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Euler’s equations govern the behaviour of gravity waves on the surface of an
incompressible, inviscid and irrotational fluid of arbitrary depth. We investigate the
spectral stability of sufficiently small-amplitude, one-dimensional Stokes waves, i.e.
periodic gravity waves of permanent form and constant velocity, in both finite and
infinite depth. We develop a perturbation method to describe the first few high-frequency
instabilities away from the origin, present in the spectrum of the linearization about
the small-amplitude Stokes waves. Asymptotic and numerical computations of these
instabilities are compared for the first time, with excellent agreement.
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1. Introduction

We consider periodic gravity waves along a one-dimensional (1-D) surface of an
incompressible, inviscid and irrotational fluid of arbitrary depth. These waves are governed
by Euler’s equations

Gxx + Pz =0 in{(x,2): x| <7w/kand —h <z < n}, (1.1a)
N+ x$y = ¢, onz=n, (1.1b)
¢t+%(¢§+¢z2)+877=0 onz=n, (1.1c)
¢.=0, onz=—h, (1.1d)

and satisfy the periodicity conditions
n(—7/x, 1) = n(w/k, 1), (1.2a)
Ox(=7/K,2,0) = (/K. 2, 1), ¢ (=T/K, 2, 1) = ¢(7/K, 2, ). (1.2b)

In these equations, n = n(x, ) is the surface displacement of the fluid, ¢ = ¢ (x, z,?) is
the velocity potential inside the bulk of the fluid, g is the acceleration due to gravity, & is
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u(x, z, 1) = (¢, (x, z, 1), P.(x, z, 1)

Figure 1. A schematic of 1-D gravity waves in finite depth /. In this work, the surface displacement 7 and
velocity field u = (¢y, ¢;) are 21 /k-periodic in the x-direction.

the depth of the fluid and « is the wavenumber of the surface displacement, see figure 1.
Subscripts x and ¢ denote partial differentiation.

Stokes showed in 1847 that periodic, travelling-wave solutions of (1.1a)—(1.1d) in infinite
depth can be expressed as a power series in a small parameter ¢ that scales with the
amplitude of the waves (Stokes 1847). Nekrasov (1921) first proved the convergence
of this series, and the works of Levi-Civita (1925) and Struik (1926) extended these
considerations to the case of finite depth, see § 3 and Appendix A for more details.

The stability of Stokes waves with respect to longitudinal perturbations was first studied
in the 1960s by Benjamin (1967), Benjamin & Feir (1967) and Whitham (1967). These
independent investigations concluded that Stokes waves are modulationally unstable,
provided kh > 1.3627 . ... This is now referred to as the Benjamin—Feir instability. The
presence of this instability was proven rigorously in finite depth by Bridges & Mielke
(1995) and in infinite depth by Nguyen & Strauss (2020).

In the 1970s, Bryant (1974, 1978) studied the stability of Stokes waves with respect
to co-periodic and transverse perturbations in shallow depth (kh < 1.3627...), while
Longuet-Higgins (1978a,b) considered infinite depth with longitudinal perturbations that
were sub- and super-harmonic to the fundamental period of the Stokes wave. McLean
(1982) extended this work to finite depth and transverse perturbations. Over the next
decades, several papers focused on the transverse instability of Stokes waves (Kharif &
Ramamonjiarisoa 1990; Francius & Kharif 2006; Akers & Nicholls 2012), see also Craik
(2004) and Yuen & Lake (1980).

In 2011, using a reformulation of Euler’s equations developed by Ablowitz, Fokas &
Musslimani (2006), Deconinck & Oliveras (2011) numerically revisited the stability of
Stokes waves with respect to quasi-periodic perturbations (parameterized by a Floquet
exponent u € R), encompassing both super- and sub-harmonic perturbations. This results
in a spectral problem that has a countable number of finite-multiplicity eigenvalues for
each value of the Floquet exponent (Kapitula & Promislow 2013). These eigenvalues
control the exponential growth rates of the perturbations, and the union of these point
spectra defines the stability spectrum of the Stokes waves, to be more precisely defined in
§ 4 of this paper.

The stability spectrum depends analytically on the amplitude ¢ of the Stokes waves
(Nicholls 2007). In addition, for fixed ¢, the spectrum is symmetric with respect to the real
and imaginary axes, since system (l.1a)—(1.1d) is Hamiltonian (Zakharov 1968). Thus,
Stokes waves are spectrally stable only when the stability spectrum is a subset of the
imaginary axis. Otherwise, there exists a Floquet exponent and corresponding eigenvalue
for which the perturbation grows in time.

In figure 2, we use the Floquet—Fourier—Hill (FFH) method (Deconinck & Kutz 2006;
Curtis & Deconinck 2010) to compute stability spectra of 2m-periodic Stokes waves
with amplitude ¢ = 0.01 in various depths. When xh > 1.3627..., we observe the
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Figure 2. The stability spectrum of a 2m-periodic Stokes wave with amplitude ¢ = 0.01 and (a) h = oo,
(b) h=1.5,(c) h=1.4 and (d) h = 1. The Benjamin—Feir figure eight is coloured blue. The high-frequency
isolas are coloured red. Purely imaginary eigenvalues are coloured black. A zoom-in of the Benjamin—Feir and
high-frequency instabilities are inlaid in the top, left plot.

