techniques for calculating the Riemann invariants of the cubic nonlinear Schrédinger equation, from which
the hyperbolicity of the Whitham modulation equations can be determined. Moreover, the Riemann invariants of a
Whitham modulation system encode the asymptotic description of a dispersive shock wave; El and Hoefer provide an
extensive discussion on this connection in [EH2016]], as well as an analysis of dispersive shock waves in the case of
cubic NLS and numerical simulations of dispersive shock wave behaviour for equation (I). El and Hoefer also note that
applying the Madelung transformation to equation (T} yields the hydrodynamic system:

pe+ (pu)e =0
(pu)t + (pu® + P(p)), = (ip(lnp)m> :

with P(p) = [/ sf'(s)ds. Serre’s results [Serre2005] are not proven to extend to higher order dispersive terms such

as i p(Inp),,.. To this end, we do not rely on Serre’s techniques, but rather we provide a direct calculation of the
characteristics of the Whitham system associated with equation ().

The main result of this paper, Theorem [3] shows that the Whitham modulation theory for equation (I)) correctly
predicts the rigorous spectral stability results contained in [LBJM2019]. Leisman et. al. relate spectral instability of
periodic travelling wave solutions of equation (I)) near the origin of the spectral plane to the breakup of the generalized
kernel of the operator of the linearized problem. The authors express the genericity conditions on the Jordan chains
of the linearized operator in terms of matrices whose entries are moments of the travelling wave solutions. They
use these matrices to derive a normal form for the spectrum of the linearized operator at the origin subject to both
longitudinal and transverse perturbations. We give a brief summary of their results, before applying Whitham’s
averaged Lagrangian method to derive the Whitham modulation equations. We use the genericity conditions given in
[LBJM2019]] to homogenize the modulation equations, turning them into a quasi-linear system of four equations in
four slowly-modulated parameters of the travelling wave solutions. The characteristics of this system are the zeros of
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a quartic equation which, upon changing variables, we identify as the normal form for the four continuous bands of
spectrum emerging from the origin.

We have organized this paper into two main sections. In Section 2] we introduce the relevant spectral stability results
of [LBIM2019], leading to a rigorous criterion for modulational instability in Corollary[I] We begin Section [3| with a
general overview of Whitham’s averaged Lagrangian approach to deriving the modulation equations. We then apply
this theory to equation (T) in Section[3.T] from which we conclude in Corollary 2] that the Whitham theory criterion for
modulational instability agrees exactly with the rigorous spectral analysis of Section[2] We conclude the paper with a
discussion in Section ] as well as, to the best of our knowledge, several open problems in the area. We include some
necessary, though long calculations, as well as, we hope, some useful identities in appendices [A]to [F

2 Modulational stability from the linear theory

In this section, we follow the analysis of the modulational stability problem contained in [LBJM2019].
We seek travelling wave solutions of equation (1)) in the form
U(x,t) = e“o(x + ct).

Writing y = x + ct, we express ¢ in polar coordinates

¢(y) = exp ( (90 + Y sy + yo))) Ay + vo)- 2
Substituting equation (2)) into equation (1)) and equating real and imaginary parts we have:
24,5, + ASy, =0 3)
Ay = (w + ) A+ AS? — (f(A%)A. @)
Integrating equation (3)) yields
Sy =5 5)

which can be substituted into equation () and upon integrating we have:

A2 =92F — A?—'iz—FA2 6
y CF(A). (6)

The symmetries of equation (I]) allow us to eliminate several of the seven parameters F, w, ¢, , C, Yo, 6o. In particular,
equation (1) is invariant under the transformations (assume o € R):

o (x,t) — Y(z,t)e’™® (phase invariance);
o Y(x,t) — Y(x+ a,t) (translation invariance);

o Y(x,t) = P(x + at, t)e_l(?”Tt) (Galilean invariance).

Phase and translation invariance means that we can eliminate 6 and y, from equation (2. Furthermore, by Galilean
invariance we can reduce 1 to:

Y(z,t) = ¢ (w4 )t is@) Alz). (7)

Both equation (7)) and equation @) suggest that we can absorb % into w, eliminating ¢ from the equations. This leads
us to make the following definition about the parameter space €2:

Definition 1 (Definition 1 [LBIM2019])). We define the parameter domain <) as the open set of parameter values
(E, k,w, C) such that:

e x>0

o The function P(A) = 2E — wA? — "“— — (F(A?) has two positive, real, simple roots a_, ay witha_ < a,
and P(A) is real and positive for A 6 (a_, ay).
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As explained in [LBJM2019, Remark 1], parameter values in €2 represent the most generic case and allow us to freely
differentiate with respect to the parameters. The cases where k = 0 or R(A) has higher order roots correspond to
degenerate cases which require their own analyses. We assume henceforth that our parameters are taking values in €.

We are interested in periodic solutions A to equations (5)) and @ We make the assumption A(0) = a_, A(%:) = ay,
which we can always guarantee by translating the wave. Under these conditions, the function v has the quasi-periodic
boundary conditions:

W(Ty) = 9(0)e™ (8)
Yy (Ty) = ¥(0)e", 9)

where the period T and the quasi-momentum 7 = S(7) — S(0) are functions of the parameters E, x,w, (. These
quantities, and the mass M, can be expressed as derivatives of the classical action:

T, ay 2
K(E, r,w,() = / Aldy = 2/ \/QE —wA? % — CF(A2)dA. (10)
0 a_
In particular, we have:
a 1
T.(FE, k,w,() =2 dA—2/ dA
a V2E —wA? - 55— (F(42) an
0K
- 0E
E —ST)-S(O)—2/G+LdA
77( ,K,W,C) - ( * - o AgAy
ay
= 2/ - dA (12)
o A2\[2F - wA? — £ — (F(A2)
S
oK
[ A2 A2
M(E, k,w,() =2 dA—2/ dA
a V2B —wA? — £ — (F(42) @3)
0K
= —27
Ow

We now consider the linearized problem under the perturbation:
Wiy, t) = ciwt (¢(y) + Eei[S(y+yo)+%+Go]W(y’t)> .

Since the phase exp(i[S(y + yo) + 5 + 60o]) is also present in ¢(y) (equation ), then we can consider W as a
complex-valued perturbation of A. At O(e) we have:

Wy = Wyy + wW — S2W + (f(AP)W + 2(f'(A?) A*Re(W) +i(S,y, W + 25, W,). (14)
Writing W (y, ) = u(y, t) + iv(y, t) in equation (14), we have the two linearized equations
U = vyy + wo — Sov + (f(A*)v + Syyu + 2S,u,
—Up = Uyy + WU — Sju + CF(A%)u+ 20 f (A% Au — S, — 25,0,

which can be collected into the equation
u K —L_\ (u
()= )0 &

K =S,, + 25,0,
Ly =—w—08y+ S, —Cf(A?) —2(f'(A%)A?
w— Byy + S, — Cf(A%).

where

r
I
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We can further manipulate equation (I5):
u _ 0 -1 £+ K u
()= )@ 2)0) "
u
_y (v). (17)

Since L is the product of a skew-symmetric operator and symmetric operator then equation defines a Hamiltonian
eigenvalue problem. From here, the idea is to analyze the Jordan chains of £. In particular, we wish to find the
genericity conditions on the Jordan structure of the linearized operator in terms of the derivatives of K. Having found
these conditions, we can then perturb £ and analyze the affect this has on the generalized kernels. The following result
summarizes the genericity conditions.

Theorem 1 (Theorem 1 [LBIM2019])). Assume that:
b (E? H‘/)w’ C) e Q;

1.
)z

o F(z) is linearly independent from 1, x
o A(y) is non-constant.

The generalized kernel of L (defined in equation ) generically takes the form of a direct sum of two Jordan chains of
length two. Making the definitions

g = {T*vn}E,li = 1lxgNk — T*kan
Kmn K/{E me T*
K.g Kgg Kgo, 0
an KEUJ wa 0 ’
T, 0 0 —M

D:

then the genericity conditions on these Jordan chains are:

o#0 (18)
D #£0. (19)

Remark 1. We have chosen to omit several results from Theoremﬂ]in [LBJM20109J], such as the explicit calculation of
the Jordan chains of L. This is because the Whitham theory in the later sections of this paper makes use of just the
genericity conditions on these chains.