Benjamin-Feir instability as a figure-eight pattern at the origin. We also find unstable
eigenvalues away from the origin, referred to as high-frequency instabilities. Unlike the
Benjamin—Feir instability, high-frequency instabilities appear in the stability spectrum for
all values of xh. They even dominate the Benjamin—Feir instability when 1.3627... <
kh < 1.4305... (Deconinck & Oliveras 2011). The focus of this paper is on the study of
these high-frequency instabilities using formal perturbation methods, as described below.

High-frequency instabilities develop from a Hamiltonian—Hopf bifurcation: a non-zero,
repeated eigenvalue Ao of the zero-amplitude stability spectrum (¢ = 0) leaves the
imaginary axis as the amplitude increases (MacKay & Saffman 1986; Akers & Nicholls
2012; Deconinck & Trichtchenko 2017). When 0 < ¢ « 1, a connected locus of unstable
eigenvalues forms, which we call a high-frequency isola (red inset in figure 2). The isola
is parameterized by values of u near g, the Floquet exponent corresponding to Ag.

High-frequency isolas are challenging to detect for numerical methods like FFH as they
exist for narrow, specific ranges of the Floquet exponent. To complicate matters further,
this narrow interval of Floquet exponents drifts from 11 as ¢ increases. At most depths, 110
is no longer within the interval that parameterizes the first high-frequency isola for small,
positive values of . Therefore, to capture an isola using numerical methods, one must
not only take into account the narrow interval of Floquet exponents that parameterizes the
isola, but also its drift from pg as ¢ changes (figure 3).

In this paper, we derive formal asymptotic expressions for isolas close to the origin, both
in finite and infinite depth. Specifically, for each isola we derive
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Figure 3. (a) The high-frequency isola closest to the origin for a 2m-periodic Stokes wave in depth 4 = 1.5
with amplitude ¢ = 2 x 103 (orange), ¢ =4 x 1073 (red), e = 6 x 1073 (magenta), ¢ = 8 x 103 (purple)
and & = 1072 (blue). The imaginary axis is recentred to show the drift of the isola from the collided eigenvalues
at dg. The isolas are computed using the perturbation method developed in this paper. (b) The interval of
Floquet exponents that parameterizes the isola closest to the origin in depth 2 = 1.5 as a function of the
amplitude. The solid black lines indicate the boundaries of this interval, while the dashed black line gives
the Floquet exponent corresponding to the most unstable eigenvalue on the isola. The coloured lines give the
Floquet exponents corresponding to the similarly coloured isolas in the left figure. The Floquet axis is recentred
to show the drift of the parameterizing interval from the Floquet exponent ¢ that corresponds to the collided
eigenvalues. The parameterizing interval is also computed using the perturbation method in this paper.

(1) an interval of Floquet exponents that is asymptotic to the interval parameterizing the
isola;
(i1) an asymptotic expansion for the most unstable eigenvalue on the isola; and
(iii) a closed-form expression for the curve asymptotic to the isola.

Our asymptotic expressions are compared directly with numerical results of the FFH
method. For almost all k/ (except a few isolated values), our asymptotic expressions
predict that Stokes waves of sufficiently small (but finite) amplitude are unstable with
respect to high-frequency instabilities, extending recent work by Hur & Yang (2020) that
establishes the instability closest to the origin only for k4 € (0.86430...,1.00804...),
see § 5.

Crucial to our approach is an expansion for the Floquet parameterization of the
isola as power series in the wave amplitude ¢. This same approach was first used in
Creedon, Deconinck & Trichtchenko (2021a) on the Kawahara equation and in Creedon,
Deconinck & Trichtchenko (20215) on a Boussinesqg—Whitham system. An outline of the
leading-order calculations of the method in infinite depth is also used by Akers (2015),
where the emphasis is on understanding the analyticity properties of the stability spectrum
as a function of the boundary conditions imposed on the perturbations (i.e. as a function
of the Floquet exponent), and on the connections with resonant interaction theory.

2. The Ablowitz-Fokas-Musslimani formulation

Euler’s equations (1.1a)-(1.1d) together with the auxiliary conditions (1.2a)—(1.2b)
constitute a boundary value problem for Laplace’s equation in a domain evolving
nonlinearly in time. Depending on the application, other formulations of gravity waves
may be preferred over (1.1a)—(1.1d). We consider the Ablowitz—Fokas—Musslimani (AFM)
formulation, first proposed in Ablowitz et al. (2006). This formulation has dependence
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only on surface variables, as in Zakharov (1968) or Craig & Sulem (1993), but avoids
direct numerical computations of the Dirichlet-to-Neumann operator.

As shown in Ablowitz & Haut (2008) and Oliveras (2009), Euler’s equations
(1.1a)-(1.1d) with the lateral periodic boundary conditions (1.2a)-(1.2b) are equivalent
to the following system for the surface variables n and ¢ = ¢ (x, 1, 1):

/K .
/ e M [77, cosh (km (n + h)) + ig, sinh (km (n + h))] dx=0, meZ\{0},

—T/Kk
2.1a)
1, L + 1eq2)”
— - =0. 2.1b
G+ 59 T 81— 5 T+ (2.1b)
We call (2.1a) and (2.10) the non-local and local equations of the AFM formulation,
respectively.

We write (2.1a)—(2.1b) in a travelling frame x — x — ct

/K )
/ e "™ [ (n; — eny) cosh (km (n+h)) + igy sinh (km (n + 1) dx=0, m € Z\{0},
—T /K
(2.2a)

l (M — enx + 77x‘]x)2 -0 (2.2b)
2 1+ n? ' '

1
qr—cqx+§%2€+gn—

Unless otherwise stated, x represents the horizontal coordinate in the travelling frame for
the remainder of this work.
Non-dimensionalizing (2.2a)—(2.2b) according to x — x/k, t — t/./gx, n = n/k,

g — q\/g/Kk3, ¢ — c/g/k and h — a/k, we arrive at

/ e "™ [(n; — cny) cosh (m (n + @) + igy sinh (m (n + @) | dx =0, m € Z\{0},
(2.3a)

L, 1 (nr — cnx + nxq)?
_ 2 _ - =0, 2.3b
qr cqx+2qx+n 5 T2 (2.3b)

where @ = kh > 0 is the aspect ratio of the surface profile n (in dimensional variables).
Without loss of generality, we study solutions of the non-dimensional equations
(2.3a)—(2.3D).

REMARK 2.1. Dividing (2.3a) by cosh(ma) and taking the limit o« — oo yields (after
some manipulation) the non-local equation in infinite depth

/ exp(—imx + |m|n) [n; — cnc +isgn(m) ¢ dx =0, m € Z\{0}. (2.4)

—T7

The local equation remains unchanged in infinite depth.

3. Small-amplitude Stokes waves

Using the non-dimensional AFM formulation (2.3a)—(2.3b), Stokes waves are defined
as surface displacements ng and velocity potentials (at the surface) gs that satisfy the
following:
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(1) ns and gg are time-independent, infinitely smooth solutions of (2.3a)—(2.3b).
(i1) ns and gs x are 27-periodic with respect to x (but not so of gs).
(iii) 7ns, gs.x and c (the velocity of the Stokes wave) depend analytically on a small
parameter € such that

Mslero = 0= gs.|,_, and [Insll=¢+0 (82> ase > 0. (1)

(iv) ns and gs . are even in x without loss of generality, and c(¢) is even in €.
(v) ns has zero average over one period.

As mentioned in the Introduction, the existence of these waves is proven in Levi-Civita
(1925), Nekrasov (1921) and Struik (1926). In this section, we derive power series
expansions of ng, gs x and c¢ in the small parameter ¢ using the non-dimensional AFM
formulation. These expansions are required for the stability calculations considered in §§ 5
and 6.

Equating time derivatives to zero in (2.3a)—(2.3b) by property (i), integrating the cosh
term in (2.3a) by parts using property (ii) and solving for g, in (2.3b), we arrive at the
following equations determining the Stokes waves:

/ ei’"x\/(l + né,x) (¢ = 2ng) sinh(m(ns + @))dx =0, m e Z\{0},  (3.2q)

gsx=c+t \/ (14 n3,) (€ = 2n5). (3.2b)

By property (iii), the positive branch of (3.2b) is defined for left-travelling waves (¢ <
0), while the negative branch is defined for right-travelling waves (¢ > 0) (Constantin &
Strauss 2010). In what follows, we consider right-travelling waves. Similar results hold for
the other case.

REMARK 3.1. In infinite depth, (3.2a) becomes

f exp(—imx + Imlns)\/ (1 + ng,x) (2 —2n5)dx =0, m e Z\{0}. (3.3)

—T

By properties (ii) and (iv), s has a Fourier cosine series. We define the small-amplitude
parameter ¢ as the first Fourier cosine mode of ng

1 LY
&= —/ ns cos(x) dx. 3.4)
TJ-xn

Then, by property (iii),
ns(x: &) = & cos(x) + O (82) , (3.5)

for |e| <« 1. The leading-order term of ng completely resolves the first Fourier cosine
mode: higher-order corrections do not include terms proportional to cos(x) as a result.
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Using properties (iii) and (iv), we write ns and ¢ as power series in €

ns( e) = Ym0, (3.6)
j=1

ce) =Y cye¥. (3.7)
j=0

Both of these series are substituted into (3.2a) and, after equating powers of ¢, a triangular
sequence of linear integral equations for 7;(x) and cy; is found. Each of these integral
equations depends on m, which can be any non-zero integer.

REMARK 3.2. Since ns is even in x, the integrand of (3.2a) modulo the complex
exponential is even in x. Therefore, m € 7 without loss of generality.