Remark 2. In the proof of Theorem [I] the authors calculate the determinant D in terms of T, M, 7 and the Poisson
bracket quantities defined in appendix [A] Using the Dodgson-Jacobi-Desnanot condensation identity, they calculate:

az b
by do

b

3

g
- p=

4

where as, by, ds are defined in appendix
We now examine the breakup of the Jordan chains of £ under perturbations of the quasi-periodic boundary conditions.
We start with the following proposition:
Proposition 1 (Proposition 1 [LBIM2019]). Let L be an operator with compact resolvent. Suppose further that L has
a d-dimensional kernel spanned by {us; }?;6 and a d-dimensional first generalized kernel spanned by {u2j+1}§l;é
satisfying Lugj 1 = Ug;. Suppose similarly that L has a left basis satisfying voj 1L = 0, vo; L = vo;11. Consider
a perturbation of the form £ + pL® + p2L£3), where LN — £)~1, LN = L)Y LD and £2) are bounded
operators. Suppose that the first order perturbation satisfies the conditions:

V2j+1£(1)u2k =0 V], k= 0, ey d—1.
Then, to leading order in p, the 2d-dimensional generalized kernel breaks up into 2d eigenspaces, with the eigenvalues
given by

A(p) = Mp+ O(p?),

where \1 is a root of the polynomial

det(ATM®@) + A M) + M©) =0,
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with the d x d matrices M) are defined as:

2
Mg;z = V2 41U2k+1
1 1 1
M;,Z = —vo; LM ugy — va 1 LM ugy g

M) = Va1 LD L7 LD uy, — a1 £ 0z

Proposition [1| allows us to relate the eigenvalues A near the origin to the break up of the generalized kernels of £
under small perturbations. We will first deal with the case of longitudinal perturbations, that is, the 1D NLS equation
equation (T). In particular, when we substitute

into the linearized problem equation (T7) we have:
Lu = Au. (20)
Equation (20) can be written as a system of four first order ODEs in y with T'.-periodic coefficients, and so by
applying Floquet theory we see that the spectrum of £ is the union over all i € (—Tl*7 Tl] of the spectrum of £ with
quasi-periodic boundary conditions:
u(T,) = e*T+u(0)
u, (T.) = ¢, (0).

If instead we write u = e**¥v, then v has periodic boundary conditions, and the y-dependency is instead captured by a
p-dependent operator:

L(p)v=Av
(S, O 0 -1
L(p)=L+2 y y) + u? ( ) .
(1) [ (_ay S, 11 o

Taking

2) _ 0 -1
Oy

allows us to apply proposition I} leading to the following theorem.

Theorem 2 (Corollary 1 [LBIM2019]). Suppose that L is defined as in equation (I7), and further suppose that the
genericity conditions of Theorem/[I|apply. For small values of the Floquet exponent i, the normal form for the four
continuous bands of spectrum emerging from the origin in the spectral plane is:

b b b
det ()\2 (Zi dz) + A (Zl di) + 12 (Zg d‘;)) +0(5) =0, Q1)

where O(5) consists of terms \'p? with i, j > 0 and i + j > 5. The matrix entries are given in appendix@]

Corollary 1 (Modulational instability criterion). If any of the roots \ of equation are not purely imaginary, then
the periodic travelling wave 1) about which we have linearized is modulationally unstable.

3 Whitham modulation theory

Our goal in this section is to provide a formal Whitham theory calculation which results in the same criterion for
modulational instability as the rigorous results in the previous section, in particular Theorem [2|and Corollary |1} We
want to show that the equation for the characteristics of the Whitham modulation equations is equivalent to the normal
form equation (2I). There are several ways to derive the Whitham modulation equations; we choose to use the averaged
Lagrangian formulation and the variational principle from Whitham’s work [Whil965B| Whil970}, Whi1999], since
the averaged Lagrangian closely resembles the classical action K (cf. equation (I0)) from the rigorous linear theory.
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As a side note, many of the symbols of the previous section will be re-used but with the subscript *. These subscripted
symbols are seen as completely new, and not connected to their un-subscripted counterparts. We start with the
Lagrangian of equation (T)):

L(wtvwma waitvamvw) = Z(@d’f - 7#&1‘) + 2|1/}3?|2 - 2CF(W|2)’ (22)

which satisfies the Euler-Lagrange equations:
Ly — 0Ly, —O0yLy, =0
Ly — atLEt — BIL@ =0.
We seek solutions to equation (I)) of the form:
U(x,t) = r(z, t)el? ),

Upon subsitution, we have (for imaginary and real parts respectively)

Tt = 20275 + Paal (23)
— i1 = Tap — Qo+ Cf(r?)r, (24)
with the Lagrangian:
L1z, 7,01, 0z) = =202 + 2(r2)% + 2(0)2r? — 2CF (r?). (25)
We now seek periodic solutions r, ¢, with period normalized to 27. Introducing the variable 0 = kx — w,t, we let
r(xz,t) = R(0)

o(x,t) = Br —v.t + O(0).

The pseudo-phase component Sz — .t is a necessary generalization since only the derivatives of ¢ appear in L (cf.
equation (23)). Consequently, the pseudo-phase ensures that the quantities ¢, and ¢; have mean /3 and —, respectively
when averaged over one period. This is reminiscent of the quasi-periodic boundary conditions set for # in equation ().
Substituting into equations (23) to yields:

— wyRy = 2kRy(B + k®y) + k*DgyR (26)
R(7s + w.®g) = k*Roo — R(B + k®g)* + (f(R*)R 27)
L(kRg, R, —y — w.®g, B+ k®g) = 2R* (s + w.®Pp) + 2k* R + 2R*(B + kdy)* — 2CF(R?). (28)
For a slow modulation, we consider the the parameters w,, k, 7., (3 to be functions of X = ex and T' = et. We write:
0=c'O(X,T), fz—yt=0=c'0(X,T), (29)
and define:

—w (X, T) =07, k(X,T)=0x, —7(X,T)=067, BX,T)=06x. (30)

Our functions R and ® are also written in these variables as:

R=R(6,X,T;e), ®=P(0,X,T;e).

The fact that these functions are evolving on both slow and fast scales is called two-timing, and is closely examined
in [Whil970, /Whi1999]. When averaging the Lagrangian, we consider R and & to be functions of three independent
variables 6, X, T, even though 6 is a function of X and 7" in equation (29). This extra flexibility ensures that secular
terms in the asymptotic expansions are suppressed, and in conjunction with the variational principle this is equivalent to
a WKB approximation [Whi1999]. According to Whitham’s theory [Whi1999,Whi1970], the leading order modulation
equations can be derived from the variational principle:

1 27
5//7/ L(kRg, R, —7, — w.Dg, B+ k®g)d0d X dT = 0. (31)
™ Jo

For functions h which vanish on the (8, X, T') boundary, equation means that, for variations in R (denoted 6 R),
we have:

1 2
SR : //%/ L(k(R+ h)g, R+ h, —7. — w, By, B + kg)ddXdT = 0
0

1 2m
— //2—/ hoLg, + hLg + O(h*)d0dXdT = 0.
T Jo
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Integrating by parts, we end up with

1 27
/ / L h(Lg - OpLn,)d0dXdT = 0.
2m Jo

Since this is true for all such h, we conclude that:
OpLr, — Lr =0. (32)

Equation (32) is simply equation (27), one of the Euler-Lagrange equations for L (cf. equation (28))). The other
Euler-Lagrange equation comes from considering variations in ®, which yields:

gL, = 0. (33)
Equation has an immediate first integral:
B(X,T) = Lg,, (34)

so B is constant with respect to 8, however it is now added to the ensemble of slowly-varying parameters. Equation
is in fact a multiple of equation (26) (the factor is 4R), so finding B is equivalent to finding a first integral of
equation (26). Equation (32) also admits an integral, since this equation is an ODE in the variable 6. To see this, we

multiply equation (32) by Ry
R¢OgLr, — RgLp =0
= O9(RoLr,) — RooLr, — RyLr =0
= 0y(R¢LR,) — 0gL + BPyy = 0.
Note that we have used equation to write the #-derivative of L as:
0oL = RooLp, + RgLRr + B®yg.
Integrating, we have:
RyLr, + B®y — L = A,(X,T), (35)

for a slowly-varying parameter A,. For variations in ©, we consider ©(X,T') 4+ h(X,T) for an appropriate function h
vanishing on the (X, T") boundary. This means that k will be replaced by k + hx, and similarly w,. by w — hr:

2
//2 / ((k4+ hx)Rg,R,—v — (ws — hp) Py, B+ (k + hx)Py)d0dXdT = 0. (36)
s
Writing the averaged Lagrangian as
. 1 2m
2 0
equation (36) implies:
/ / hx Ly — hrL,, +O(h*)dXdT = 0. (38)

From equation (38), we have:

/ / (7T, — OxTx)dXdT = 0,
which is true for all such h, and so we conclude that:
OrL.,, —O0xL; =0. (39)

Equation (39) is called a modulation equation since the quantities involved are functions of the slowly-modulated
variables X and 7. Similarly for variations 60, we have another modulation equation:

OrL,, —0xLg=0. (40)

The last two modulation equations are associated with the conservation of waves:
Ork + Oxw, =0 (4D
Orf + 0xvx =0, (42)



A PREPRINT - NOVEMBER 19, 2020

which is a consequence of requiring the mixed partial derivatives of (X, T) and O(X, T) to be equal. At this point,
we have derived four modulation equations in the four parameters (wx, k, v«, 3). In order to evaluate the averaged
Lagrangian equation (37), we need to solve equations and for R, ®. Instead, Whitham proposes using the first
integrals A, (X, T) and B, (X, T) to simplify the form of the averaged Lagrangian [Whil999]. We can avoid directly
computing R, ®, and moreover we can absorb the dispersion relations into one variational principle. To this end, we
consider a Hamiltonian transformation with the variables:

I, = Lp,, 1= Ls, =B. (43)

These are generalized momenta, and so we apply a Legendre transform to L in order to eliminate Ry and ®4 from the
equations:

H(I1;, s, R, ®; wy, k, Vs, B) = Rplly + Pplly — L. (44)
We see from the transformation that
Ry =0m, H, ®p=0n,H, (45)
and it follows from equation (32)) and equation (33)) respectively that
Oplly = —0rH, O0plly =—0sH =0. (46)

Equations (#5)) and (#6) are Hamilton’s equations. We can now write the earlier variational principle equation (31)) as:

5//IdXdT =0, 47)

where
. 1 27
L=— [ (Rell, + B®y — H)db (48)
271' 0
1 27
= — (RpIly — H)d#, 49)
271— 0

since ® is 2m-periodic. The averaged Lagrangian is now a function of H, B and the previous four parameters. We note
that Hamilton’s equations and follow from the independent variations 611, 6 R, 6II5, 6 in equation (48). We
use this extension as Whitham describes in [Whil970, [Whi1999]. Next, we observe that equation @]) is the same as
equation (35), so we identify:

H(H1;H2,R;w*ak37*aﬂ):A*(XaT)~ (50)
The stationary values of equation (@8) also satisfy equation (50), meaning that we can restrict the stationary values of
equation to the class of functions R, ®, II;, II, which satisfy equation (50). Importantly, this is the only restriction
we make; using the dispersion relation or any information about the forms of the solutions II; and Ry (equation (45))

@»

would result in L having no variation. We relabel H (I1;, Iz, R, ®;w., k, v+, 3) as H(X, T) in equation (48], and we
solve equation for IT4 (R; H, ws, k, B, 7., ) which yields:

1
fwmwﬂmm=7fmw—m 51)
™
where the integral is taken around the orbit of R. The variational principle equation can now be written as

5//3(1{, we, k, B, 7. 8)dXdT = 0. (52)

As mentioned earlier, we have now added the two parameters H and B, however we have exchanged the variational
equations R, §I1; and 0P, 611, for 0 H and § B:

0H: Zu=0 (53)
0B: Yp=0. (54)
Equations (53)) and (54)) are relations between the parameters of the periodic wavetrain, and so they are in fact the
dispersion relations. Our aim is to use these equations in order to eliminate two of the six parameters from the four

modulation equations, resulting in a homogeneous system of first-order PDEs. Using equations (41)), and (52)), we
now have a complete picture of the Whitham theory:

L. —0x L =0 (55)
o, —0xLs =0 (56)
Ork + Oxw, =0 57
Irf + Oxv« = 0. (58)
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3.1 Whitham theory applied to NLS

In this subsection, we apply the more general theory and observations from section [3]to equation (I). We provide
a direct computation of the characteristics of the Whitham modulation equations, from which we conclude that the
modulational instability criterion from the Whitham theory agrees with the spectral analysis in section[2] For the sake
of brevity, we include more detailed calculations in appendices B|to [F|

We calculate . in terms of the parameters H, w., k, B, 7,3 using equations (26) to (28). Firstly, II, = B amounts to
taking an integral of equation (26)), which yields:
B = 2w.R? + 4kR*(B + kdy). (59)

Next, we calculate H using equation , eliminating $y and Ry via equation and Il = Ly, = 4k% Ry:

2 2

112 112
H=-"L 4+ Bdy— —L — 2R%(~, D) — 2R? Dy)? + 2CF(R?
1z T B®e R R*(7s +wi®g) — 2R (B + kPg)~ + 2CF(R7)

? BB w.B o [ Bw. — Ww? B? 9
=1 _F7_ 2R © 2 F(R
82 &k 2k T ( P o ) T g TREED

2 6B w Bw w? B?
— —L_—g +3 —2R? : * ) = ——— — 2(F(R?).
g2 0 TR T ( R 7) sz~ 26FED)

This can also be written as:

BB  w.B o { Buws w? B2 9

2k? H+~— -2 L v | = ey — AF 60
Bo=H+ 50+ 5 22 gz ) ~ g~ XF0), (00)

which we identify as the first integral of equation (27) once ®4 has been eliminated, i.e:

Buw w? B2 9
k*Rgp = —R Y = )+ 5 — CF(RYR. 61
The averaged Lagrangian is hence:
kV2 w.B Bw, w2 B2
— _9R2 * = _ 2 _

Z = %\/ 2k:2 2R ( ’ 12 7*> 2 R? 2(F(R?)dR — H. (62)

Following Whitham’s examples [Whil965A| [Whi1999], we introduce a function W which is essentially the classical
action:

1 II
W(H,w, k, B,7s,8) = 7%71(’“:{ (63)

wy B Bw, w2 B2
[ad _9p2 x _ > 2
7{ \/ BB > —2R ( = y*> o — XF(R2)R. (64)

This allows us to write equation (62) as:

£ = 2kW — H. (65)

For a generic evaluation of TV from equation (64), we require assumptions similar to those listed in definition[I] We
derive these assumptions by equating our periodic solution ¢ (x,t) = R() exp(i(B8z — .t + ®(0))) with the periodic
solution equation (2)), which yields (once translation invariance and phase invariance are taken into account):

R(0) = A(y) (66)

2
Bx—v*t+(b(0):(w—4>t+2+5() (67)

2 . . . . .
Note that we have redefined w as w — < as suggested by equation . Taking = and ¢ derivatives of equation , we
have:

kR@ = Ay, —w*Re = CAy (68)

= c=——". (69)
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Similarly for equation (67) we have:
2 2

ﬁ+k@0:§+5y, —’y*—w*CI)g:w—cZ—ﬁ—%—i—cSy (70)
By wf
= — Vs 71
— W=t Y (71)
Substituting equations (68) to (70) into equation (3] ylelds
B+ kg = 2
2% ‘T RY
and recalling equation (59) we identify:
B
=—. 72
T 1k 72)
Finally, using equations (66), (68), (69), and (72)), we see that equation (60) is twice equation (6], with:
6B  w.B
E=-H+— . 73
2 ( + et o (73)
Equations (69) and (71)) to (73) now express the parameters of the linear theory in terms of our Whitham parameters.

Recalling definition |1} we have that the parameters (H, w., k, B, 7y, 3) exist such that:

° %>0;

e The function P(R) = H + ﬁB %2 - 2R2(ﬂ°’* + o =) — % — 2¢F(R?) has two positive, real,
simple roots R_ = a_ and R+ = a4, with R_ < Ry and P(R) real and positive for R € (R_, R;).

We make the change of variables:

Wi
U=
k
B
J==.
3

This eliminates the explicit dependence of P(R) on k, which will be advantageous when we calculate the characteristics
of the modulation equations. Also note that the two roots R_, R are now functions of H, U, J,~, 3, (. Updating W
in equation (64), we have:

R 2 2
W(H,U,J,v,53,¢) = ‘f/ ' \/H +BJ + % —2R? (6U + % - 7*) 8‘;2 2CF(R2)dR.  (74)
R_

Moreover, we can relate the classical action from equation (I0) with W

K=7W. (75)
We now calculate the derivatives of W with respect to the parameters:
W \[ / dR (76)
2/H + BT+ Y42 2R (BU + 5 —7.) — gz — 2 F(R?)
Wy =Wy (5 + 2) ~ . )
2 (B
N = £ J dR (78)
T JR- 8R2\JH + BT+ Y —2R2 (BU + U — ) — g — 2 F(R?)
R+ 2
M, =W, = \[/ R dR (79)
VH+ 87+ 5 —2R2 (BU + U — ) — g — A F(R?)
J
Wy = EWH — M, <ﬂ + 2> (80)
Wg = JWg — UM, 81)
9 Ry F 2
W= Y2 / (E9) dR. (82)

VH+ 87+ % —2R2 (BU + 4 — ) — g — A F(R?)