The first non-trivial integral equation in this sequence is

/ e imx [mc(z) cosh(ma) — sinh(ma)] n ) dx=0. (3-8)

—TT
From above, 11 (x) = cos(x). If (3.8) holds for all m € Z™,
c§ = tanh(a), (3.9)

otherwise (3.8) is not satisfied when m = 1. Since we study right-travelling waves, we
choose ¢y > 0.
For the jth integral equation in the sequence (j > 2), one finds
j A
nj(x) = Z Nj ¢ cos(€x) forjeven, (3.10a)
(=2
£ even
j A
nj(x) = Z Nj ¢ cos(€x) forjodd, (3.10b)
0=3
£ odd
where the coefficients IQ// ¢ are determined by the jth equation with m = £. No corrections
to the velocity ¢ are found when j is even. When j is odd, ¢j—; is determined by the jth
equation with m = 1, similar to the j = 1 case considered above. This correction is chosen
so that n;(x) has no terms proportional to cos(x).
Expansions of ng and ¢ are substituted into (3.2b). After equating powers of &, an
expansion for gg  follows immediately. In general,

qs.x(x;8) = Y gja(0)e’. (3.11)
j=1

The corrections gj «(x) have the same structure as (3.10a)—(3.10b), but also include
constant modes (when j is even) and modes proportional to cos(x) (when j is odd). Thus,
gs.x has non-zero average, and the first Fourier cosine mode of gg x has corrections beyond
O(e), unlike ng.
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Figure 4. (a) The amplitude vs velocity bifurcation diagram of 2m-periodic Stokes waves when o = 1 (dashed
line), « = 1.5 (dotted line), &« = 2 (dot-dashed line) and « = oo (solid line), according to our o™ asymptotic
calculations. The zeroth-order contribution ¢ is removed for better visibility. The numerical results are given by
the coloured dots. Red dots correspond to & = 1, magenta dots correspond to &« = 1.5, purple dots correspond

to @ = 2 and blue dots correspond to & = 0o. (b) Expansions of ng/¢ to O withe =0.1fora =1,1.5,2
and oo (arranged from top to bottom using the same line styles as in panel a). A sampling of the numerical
results is given by the coloured dots using the same colour scheme as in panel (a).

REMARK 3.3. Integrating (3.11) term-by-term gives gqs. The constant of integration can
be eliminated by a Galilean transformation of (3.2b). Because qs x has non-zero average,
qs exhibits linear growth in x. This behaviour captures the mean flow induced by the
travelling frame.

Explicit representations for the expansions of 7ns, gs » and c up to O(&*) are found in
Appendix A. In figure 4, these expansions show excellent agreement with direct numerical
computations of the Stokes waves using the continuation method presented in Deconinck
& Oliveras (2011).

4. The spectral instability of Stokes waves
4.1. The stability spectrum
We consider perturbations to the Stokes waves of the form

nx,t e, p) ns(x; €) Np (X, 15 €) ( 2)
= o , 4.1
(q(x, e, p)) (61s(x; ) TP \gprr0)) TONP @1
where |p| <1 is a parameter independent of &. The perturbations 7, and ¢, are

sufficiently smooth functions of x and ¢ that are bounded over the real line for each ¢ > 0.
The non-local equation (2.3a) assumes 7, 1; and gy are 2m-periodic in x, which is not

required of our perturbations. We modify (2.3a) to allow 7, n; and g, € CO'(R) N L®(R)
937 A24-8
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for each r > 0. The appropriate modification is
<e—i’“ [(n — c1) cosh (k (7 + «)) + gy sinh (k (7 + a))]> =0, keR\{0}, (4.2)

where
1 L/)2
(f(x)) = lim — f(x) dx, 4.3)
L—oo L —L/2

for any f(x) € CY(R) N L®(R) (Bohr 1947; Deconinck & Oliveras 2011). If 1, ; and qx
are 2m-periodic in x for each > 0, then (4.2) reduces to (2.3a).

Substituting (4.1) into (2.3b) and (4.2) and equating powers of p, terms of 0(,00)
necessarily cancel, since ng and gg solve (2.3b) and (4.2). At O(p), one finds the governing
equations for n, and ¢,

(e—ikx [CCknp,x +k (CSan,x - iCkQS,x) Np — iSkQﬂ,x]> = <e_ikxcknp,f> ’ (4.4a)

1528 Npx — Np — Cdpx = Gps — N52CNpots (4.4b)

where

_4sx—C¢

. (4.5a—c)
1473,

Cr = cosh(k(ns + @)), Sk =sinh(k(ns +a)), ¢

Equations (4.4a)—(4.4b) are autonomous in ¢. We separate variables to find

77/0 (xv t) — At N(x) 4 6

(qpoc, n) = \ow) (46)

where A € C controls the growth rates of the perturbations. The functions N(x) and Q(x)
satisfy

<e_ikx [cCilx + k (cSkns.x — iChgs.) N — iSka]> =4 <e_ikakN> ; (4.7a)

Nsx¢*Ny — N — £0x = 1(Q — ns ¢ N) . (4.7b)

Equations (4.7a)—(4.7b) are invariant under the shift x — x + 27 by the periodicity of ng
and gs .. Therefore, we expect the solutions N and Q to have Bloch form (Deconinck &

Oliveras 2011)
N@)Y _ iux (N
(Q(x)> = (Q(x))’ “-8)

where 1 € R is the Floquet exponent and A/ and Q are sufficiently smooth and
2m-periodic. Note that by redefining NV and Q, w € [—1/2,1/2), without loss of
generality.