11
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We choose the notation 7, and M, because these integrals are closely related to the  and M from the linear theory. We
give the relations in appendix [B] Using equation (63), we have:

L, =2Wy

L =2W = 2UWy — 2JW;
Ly, =2kW,,

Ls =2kWpg

We are now in a position to write the modulation equations in terms of the derivatives of 1. For equations (53] and (56))
we have:

OrWy +U0xWy + JOxWy +WyUx + Widx —0xW =0 (83)
Or (2kW,,) — 0x (2kWp3) = 0. (84)

We now seek to use the variational equations equations (33) and (54) to eliminate two parameters from the Whitham
system. Using equation (53) with equation (63)) we have:

Ly =0 (85)
1
W =—. 86
— Wu =5 (86)
Similarly for equation (54):
Zp =0 &7)
— W, =0, (88)

Since W and its derivatives have no explicit dependence on k, then equation is in fact the dispersion relation for k
in terms of the other parameters H, U, J, 7., 3, (. Substituting equation (86) into the modulation equations allows us to
eliminate k entirely. This is particularly relevant for equation (57):

Ork +0x(kU) =0
= Or (%) +0x (25;}1> =0,
which simplifies to:
OrWp +U0xWg —WyUx = 0.
Equation (83) is already free of k, but equation (84) can be simplified using equations (79), (81)) and (86):
WyorM, — M. orWyg + UWyrox M, — UM, 0xWyg + Wy M, Ux — W%IJX =0.

We also observe that equation (88) can eliminate terms in equation (83). The four modulation equations are now:

Br +vx =0 (89)

oWy +UOxWyg —WrUx =0 (90)

OrWy +UdxWy + WyUx —OxW =0 91

WyorM, — M, OrWy +UWgOx M, — UM, OxWgyg +WygM,Ux — WI%JX =0. 92)

The derivatives of W ; with respect to the parameters H and J do no vanish simultaneously, so we can apply the implicit
function theorem in order to eliminate another parameter. Recalling the genericity condition o # 0 from Theorem|[I] we
have that 0, = {Wy, W} g defined in appendix is non-zero, which implies that at least one of Wy y and W ; are
non-zero. We first assume that Wy ; # 0. By the implicit function theorem, there exists a continuously differentiable
function g defined on the appropriate parameter space such that:

H = g(U, J, 7, B). 93)
Next we take derivatives of the equation W; = 0:

aJWJ(g7 U?*LW*)B) =0
= gWhs+ Wy, =0

12
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Similarly for the other derivatives:

9giWay =Wy, (94)
guWhy =Wy, (95)
9 War=-W, s (96)
9sWhs = —Wg. 97)

Equations (94) to (97) allow us to expand the X and 7 derivatives of W and M, in equations (90) to (92) by using the
chain rule. For example:
0rWy = grWaH + JrWhy + UrWau + Y0 Why, + BrWhHp
= (97d1 + 9uUr + gv. 7 + 98087 )Wrara + JtWhs + UrWru + %o Wiy, + BrWhs
= (9sWuu +Wai)Jr + (guWar + Wrau)Ur + (9. Waa + Way ) ver + (98Waa + Wag)Br.

If we multiply the derivative by Wy 7, we have:

Wy 0rWy = (Wi, —WeaWi)Jdr + WauWas — WaaWu ) Ur + Wiy Wig — WaagWe, 7)Yt
+ (WugWry —WuaWas)br
={Wu,Witsudr + {Wu, WutsaUr + {Wu, Wy, }Ysuvsr +{Wu,Wa}tsubr.

Using appendix [C] we can identify

{WHa WJ}J,H = Ox
Wa Wy Yomg = —Wu, Witay, = —p«

where we have used the properties of Poisson brackets quoted in appendix [C]

Remark 3. An important consideration when computing these Poisson brackets is the order of differentiation and substi-
tution. The correct order is to compute the Poisson bracket and then substitute H = g(U, J, 7., ) into the expression,
rather than applying the chain rule within a Poisson bracket. This is because the Poisson brackets produce identities that
hold regardless of the equations tying the parameters together; we are using them as a convenient notation for leveraging
the symmetry of the mixed partial derivatives of . As an example, we make the substitution H = g(U, J, 7., 3) into
the identity {Wg, Wy, } s = —{Ww,W;}n . = —p« instead of computing 9; W (g,U, J, 7., §) and other such
derivatives.

For {Wy, Wy} m, we have:

JW U
W@M@hH—%mﬁif<ﬁ+2ym}
J H

JW, U
QH}J,H - <5 + 2) W, W, Yon

U

:{WHa

and similarly we calculate
{Wu, Watsn =2v, + Up.,
allowing us to write Wy ;0r Wy in the following way:
Jr
Wis0rWi = (0. —pe vet+ (B+5) pe 20 +Up) | i1 |- (98)
Pr

Repeating the process of expressing the derivatives in the modulation equations as products of vectors as in equation (98),
we can write the modulation equations as a quasi-linear first order system:

Jr Jx
YT VX | _

A Ur +a Uy | = 0 (99)
Br Bx

13
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with
0 0 0 1

_ | Aar Axx Axz Aoy
A=Ay Ap Ag As (100)
An A Az Ap
0 1 0 0
= UAQl UAQQ UAgg —27’ UA24 (101)
UAsi +a31  UAss+ase UAszs+azzs UAsy+as

UAy —27Wy UAgs UAyz +21M UAy
and the coefficients (calculated in appendix
Az =0,
Aoz = —px

U
Aoz = vy + ps (54—2)
Aoy = 2v, + UP*

Jo, U
Ay =T + o +<ﬂ+2>F

2
J U
tam o (5 2) arawe

J Wy M U\ MWy, J U U\ 2
A33:—1/*—|— H7H <5 >—2m+2p* (5+2)+(6+2) {WH’W’Y*}J>’Y*

2 2
U J U
A34:JV*+WHM*H /B+5 7M*WHJ+§U,D*+U ﬂ+5 {WH7W’Y*}J,7*

A41 = *FWH - U*M*
Asy = We{Wu, Wy, } i, + puM,

2

W2 M, U U
Aua = =Ty (54 0) (W W,y = M+ (54 5 )
Agy = _WI?IM*H —UWua{Wu, Wy, } iy — Mi(2vi + Upy)
az1 = WuWy,

aze = WgM,; — WM,

W3 U
ass = TH +J7 — WM., <ﬁ+ 2)

azq = W]Q{ +UM*WHJ - UWHM*J

If any of the characteristics of the system in equation (99) are complex, then according to Whitham’s theory [Whil999],
the system is modulationally unstable. Our task is to find the characteristics of equation by solving for X', T” in:

det(AX' — aT’) =0, (102)

where X' = %, T = ‘Z—T along a characteristic curve in the (X, T')-plane parametrized by s. The degenerate case
X' =T = 0in equation (102)) corresponds to the non-existence of ¢y, co not both zero such that

det(c1 A + coa) # 0. (103)

To demonstrate that our system indeed satisfies equation (T03)), consider:

W2
det A = —WpyTs (M*(FM*H + ps Mg+ 0uMyy,) — TH{WH; W’y*}Hﬁ*)

- WhiTs
2974

#0,

14



A PREPRINT - NOVEMBER 19, 2020

where D is the non-vanishing determinant defined in Theorem [, which has been calculated in appendix [C| as
equation (124). Hence ¢, = 0 and any ¢; # 0 satisfies equation , so we do not need to consider the degenerate
case. We now focus on computing:

0 -7’ 0 X’
/ N Ao (X'=UT") Ao (X'=UT") Ags (X' =UT")+27.T’ Agu(X'=UT")
det(AX - aT ) - A31(X'7UT')7a31T' A32(X,7UT’)7(132T/ A33(X,7UT’)70,33T/ A34(X/7UT/)7G34T/ : (104)
An (X' =UT)+21. W T’ A (X'=UT) Az (X' =UT")—27.MT’ A (X' =UT")

Equation (TI04) can be written in block form:

r oy _ P11 P2
det(AX' — aT") = Py Pay|’ (105)
with
P = 0 =T’
U=\ A (X! —UT") Ap(X' —UT)
P — 0 X’
2= A23(X/ - UT/) + 2T*T/ A24(X/ - UT/)
P _ A31(X/ — UT/) — CL31T/ A32(X/ — UT/) — CL32T/
21 = A41(X/ — UT/) + 27, WgT' A42(XI — UT/)
P o A33(X/ — UT’) — a33T’ A34(X/ — UT’) — a34T’
2=\ Ap(X' —UT") —2r.MT’ A (X' =UT") ‘
Lemma 1. Under the assumptions of Theorem([l} the matrix
P 0 =T’
U=\ A (X! =UT) Agp(X'—-UT)
is invertible.
Proof. We note that
det Py = Ay T'(X' = UT") = 0, T (X' = UT"). (106)