Substituting (4.8) into (4.7a)—(4.7b), we arrive at

(CXP(—i(k — 1)x) [CCkaN +k (CSan,x - ickqs,x) N — iS5 Dy Q]>
= A(exp(—i(k — wx)CkN) , (4.9a)

538 DN — N — (D, Q = A(Q — ns g N), (4.9b)
where D, = i + 0y.
937 A24-9
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The integrands of the averaging operators in (4.9a) are 2m-periodic except for the
complex exponentials. These operators evaluate to zero unless k — u = n € Z (Deconinck
& Oliveras 2011). For such k, (4.9a) becomes

<e—inx [CCn+[LDxN + (n+ ,l,L) (CSn+;1,775,x — iC;H-MC[S,x) N — ISn+MDxQ]>

= AT CuuN), el (4.10)

The averaging operators of (4.10) reduce to Fourier transforms

) 1 [T .
() =5 [ e ar= Alpwl (411)
21 J_ &
for any f(x) € lewr(—l'l?, 1t). The inverse transform is
s .
FUEN= ) fe™, (4.12)
n=—oo

provided {f,,} € 02(Z). Using the inverse transform on (4.10), we find

o
Z "™ Fy [Canr;LDxN +(n+pw (CSnJr;LnS,x - iCn+uqS,x) N]
n=—o0
e . e .
" Z e F, [~iSy,DeQ] = Z " Fyy [CopuN] - (4.13)
n=—00 n=—0o0
Equations (4.9b) and (4.13) are written compactly as
LpeWue =Ry eWies (4.14)
where 4, e = 4, w, . = (N, Q)T and
5(171) 5(172) RALD
Le= ( o ol Rue=|_o : (4.15a,b)
Lie” Ly Ry 1

0
['(1’1)[/\[] = Z einx]_-n [CCI’H-/LDXN +(n+w (CSn—i-/LnS,x - iCn—i—uﬂS,x) N] )

n=—0oo

(4.16a)

L2101 = i e I, [~iSu1uDx Q)] (4.16b)
ﬁ,(f,’al)[/\/_]_z N5l DN — N, (4.16¢)
LE21Q] = —¢D:Q, (4.16d)
RPN = i e Fy [CrpuN ] (4.16¢)
R,(f,’s”[/\_f ; = — 5N (4.16f)

Equation (4.14) represents a two-parameter family of generalized eigenvalue problems for
the linear operators £, . and R, .
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REMARK 4.1. In infinite depth,

o0

LEVINTI= > e F, [e|"+“|’75 (DN + (ensaln + | —i(n + 1)gs.x) N)] ,
- (4.17a)
L02Q1= Y &, [ (Cisgn(n+ wD.Q)]. (4.17)
REDINT = Y e, [eubn]. (4.17¢)

All other entries are the same as above.

The spectrum of (4.14) has a countable collection of finite-multiplicity eigenvalues A, ¢
for each i (Deconinck & Oliveras 2011; Kapitula & Promislow 2013; Akers & Nicholls
2014). The union of these eigenvalues over u € [—1/2,1/2) is defined as the stability
spectrum of Stokes waves with amplitude ¢. If there exists A, . for some w such that
Re(4,,¢) > 0, then there exist perturbations of the Stokes waves n, and g, that grow
exponentially in time. In this case, the Stokes waves are spectrally unstable. If no such p
and A, . exist, the Stokes waves are spectrally stable.

4.2. Necessary conditions for high-frequency instabilities
When ¢ = 0, (4.14) reduces to a generalized eigenvalue problem with constant coefficients

(ico(u—i—D) cosh(a(u + D))  (u+ D) sinh(oz(u—l—D))) oo = 1o (cosh(a(u—l—D)) o) o
w,0 = Ap, 1,05

-1 ico(u + D) 0 1
(4.18)
where D = —idy. The eigenvalues of (4.18) are
iﬁf,é,n =—i2s(u+n), o==x1, nel, (4.19)
with
24(2) = —coz+ ow(2), (4.20a)

w(2) = sgn(z)+/ztanh(xz). (4.20b)

Equation (4.20a) is the linear dispersion relation of the non-dimensional Euler equations in
a frame travelling with velocity co. The parameter o specifies the branch of the dispersion
relation. As expected, (4.19) gives a countable collection of eigenvalues for each u €
[—1/2,1/2). These eigenvalues are purely imaginary, and therefore, the zero-amplitude
Stokes waves are spectrally stable.