From Theorem([l} o, # 0, so Py is invertible if and only if 77 # 0 and X' # UT’. If " = 0, then
det(AX' —aT’) = X'* det A
 —WhyT
o 2974
By assumption, Wy # 0, Wy # 0 (this corresponds to the underlying periodic wave having non-zero period) and

hence 7, = $ Wy Wy # 0. Moreover, D # 0 from Theorem hence for X/, T’ to solve equation (102) with 7/ =0
we have:

X"D.

det(AX' —aT")=0 = T'=X'=0,

which we exclude as a trivial solution. In fact, if 7"(s,) = 0 for some value of s = s,, we have that X'(s,) = 0 as well,
meaning that the characteristic curve (X (s), T'(s)) terminates at s = s,.. This is not possible, since the characteristic
curves are defined for all X, T € R, so in fact 7" can never vanish. Next, if X’ = UT”, then:

0 =T 0 ur’
/ AN 0 0 2T*T/ 0
det(AX' — aT") = —anT  —aszT' —azsT’ —az, T
27 . Wy’ 0 -2, MT’ 0
0 =T ur’
= —QT*TI —CL31T/ —CL32T/ —a34T’
2. WyT’ 0 0

= —Ar2WyT"* (34T + azUT™?)
= —Ar2WyT"* (WE + UMWy — UWyM.; + UWyM.; — Wy »M,))
= 472w T
Only T" is able to vanish, hence if X’ = UT" then
det(AX' —aT") =0 = T'=X'=0.
There is no non-trivial solution (X', T") of equation for which Py is singular, which proves the lemma. O

15
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Lemma [T] allows us to use the Schur determinant formula (see, for example, [Zhang2006]) in equation (T03), in
particular:

det(AX' — aT') = det(Py;) det(Pay — Poy P  Pro). (107)

Direct calculation of Poy — P21P1_11P12 yields:

P22 o P21P1_11P12 _ <m11 m12> ;

ma21  M22
where
1
mi1 = A33(X/ — UT/) — a33TI - m(AQS(X/ - UTI) + 2T*TI)(A31(X/ - UT/) - ang') (108)
’ ’ ’ X' / / / Agy / ’ /
miz = Aza(X' = UT") — azT" + F(A32(X —UT") — azT") - > (As1(X' = UT") — anT") (109)
Agp X'
- 0’22T/ (Az1 (X' = UT') — az T") (110)
1
mo1 = A43(X/ — UT/) - QT*MTI — W(AQg(X’ — UT/) + QT*T/)(A41(X/ — UT/) + 2T*WHT/)
o —
(111)
1 1 / I ’ Agy I ’ / A22X/ ’ ’ /
Mmoo — F(X - UT )(A42X +A44T ) - pu (A41(X - UT ) + 2T*WHT ) - o T (A41(X - UT ) + 2T*WHT )

(112)
We make the substitution A = X’ — UT" and p = i7" (justified by the end result) and note from equation (107) that:

mi1 Mi2

det(AX' — aT') = 0. (=i
eH(AX' —aT') = ou(—ihp) |11 12

o \Wgmy1  —io,uWgmao

1
B U*)\mgl —iO'*MmQQ

O'*WH

)

which can be simplified to:

1 a/ )\2+b/ Aﬂ"’_cl /1'2 a/ )\2_’_1)/ )‘/14"’_0/ /142
det AX/ _ aT' — 11 11 11 12 12 12
( ) 0 Wi @y A%+ by A+ chypi® ahoA® + Do A + chop®

We calculate the coefficients in appendix [E] To list them, we have:

. (113)

AN U
a//11 = 27—* (B + 2) (FM*H +p*M*J + O’*M*'y*) - QT*P*WH (B + 2) - U*T*M* - V*T*WH

. U
by, = 2im Wy (27, + 20 <ﬂ + 2> + Joy)
C/ll = —QT*WI%IW]']

U
a/12 = p*T*WH — 27y (B + 2) (FM*H + p*M*J + U*M*'y*)

U
Cly = 472 Wy

U
ay, = Wy — 27, (B + 2) (CMug + psMog + 0uM.y,) = aly

U
by = 2in Wy (v — T + p. <ﬂ+2>) = by,

chy = AT Wy = iy
aby = 27 (CMug + pu My + 0. M,,)
b/22 = 742'7'*,0*WH

Chy = 4T Wi

16
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We note that the matrix in equation (TT3) is symmetric, which simplifies our calculations. Now we perform row and
column operations to equation li which will leave the determinant unchanged. Adding (5 + %) times the second

row to the first row, and then (5 + 5) times the second column to the first column, we have the following result:

R N 1 Qu(Ap) Qu2(A p)
det(AX" —aT") = o Wy |Qa1(A 1) Qaz(A )| (1)

The polynomials are calculated in appendix [E] We list them as:

T
Qu(\ p) = m(dzv + didp + dop®)

Tx

Qi2(A\, p) = m(bMQ + by + bop?)
Qa1(A, 1) = Qu2(A, )
Tx

Qa2(A, 1) = W(%V + a1 A+ aop®)

We can swap the two columns and then the two rows without changing the determinant:

L |Qa2(Ap)  Qa1(A p)
AX/ _ T/ — 22 9 21 ’ 11
det( @ ) oWy Q12()‘7 :u) Qll()" /~L) (1)
_ 2 a2 A® + ar g+ agp®  baA® + by + bop® (116)
T 23071063 Wy | e At + bidpu 4 bop?  deA? 4 di A + dop®

- WuWg, 2 (a2 bo ar b 2 (ao bo

_mdet A by do + Ap by dy +u bo do) ) (117)
This concludes the calculation of det(AX’ — aT”) when Wy 5 # 0. For completeness, we must carry out the same
calculation starting with the assumption that W;; # 0 and Wy # 0, which is the other case arising from the

genericity condition o, # 0. This second calculation is unremarkable, so we give the final result here, but provide some
working in appendix [F In this case, we have, almost exactly as before:

WyW? as b a; b ag b

/ AN JJ 2 2 2 1 1 2 0 0

det(AX' — aT") = 272103 det ()\ <b2 d2> + A (b1 d1) +u (bo d0>> , (118)
with the difference being the non-zero factor W7 ;. This leads us to the following theorem.

Theorem 3. Suppose that the assumptions of Theorem [Z] hold, that is, 0 # 0 and D # 0. Further, assume that
T, = 4nWy # 0. Then, the equation for the characteristics of the Whitham modulation equations associated with the
nonlinear Schrédinger equation (1)) is equivalent to the normal form for the continuous bands of spectrum emerging
from the origin in the spectral plane, given in Theorem 2]

Proof. To solve for the characteristics of the Whitham system, we substitute into equation (I02) the appropriate
expression for det(AX’ — aT”) given in either equation (117) or equation (118). In both cases, we can divide
det(AX’ — aT") by the constants we have assumed to be non-zero, so X’ and 7" solve the quartic

o (as by ar b 2 (a0 bo\) _
det(/\ <b2 d2>+)‘“<b1 d1>“‘ <b0 do))o,

AN=X —UT, u=iT. (119)

with

This is exactly the normal form given in Theorem 2] O

Remark 4. The substitution p = ¢7” implies that 7" € iR, however this is not required for (X', T”) to be a solution
to equation (102)). Rather, we can safely make the restriction that 77 € iR by multiplying equation (102) by a phase
function e*/(%) 5o that T’ becomes purely imaginary and X’ — X’e*/(*) is possibly complex.

Corollary 2. Whitham modulation theory predicts the same criterion for modulational instability as the linear
theory given in Corollary|l} that is, the existence of a complex characteristic of the system of modulation equations
(equation ) corresponds to a root \ of the normal form equation with Re(X) # 0, indicating modulational
instability of the underlying periodic, travelling wave.
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Proof. Noting that det A # 0 and T"(s) # 0, we may rewrite equation (102) as:

X' _
det<jw—.A 1a> =0. (120)
Since T”(s) # 0 for any s, the characteristic curves may instead be parametrized by 7', so that Z—)T( = ;f,/ ((f)) . Hence the

eigenvalues ;{, ((:)) of A~'a define the characteristic curves, which is clear once equation is instead written as:
Jr Jx
Y«T —1 VX _
Ur + A "a Uy | = 0,
Br Bx

and similarly for equation (I25). According to the Whitham theory [Whil1999], modulational instability occurs when
one of the characteristics of a Whitham system is complex. From equation (120}, this is equivalent to % € C. We have

X' A-iUp
T —ip
A
=240
o)

We note that 1 € R since it is the Floquet exponent of the periodic solutions to equation (20}, and from remark [4] we
know that this does not restrict the class of characteristic curves. Hence we have that
lA

X
FEC <= Re(\) #0,

which agrees with Corollary [I] O

Remark 5. The transformation from the characteristic variables of the Whitham system (X’,T") to the spectral
variable A and Floquet exponent 1 may have greater significance in the scope of rigorously proving the agreement
of Whitham modulation theory with linear stability at the origin. In fact, the transformation in all previous examples
[Serre2005, 1022006, 122010, IMMP2014] is:

T

A=X'—cT', p=-—
C ) ILL T*,

where T is the period of the underlying wave. To explain the factor of T%, the cited papers all consider the Floquet
multiplier to have the form e?#, whereas we have chosen to consider e?*”* in keeping with [LBIM2019].

4 Discussion and open problems

In this paper, we show that the formal Whitham modulation theory correctly predicts the modulational instability of
periodic, travelling wave solutions of the general nonlinear Schrodinger equation (I)) as prescribed by the rigorous
spectral analysis at the origin in [LBJM2019]. Applying the variational principle to the averaged Lagrangian allows us to
derive four modulation equations, which we then homogenize using the genericity conditions described in [LBJM2019].
This results in two cases depending on which slowly-varying parameters we eliminate, however the calculations are
essentially the same. Finally, we compute a quartic equation for the characteristics of the homogenized modulation
equations from the determinant of the quasi-linear system equation (99). By invoking various determinant identities
inspired by the proof of [LBJIM2019, Proposition 1] and also a change of variables, we deduce that the characteristics
of the Whitham system satisfy the same quartic equation as the normal form for the four continuous bands of spectrum
at the origin [LBJM2019].

Leisman et al. also provide a modulational instability criterion for transverse perturbations, where they consider the
stability of periodic solutions of equation (1)) to the two-dimensional equation:

iwt = wx;c + ¢zz + Cf(|¢|2)¢

The extension is neat from the perspective of the linear theory, however we believe extending the Whitham theory
would involve a two-phase approach, making the homogenization process considerably more difficult. We have decided
that this lies outside the scope of this paper.
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One interesting future direction for our results would be to compute Riemann invariants and investigate the behaviour
of dispersive shock waves for suitable one-dimensional potentials f(|2/|?). This would involve diagonalizing the matrix
A~ lq from the quasi-linear system equation .

Another obvious extension would be to consider a coupled general nonlinear Schrodinger system:

W1y = Vrgw + G (G, Glta )
o = Vogw + Cf (C1|Y1]?, Calth2]*)ta,

which has the Lagrangian:

L = i(1ore — 1ihy,) + i(hathar — Patha;) + 20th1a]? + 20tb2a > — 2F (Culthn %, CGalipa]?).

More generally, we could couple n general nonlinear Schrodinger equations together, which yields

L=i(p-0p —ap - 0pap) +2|0,9p1> = 2F (|n|?, ..., [¥n]?), (122)

where F' is a scalar potential. We believe that the Whitham theory for these systems would closely resemble the
procedure for equation (I)), however difficulty may arise in the homogenization process. In particular, one must find
suitable genericity conditions to eliminate enough slowly-varying parameters.

Finally, we cite the open problem of proving that the modulational instability criterion derived from the hyperbolicity of
a Whitham modulation system coincides with spectral instability of a periodic travelling wave solution of some general
class of PDEs. The difficulty in developing a general proof lies in the homogenization of the Whitham equations.
This process is guided by genericity conditions which are determined from the underlying PDE in the course of the
rigorous linearized spectral analysis; this explains the disparity amongst the analyses of [Serre2005, 072006, JZ2010,
JMMP2014]| and this paper. On the other hand, it is promising that the transformation between the characteristics of the
Whitham system and the spectral variables (equation (T19)) appears in the cited examples where the Whitham theory
has been rigorously verified, perhaps offering another avenue for research.
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Appendix A Poisson brackets from the linear theory

We first define the Poisson brackets:

T Ty
Y=A{Te;rw pP={TcN}wr 7= 5
T*T*E
V:—T f:{T*ﬂ?}n,( X:{T*an}C,E-

With these definitions, we can list the matrix entries in equation (2

as = —%(’VME + pM, + oM,,)
T
by = —”pQ = —o(rMp + vM,)
o o
do= 2wl + M
2= —5 (WL + 5 M)
a1 = 2iopT,

by =ioT(v+7)

dy = i0T. (27 + oK)

ag = 20T,

bo = 207T,

do = 20T (wy — (€ — Eo)
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Appendix B Relations between K and W

In this appendix, we give the relations between the derivatives of K and the derivatives of W, defined in equations
and (64) respectively. This is carried out by taking a derivative of equation with respect to one of the parameters
H,U,J,~, B, ¢ and then applying the chain rule, simplifying the results using equations (7I)) to (73). Finally, we use
equations (TI)) to (T3) to eliminate K. For the period T' = K in the linear theory:

T, =47Wg
Tig =1671Wgy
T =161(Wry — (B + %)WHH) = —1671n.n
Ty = —4nMp.
Next, for 7 we have:
n = 4mn,
ng = 16mn.q
e = 1670105 — (B+ 5 o)
Nw = —4T sy, -
Finally for M:
M =27 M,
Mg =87mM,.gy

U
My = 8n(M.s = (B + 5 )M.n)
M, = —21M,,.
Since ( is the same parameter for both cases, we have that:

K( = 7TWC.

Appendix C Poisson brackets for the modulation equations

Similarly to the Poisson brackets in appendix [A] we make the following definitions for Poisson brackets for the Whitham
system:

ox ={Wa,ntus={Wua,Witin
ps = AWa,netqo = {Wu,Witn .
F'={Wu,n}ismy ={Wu, Wity s

1
Vy = _§WHWHH

1
Ty = §WHWHJ

&= {Wa,ntoe={Wu, Wiles
X+ = AWm,ntem ={Wu, Witn.

The reason we have included the Poisson brackets in terms of W as well as 7, is because it is more straightforward to
use the symmetry of mixed partial derivatives of W when using W ;.

We make extensive use of several properties of Poisson brackets. Let P, (9, S be functions of w, x, y, z with symmetric
mixed partial derivatives. Then:

{Pa Q}w,z = 7{Pa Q}x,w == 7{Q7 P}w,x;

{P’MM Qz}y,z = {Pyv Qz}w,m;

{Pa P}w,cc - 0;

{PQ,S}twa = P{Q, Stwe + QP Stu.as
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o {aP,Q}yz = a{P,Q} , for aconstant a.

The above definitions allow us to express the equivalent Poisson brackets in appendix [A]in terms of these newly-defined
Poisson brackets for the Whitham parameters:

o= 2567r20*
p = —64712p,

9 U
v = —647*(T + [3+§ Px)
v = 647y,

U

T = 647r2(7'* + (B + 2) Vi)
x = 6472y,

e=oint(e+ (545 ) x)

Ultimately, we use these expressions to express the matrix entries of equation (Z1)) (given in appendix [A)) in terms of the
Whitham parameters:

as = 2167T5O'*(FM*H + p*M*J + O'*M*'y*)
by = 287150 . Wy = —2%0, (1. M,y + v M, ;)
doy = —2157T50'*(U*WH + 0. M,)

a1 = —217i7r5a*p*WH

by = 2Y%in°0 Wy (v, — T — (6 + g) ps)

U
dy = 2570, Wy (27, + 2 <B + 2) Ve + Joy)

ao = 2100, v, Wy
17,5 U
b0:2 ™ O'*WH(T*+ 54‘5 l/*)

For the last entry dy, we use the identity:

UJ U2
W =2Wy (H+BJ + 5 ) = 2M. (U + 7 =7 | = . — 2 We. (123)

In particular, taking Poisson brackets of equation (123) with W and derivatives with respect to H and .J, and using the
fact that W; = 0 in equation (88) yields:

UuJ U?