High-frequency instabilities develop from non-zero eigenvalues of (4.18) that have
double (algebraic and geometric) multiplicity for a Floquet exponent 1o that satisfies
(MacKay & Saffman 1986; Akers & Nicholls 2012; Deconinck & Trichtchenko 2017)

(o1) (02)
/llvb()lyo»n = /lpcoz,o,n—‘,-p 71: O’ (421)

for p € Z\{0}. Such double eigenvalues occur only if o1 #o09 and |p| > 1 (Deconinck &
Trichtchenko 2017). More specifically, we have the following theorem:
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THEOREM 4.2. Let cg > 0, 0y = 1 and 0o = —1. For each p € Z\{0, £1}, there exists a
unique Floquet exponent 1o p € [—1/2,1/2) and unique integer ny, such that

_ _ (=D
Aoy = /luo,p,O,np = ’luo,p,O,nﬁp #0. (4.22)
The eigenvalues have the symmetry Ao, —, = — Ao, p, and the magnitudes of the eigenvalues

are strictly monotonically increasing as |p| — o0o. The corresponding eigenfunctions are

1
wop=PBo| __—1  |exp(inyx) + o i exp(i(n, + p)x),
w(np + 1op) o(np +p + 1op)

(4.23)
where w is given by (4.20b) and By, yo € C\{0}.

An important corollary is the following:

COROLLARY 4.3. Let ¢y > 0. Let Ay, be given by (4.22) for some p € Z\{0, £1}. Then,
w(np + pop)o @y +p + pnop) > 0, (4.24)

and
cg1(np + o,p) #Fcg—1(np +p + op), (4.25)

where cg »(2) is the group velocity of §25(2), i.e. ¢g.5(2) = 25 7(2).

Similar results hold if ¢y < O provided o1 = —1 and 03 = 1. See Creedon et al. (2021b)
for the proofs of Theorem 4.2 and Corollary 4.3.

The product (4.24) is equivalent to the Krein condition developed by MacKay &
Saffman (1986) and, in more generality, Deconinck & Trichtchenko (2017). This is a
second necessary condition for the development of high-frequency instabilities. Corollary
4.3 guarantees this condition is satisfied for all non-zero eigenvalues of (4.18) with double
multiplicity. Both (4.24) and (5.3) are crucial to the formal asymptotic expansions of the
high-frequency instabilities derived in §§ 5 and 6.

REMARK 4.4. In infinite depth, v , and Ay are known explicitly. For ¢y > 0,

sgn(p)
pop=——g— ((=D"+1), (4.26a)
dop = isgn:p ) (1-7). (4.26b)
These eigenvalues have the conjugate symmetry Ao, —, = —Aop, and {|Agp|} is strictly

monotonically increasing as |p| — oo, similar to the finite-depth case.

5. First isola. High-frequency instabilities: p = 2

We develop a perturbation method to obtain the leading-order behaviour of the
high-frequency isola that arises from Ao, with p = 2. According to Theorem 4.2, this
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isola is the closest to the origin. We assume the spectral data of (4.14) corresponding to
the isola vary analytically with &, including the Floquet exponent

Auere = dop + 16 + g2 + 0 (s3> : (5.1a)
Wi(e),e = Wo,p + Wie + W282 + 0 (83> , (5.1b)
[1(8) = 1to,p + 18 + p2e? + 0 <e3) . (5.1¢)

If the Floquet exponent is fixed, at most two eigenvalues are found on the isola by standard
eigenvalue perturbation theory (Kato 1966). If instead the Floquet exponent is formally
expanded in ¢, all of the eigenvalues on the isola can be approximated at once. We see
below that the leading-order behaviour of these eigenvalues is obtained at O(g?).

REMARK 5.1. Choosing p = —2 gives the isola conjugate to the p = 2 isola. Thus, we
choose p = 2 without loss of generality.

We impose the following normalization on wy () ¢:

Fa [W/L(é‘),é‘ ce] =1, (5.2)

P

where n, € Z is given by Theorem 4.2 and e; = (I, O)T. Then, By = 1 in (4.23), and
all subsequent corrections of wy, () do not include the Fourier mode exp(in,x) in the
first component. The eigenvalue and Floquet expansions, (5.1a) and (5.1¢) above, are
unaffected by this normalization. For ease of notation, let Ao , — Ao, wo,p — Wo, o,p —
wo and n, — n.

Several of the asymptotic expressions that follow are suppressed for ease of readability.
See the Data Availability Statement at the end of this manuscript for access to the full
expressions.

5.1. The O(¢g) problem
Substituting expansions (5.1a)—(5.1¢) into the generalized eigenvalue problem (4.14) and
equating powers of ¢, terms of O(¢”) cancel by the choice of g, wy and j19. Terms of O(¢)
yield

(Lo — AoRo) w1 = (L1Ry — (L1 — ApR1)) wo, (5.3)
where
19/L 13/R
j= Lhua) o LVRuee) o sa)
Jjbo0el | j! de/ £—0

If (5.3) can be solved for wi, the inhomogeneous terms on the right-hand side
of (5.3) must be orthogonal to the nullspace of the adjoint of Lo — AgRp by the
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Fredholm alternative. A direct calculation shows

B +\ 1 inx 1 i(n+p)x
Null ((Lo AoRo) ) = Span { (_iw (n+ MO)> e (ia) (n+p+ Mo)) ¢ } '