Similarly, we have for a Poisson bracket of equation (I123) with W and derivatives H and J:

2

U

Hence

do = 20T (wy — C€ — Eo)
2 2
=2V 100 Wy (— <BU + % - v*) I — (& — (H + B8J + U;) Oy — <ﬁ + g) (P <B + UT - w) + (X))

U
=275 W2 (e — Nunr (ﬁ + 2)).
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Now writing 7.7, 7+ as the derivatives of W ; using its definition in equation (|7_7[), we see that

U U\’
do = 2'°7°0 W5 (2Wr (ﬁ + 2) - Wy — (5 + 2) Wr)

6 U U\’
= 210750, Wy (47, ﬁ—&-; + 2v, B—FE —WgWiyj).

We also provide a calculation of the determinant D from theorem|I]in terms of the Whitham parameters:

4
D= —g(agdg - b%)
4
_m ((21671-50'*(FM*H + p*M*J + U*M*y))(_2157750*(V*WH + U*M*)) (2167T U*(T*M*H + V*M*J))Z)
29 4

= ( (FM*H + p*M*J + J*M*'y*)(V*WH + U*M*) - 2(7—*M*H + V*M*J)Q)

29 4 W2
( FM*H +P*M*J + O'*M*,Y*) + V*WH (PM*H + P*M*] + U*M*'y*) + TH (WHJM*H - WHHM*J)2>

L Wi
20*

— 994 (M* (Mg + psMay + 0. M..)

~Wag (CMag + puMoy + 0 Moy) + Wi M2y — 2Wy Wy Meg My + Wh g M2)) )

2

W
20H (J*WHHM*»Y + Waa Mg (MigWi; — WaisM.y)

=297t (M* (FM*H + puMyy + O'*M*,Y) —

+WuaM. (WygM.; — WgiM.g) — Wi M2y + 2WesWeg Mg M.y — W]?IHMfJ'))

20,
W2

W2
= 2074 (M (TMepr + peMog + 0. Myy) — =L (0. Wyp M, — M2 (W3 — WaaWy)) )
( 20,

M (FM H +p*M*J +O—*M*’y*) (U*WHHM*W* O—*MEH)>

from which we have:

W2
D = 2971'4 (M* (FM*H + p*M*J + O'*M*,Y*) — ;I{WHaW'y*}H,'y*> . (124)
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Appendix D Calculating matrix elements

In this appendix, we provide some calculations for the matrix elements of equations (I00) and (T0I). We already
calculated Aaq, Aga, Aog, Asy in equation (98). For equation (91), we compute:

Wy i0oWy = {Wu, Wit sadr +{Wu, Wit wayver + {Wo, Wito,aUr + {WU7 Wi}s,uBr

JW U JW
3w B+ ) war Jr+{E W, ﬁ+ Wit yar
2 2 JH 2 Ve H

+{JWH <ﬁ+ >,W.]} UT+{JWH—W%(5+U),WJ} Br
2 ULH 2 2 8.0
U J
(T* + *J* +T (ﬁ'i‘ 2)) Jr + <—2p* - (ﬁ‘f' ){WH7 ’Y*}J,’Y*> V=T
({2 (s D) dwi (54 2) {22 e (54 D)o} Yo
2 H,J 2 2 2 2 Voer
+(g{JWH—UW% Wi}y, M*WHJ—<ﬂ+ >{JWH UW,. . We}, )T
(T* + ga* +T (5—1— g)) Jr + (—g <5+ ) {WHaW%}J,%> VT

+

J U\ 1 1 U U\’
(2 + p* ﬁ + 2> - iM*WHJ + §WHM*H ([3 + 2) + <5 + 2> {Wva'y*}J,'y*> Ur

U
+ | Ju. + UP*_M*WH.]+WHMH (ﬁ+2> (»3+ ){WH7W%«}JW*>
AsJr + A32'7*T + As3Ur + Asyafr.

For ag1, asz, ass, ass:

WaiWyUx — WaOxW = W WyUx —{W,W;}radx —{W, Wit avex — {W, WitvaUx —{W,W;}s ufx
=WuWiiJx — (MWgy—WaM.j)vx + WaWu Ux — (WaWay — WaWgr)Bx.

Taking the .J-derivatives of Wy and W defined in equations (80) and (8T) respectively, we have:

1 J U
WisWoUx — Wirs0x W = WaWyJx = (M. Wity = Wi Mey)yox + W <2WH + TWiy — My (ﬁ + 2>> o

- Wy (JWyg —UM,) = Wg(Wyu + JWgy —UM,;)) Bx
1 U
= WHWJJJX - (M*WHJ - WHM*J)'Y*X + (2WP21 +JT* — WHM*J (ﬁ—k 2)) UX

— (—W,% +UWnuM,; — UM*WHJ) Bx

= a31Jx + az2V«x + assUx + asafx.

Finally, in equation (92) we compute:

WaiWaorM. = Wg{Wu, Wit~ Jr + WaiWa, W, Y iy ver + WaAWa, Wu b g4, Ur + We{We, Ws} i, Br

JW Y
= —WulJr + Wa{Wu, W, } 1~ 71 + WH{WH’ TH ~ W (ﬂ N 2) } v
J, v«

+ Wy {Wy, Wy — UW%}M*BT
1
= —WuTlJr + Wu{Wg, W, } sy ver + Wa (_2WHM*H - <ﬂ + ) {WH7W7*}J,7*>

+ W (—WeM.g —U{Wu, W, }1,.)Br
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Hence for Ay, Aso, Asz, Agq, we have:

WagWaorM, — Wy M. 0rWg = (-TWg — 0. M,) Jp + Wa{Wu, W, } 1. + p M)

(-WEM.g — UWg{Wy, Wy}, — Mo(2v, + Up,))
= ApJr + Aswoysr + AzUr + Asafr.

The X -derivatives of equation (92) are:

UWysWydx M, — WM OxWy) + Wy Wy M Ux — Wy WEJx
= (UAp =27 Wh)Jx + UAgryix + (UAy3 + 27 M, )Ux + UAusBx

Appendix E Matrix elements for the Schur determinant calculation

In this appendix, we calculate the coefficients in equation (TT3), using the expressions for m11, m12, ma1, Moz computed
in equations (T08)) and (T10) to (I12). We derive a number of useful identities that we use freely in the subsequent
calculations:

o AWu, Wy, Y iry, — ol = 0(WuyMry, — MugM.j) — (MugWhag — MogWhy)(MegWig — My yWh )
= WhjoiMy, — Mg Moy(Wg, — WuuaWyy)
— (MM gWyaWyy — MWy Wy — M2 WygWhy + Moy Moy WE )
- WHJ (FM*H + p*M*J + U*M*y*)
1 1 1
§U*WHM*H v I = §WHM*H(W}%[J —~WuuWyy) + §WHWHH(M*HWJJ — M. yjWhy)
1
§WHWHJ(M*HWHJ — M. Wan)
= T« Px
Wi
2
= WiWir,
=472
2r, T —WuWigpe = WM, jo. = Wy (Was(MegWig — MogWay) = Wig(MoyWayy — Mg Wi )
~ M.y (W, —WaaWyy))
=2WyWyy(MgWyy — Mo gWy )
=47’
oMo+ Wiy =MWk —WaaWis) +Wis(MegWag — MagWry)
=Wus(MgWhy — MegWyy)
= -—Wg,T
oWy M.y — 20,0 = Wy (Muur (Wi = WaaWig) + Wag(MegWiy — MayWi )
=WuWai(MeagWhy — MogWean)
= —2TyPs.

2
%U* v, WWyy +212 =

2 Wiy —=WuaWis +WaaWig + Wiy)
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For the coefficients a}q, b}, ¢}1, we have:
i
ayy = Wa (0. Azz — A2z Az1)

J J U\ 1 1 U U\’
= WH[ ViOs + 5 a0 (ﬁ + 2) - §U*M*WHJ + §U*WHM*H (6 + 2) + 0. (,6’ + 2) W, Wy, }in.

oo (552)) (o 2 (54 2)]

U\’ U\ (1 1
= WH |: (ﬁ + 2) (U*{WH7W’Y*}J,’Y* - P*F) + (B + 2) <20*WHM*H - V*F - T*P*) - §U*M*WHJ - V*T*:|

U\> U
=WueWhy (5 + 2) (FM*H + ,O*M*J + U*M*fy*> - QT*P*WH (ﬂ + 2) — 0T My — v T WhH

/11 = ’L'WH(O'*agg — A23a31 =+ 27*A31)

VV2 U U J U
:'LWH( D) U*+JT*U* WyuM, 0. (5+2) —WuWy, (V* + P« (5"‘2)) + 27, (T*+20*+F (B“r?)))