(5.5)
Hence, we impose the following solvability conditions on (5.3):
1 inx _
<<—ia) n+ MO)) e, (41Ro — (L1 — AoR1)) Wo> =0, (5.6a)
! el X (R — (L1 — AoR1) wo) =0 (5.6b)
i (4 p+ o) s (41Ro 1 0K51)) wo ) .

where (-, -) is the standard inner product on Lf,er(—n, ) X le,er(—rc, ). Simplifying both
conditions, we arrive at

A1 +ipcg 1 (n+ o) =0, (5.7a)

yo (A1 +imicg—1 (n+p + o)) = 0. (5.7b)
Since yp # 0 by Theorem 4.2 and ¢, 1(n + o) # cg,—1(n + p + o) by Corollary 4.3, we
must have
A =0=pu,. (5.8)
Thus no instabilities are found at O(g).

Before proceeding to O(g?), we invert Ly — AoRy against its range to find the particular
solution of wy. Uniting the particular solution with the nullspace of Lo — AoRo,

n+p+1 ‘ 1 ‘ 1 .
wi= Y Wit | i | am i T (5.9)
j=n—1 w(n+ o) o+ p+ w1o)
J F#n.n+p

where the coefficients W, j depend on « (possibly through intermediate dependencies on
known zeroth-order results) and at most linearly on yp. The parameter y; € C is free at
this order. By our choice of normalization (5.2), 81 = 0. Thus,

n+p+1 ' 1 .
w1 = Z Wie + 1 i el (5.10)
j=n—1 w(n+p+ no)
Jj #n.n+p

5.2. The O(s2) problem
At O(g?), the spectral problem (4.14) is

(Lo — AoRo) w2 = A2Rowo — (L1 — AoR1) wi — (L2 — AoR2) wo, (5.11)
using (5.8). Proceeding as above, we obtain the solvability conditions for (5.11)
2 (/12 + ic2,1,n) +iy082., =0, (5.12a)
20 (A2 4+ ie2, 1 n4p) +182,04p = 0, (5.12b)
where
2,0, = H2Cg0 G+ H0) — P - (5.13)

The quantities 8 ; and p,; depend only on « (possibly through known zeroth- and
first-order quantities). Using the collision condition (4.21), it can be shown that the product
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of 85 , and 8 4 is related to a perfect square:

S3
37,9 = — s 5.14
2nS2ntp w®+ wo)w( + p+ o) (5-14)
where
S =To1 + ToolNop + 153000 (5.15)

The expressions 75 ; are functions only of «, as are the Stokes wave corrections le and

Qz’z, see Appendix A. When fully expanded, S, consists of roughly 100 terms (depending

on how it is written), but each term depends only on «. The full expression of S5 is found

in the appropriate Mathematica notebook provided in the Data Availability Statement.
Solving for A> in (5.12a)—(5.12b),

=—i <w> . (CZ,—l,m-p - c2,1,n>2+ S2
i ’ 4o (ntpo)o(n +p + 1o)

(5.16)
From Corollary 4.3, w(n + po)w(n + p + po) > 0. Thus, A, has non-zero real part for
w2 € (Ma,—, M> ), where

|S2|
M 4 = pox £ ,
lcg,—1 (M4 p 4 o) — co.1 (n+ po) | Vo (n + po)w (@ + p + o)
(5.17)
and
[r s = p2,n+p - p2,n (5.18)

Cg—1 (n+p+ o) — g1 (n+ po)’

provided S, # 0. Note that Corollary 4.3 guarantees (5.17) and (5.18) are well defined,
since ¢g, —1(n + p + o) and cg 1 (n + o) are never equal.

A plot of &> vs « reveals that Sy £ 0 except at o = 1.8494040837 ... (figure 5). For
this isolated value of «, 1, has no real part at O(s?). We conjecture that small-amplitude
Stokes waves of all wavenumbers and in all depths are unstable to the high-frequency
instability closest to the origin, with the possible exception of Stokes waves with o = «.

To O(e?), the p = 2 isola is an ellipse in the complex spectral plane. The ellipse is
constructed explicitly from the real and imaginary parts of

A(uz; €) = g + Aa(ua)e?, (5.19)

for o € (M3,—, M> ). This ellipse has semi-major and -minor axes that are 0(g?), and its
centre drifts from 1o along the imaginary axis like O(&?). Similarly, the interval of Floquet
exponents parameterizing this ellipse has width O(g?) and drifts from p like O(&2). In
figure 6, we compare the ellipse with a subset of numerically computed eigenvalues on the
p = 2 isola for ¢ = 0.01 and find excellent agreement. We find similar agreement between
the Floquet parameterization of the ellipse and of the numerically computed isola.