W2 U
=Wy (20* — v WyWy+ 272 4+ 2010, + (27,0 — WyWysps — Wy M, j0.) (ﬁ + 2) )

U
=Wy (4:7'*2 + 2J7104 + 47,1 (ﬂ + 2) )

/
ci1 = 2. Wgas
= 2, WEW,

Next for af4, b)q, ¢io:
a,12 =Wgy (0*A32 - A22A31)
J J U
U
=Wn [(ﬁ + 2) (Pl = o{WrH, Wy, }55.) + T*P*]

U
big = —iWy [0+ Asa + 0. U A3y — a3z — Aoy As1 — UAspAsy + Asoasi)

U J
= _ZWH |:JV*O-* + J*WHM*H (ﬁ + 2) - U*M*WHJ + §UP*U* + UU* (ﬂ + > {WHa 7*}Jm/*

J
— gUp*(m< —Uo. <ﬂ+ > {WH,W%}J% o WyM.j+ o Wy iM, — (2v, + Upy) (T*

Jo.

U
= —iWg |:—2V*T* —Wy(ouMog+ pWyy) + (ﬁ + 2) (o WyM,.p — QV*F):l

Clo = Wh [04a3a + 0.Uass — Asgazs — UAssaz
=Wy [a*(WEI + UMWy —UWgM, ;) + Uce(Wy M,y — Wy M) = WgW,;(2v. + Upy) + Up W W]
=Wy [o.WF — 20, WyW,,]
=WiWi,
=472 Wy.

(7+3))
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/! / /.
Now for aj;, b5, chy:

I
ag = 0. Ayz — Aoz Agy

:0*< WH2 _WH(/3+ ){WH,W%}J%_M*<V*+p*<ﬁ+g>)>

_ (V* ¥ . <5 + g)) (~TWg — 0. M,)
2

U w
= WH <5 + 2> (p*r - U*{WHa W’Y*}J,'y*) + V*FWH - THU*M*H

U
= —27' (B + 2) (FM*H +p*M*J + U*M*'y*) + T*p*WH

bl21 = i(QT*U*M* + QT*WHAQS + 27'*1441)

= 5. Wpg (l/* — T+ p. (ﬁ + [2]>>

/ 2

Co1 = 47'* WH
H / / /.
Finally for a%,, b5, Co:

ahy = 04 Ays — App Ay
— o (WatlWar, W+ peMo) + o (~TWir — 0, M,)
=Wa (0:{Wh, Wy } sy, — pul)
=27, OMug + pu My + 0. M,,)
o = —i (U0wAgp + 04 Ay — Aog Ay — 2. Wi Aoy — UA23Ayy)

= z‘(UMWH{WH, Wy g, + puDM) + 0 (WA Moy — UWe{Wa, Wy}, — M.(20s + Up.))

— Qus + Ups)(-TWg — 0. M,) + 27 p Wy + Up (—TWg — O'*M*)>

= —i (o WiM.g + 2v.TWg + 27,0, W)
= —diT pWg
Cho = 2T Wi Asy + 21, UW g Aso
=27.Wx 2us +Up, — Upy)
=4r,v . Wy.

For the calculation of the quadratics in equation (TT4), we have:

Qu ) = {a’u + (6+g) ahy + < + 12]) (a/12+ (5+U) a/mﬂ \2
o (54 D) tar (54 %) (e (5 %) )
i [c'ﬁ <ﬂ+g> &+ < )( ( ))]

= T [VuWhy + 0 M N + 2i7, Wy {27'* +2 <ﬂ—|— 5 ) Ve + JJ*] Ap

w\t{w

U U\’
+27_*WH 47—* 54’5 +2V* ﬁ+5 7WHWJJ M

Te
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Next:
U U
Qu2(A\, p) = {a/m + <5+ 2) alzz} A+ [ 12+ (/B‘f‘ 2) /22] Ap + [6/12 + ( 2) } IS
= p Wy A2 + 2ir, Wy |:V* —T —p, (5 g)] Mo+ 41, Wy {T* + v, ( )] w2
Tx
21575 (b2/\2 + bidu +bop )

Using the symmetry of the matrix in equation (T13)), we have:

Qa1(\ ) = [0/21 + <5 + g) ‘1/22} A 4 {blm + (5 + g) bl22] Ap+ [6/21 + (5 + U) CI22] 78

= [a/u + <5 + g) a/22} A+ |:b112 + (5 + g) blzz] Ap+ [0/12 + (5 + [2]) CIQQ] s

= Qi2(\, 1)

[\

Finally:
Q22(A, 1) = ahyA® + by At + o p”
T
= m (CLQ)\Q + al)\p, + GOMQ) .

Appendix F  Overview of the case W;; # 0

In this appendix, we provide an overview for finding the characteristics of the Whitham modulation equations (89)
to (92) when W, ; and Wy g are assumed to be non-vanishing. This provides justification for equation (TT8). In
a similar manner to equation (93], we start by applying the implicit function theorem to W; = 0, which yields a
continuously differentiable function A such that:

J =h(H,U, s, B).
Taking derivatives of W; = 0 provides the relations:
Ou: huaWyr=-Wgyy
Ov: hgWiy=-Wyy
Oy: hy Wyyg=-W,
63 : hﬂW]J = —WﬂJ.

We now apply the chain rule to the 7" and X derivatives in the modulation equations in order to write them in terms of
derivatives of the parameters. With z = T, X, the required derivatives are:

Wyi0.Wy = {Wu, Witu H, + {Wy, Wit Ve + {Wu, Wita U, +{Ws, Witu B
J U
W30 Wy = {Wu, Wita, H. +{Wu, Wity 57+ {Wu, Wito U, + {Wu, Ws}s,.508:

J U Wy M,
— <T*+20*+F <B+2>) H, + <H2J+JF (ﬂ+ ){Wv*,WJ}% >'Y*z

1, J? 1 U U
+ —ZWH—JT*—ZU*—iM*WJJ+WHM*J ﬂ+5 —Jr ﬁ'f'; + { 'y*aWJ}"/*,J U

2

1
+ <2W121 —2JT — — 0 — MW+ WyM.; (B+U)—-JI(B+U)+U <,3+ ) WL Wik, >

Wy 0.W =WugWyH, + MWV + WygWi U, + WJJ(JWH - UM*)ﬂZ
W0 W, = {W,, , Wita sH. +{W,, , Wity g7z AW, , Witu U +{W,, , Wi} 1B

Wy M,
= DH. + {Wo , Wby e + (—HQJ +JT — (ﬁ + ) {(Wo s Wby )

+ (=WuM,;+ JT = U{W, W}, 1) B
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As in equation (99), we write the modulation equations in the quasi-linear form:

Hr Hx
Y«T VX | _
alGr el Bx | =0 (125)
Br Bx
with
0 0 0 1
A Ag1 Azp Az Aoy
Ag1 Asy Az Asy
An A Az Au
0 1 0 0
o= UAyy UAy UAgs = WyWyy UAyy
o UAsi + a3 UAss + as UAss UAsq + asa

UAp +2tWy UAgp +WEM,y UAsz + ags UAss + ass
and the coefficients
A21 = —O0x
Aoz = — (T*—i- 0*+F(6+
A24— (2T*+JU*+UF

vo|

))
))

U
A31:—( U*+F(5+2
w M* U
Agp = ——0 4 <ﬂ+2> W Wit s
J? 1 U U U\?
Asg = WH JT*—* Ox §M Wiy +WuM,; 5+§ - Jr 5+5 + 5+§ W, Wit s

2

1 U
Asy = <_2W£, —2JT — — 0 — MW+ WgM,.; (B+U)—JO(B+U)+U <ﬁ + 2> {W%,WJ}%J>

Ay =TWy + 0. M,
A42 WH{W'V* ) WJ}’Y*,] —T'M,

Wy M, J U J U
A43 = WH <_H2J + §F_ (ﬂ“‘ 2) {W'y*aWJ}%,J> + M, (T* + 50'* +T (ﬂ‘F 2))

Aga =Wy (=WyM.y + JU = U{W, Wy}, 1) + Mi(27 + Jo. + UT)
az1 = —WgWyy
aze = —MW;;
as4 — 7WJJ(JWH — UM )

1% JW U
a43—MWHWJJ+WH< 2H + 2HJ — M., (6"’2))
ags = WH(Wy + IJWyy — UM, ).

The equation for the characteristics is

AX' —aT' = 0.
The matrices A, a satisfy equation (T03)), since we can compute:

WHWJJ

det(AX') = 510,74

XD +£0. (126)

Moreover, we can follow the same procedure of applying the Schur determinant formula. The upper-left block matrix is:

o 0 —T
=\ (X' -UT) T(X'-UT))"
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which is only singular when X’ = T” = 0 (from equation (126))), or when X’ = UT". However, X’ = UT" leads to
the determinant calculation:

det(UAT' — aT') = WEW2,T",

which only vanishes when 77 = 0, leading to the trivial solution X’ = 7" = 0. From here, the procedure of using the
Schur determinant formula and manipulating the determinant calculation is the same as in the Section 3.1. The end
result is given in equation (TI8).
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