The eigenvalue of largest real part on the ellipse occurs when @y = 2 4. Thus, the
leading-order behaviour of the most unstable eigenvalue on the p = 2 isola has real and
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(@) o.10 : : : (b) 1.00 ‘ ‘
-0.05 0.75 |
S, 020t E|w 0.50
035} 0.25 |
~0.50
0 1 2 3 4 0
o o

Figure 5. (a) A plot of S vs « (solid red). The zero of S, for « > 0 is a1 = 1.8494040837 ... (gold star).
(b) The real part A, , of the most unstable eigenvalue on the p = 2 isola as a function of « according to our
asymptotic calculations (solid red). The real part of the eigenvalue is normalized by &2 for better visibility.
We zoom-in around & = oy (gold star) in the inlay. The real part of the most unstable eigenvalue on the isola
vanishes as &« — o according to our asymptotic calculations, which agrees with our numerical results using
the FFH method with & = 0.01 (blue dots).

imaginary parts

|Ss] 2 3
Ay = ec+0|(¢g”), 5.20
* T 2o+ po)o(n+ p + po) ( ) (>-200)

pln-{—pcg,l (n + /‘1’0) - pZ,an,fl (n +P + /“LO)) 82+0 (83)
Cg.—1 (n+ p+upo) — cg.1 (n+ o) ’

Aixe = =521 (n + o) — (
(5.20b)

respectively. The corresponding Floquet exponent is
fe = 110 + 2482 + O <s3) . (5.21)
These expansions agree well with numerical results (figure 7).

REMARK 5.2. According to figure 7, g is contained within the interval parameterizing
the p = 2 isola if the boundaries of this interval have opposite concavity at ¢ = 0. This
occurs if and only if My 1 M> _ < 0. In figure 8, we plot M +M> _ as a function of .
We find M +M> _ < 0 only if a € (0.8643029367 ..., 1.0080416077...). Hur & Yang
(2020) prove the existence of an eigenvalue with Floquet exponent |1y on the p = 2 isola
for o in this interval. As we have demonstrated, to account for p =2 high-frequency
instabilities that occur outside this interval, it is necessary to expand the Floquet exponent
as a power series in & about [L.

5.3. The case of infinite depth
In infinite depth, the p = 2 isola originates from the eigenvalue

Ao = —3i, (5.22)
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Figure 6. (a) The p = 2isolawitha = 1.5 and ¢ = 0.01. The most unstable eigenvalue A, is removed from the
imaginary axis for better visibility. The solid red curve is the ellipse obtained by our asymptotic calculations.
The blue dots are a subset of eigenvalues from the numerically computed isola using the FFH method. (b)
The Floquet parameterization of the real (blue) and imaginary (red) parts of the isola on the left. The most
unstable eigenvalue A, and its corresponding Floquet exponent j¢,. are removed from the imaginary and Floquet
axes, respectively, for better visibility. The solid curves are our asymptotic results. The coloured dots are our
numerical results using the FFH method. (¢,d) Same with o = 1.

with corresponding Floquet exponent o = —1/4 and n = —2, see Remark 4.4. The
corresponding eigenfunction, after normalizing, is

1\ . ‘
wo = <2i) e™ 4+ (_121> elmtp)x (5.23)
3

where yy € C\{0}. We modify the generalized eigenvalue problem (4.14) according to
Remark 4.1 and expand the spectral data as a power series in ¢ about the values above.
Terms of O(g”) cancel by construction. At O(e), the solvability conditions simplify to

A =0=py, (5.24)
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Figure 7. (a) The interval of Floquet exponents parameterizing the p = 2 isola as a function of ¢ for « = 1.5.
The zeroth-order correction of the Floquet exponent is removed from the Floquet axis for better visibility. The
solid blue curves are the boundaries of this interval according to our asymptotic calculations. The blue dots are
the boundaries computed numerically by the FFH method. The solid red curve gives the Floquet exponent of
the most unstable eigenvalue on the isola according to our asymptotic calculations. The red dots are the Floquet
exponent of the most unstable eigenvalue as computed by the FFH method. (b) The real (blue) and imaginary
(red) parts of the most unstable eigenvalue of the p = 2 isola with ¢ = 1.5 as a function of ¢. The zeroth-order
correction of the eigenvalue is removed from the imaginary axis for better visibility. The solid curves are our
asymptotic calculations. The coloured dots are our numerical results using the FFH method. (c,d) Same with
a=1.

as in finite depth, and the normalized solution of the O(¢) problem is

n+p+1 _ { .
wi= Y Wi +n (—21) el (X, (5.25)

j=n—1

J#Enntp

where the coefficients Wl J.oo depend at most linearly on yy.
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Figure 8. A plot of M> M>_ vs « (solid red). We find M M>_ <O only when o€
(0.8643029367 ..., 1.0080416077...) (solid black). If M, M, _ <0, the boundaries of the Floquet
exponents parameterizing the p = 2 isola have opposite concavities at ¢ = 0. Only then does ¢ remain in the
interval of Floquet exponents parameterizing the isola for positive €.

At O(g?), the solvability conditions are

A2 +1i2 1000 =0, (5.26a)
Y0 (A2 +ie2 —1.n1p.00) =0, (5.26b)

where
€2,0,j,00 = M2Cg,0,00 J + 10) — P2 j 00> (5.27)

With Cg,()',OO(Z) = lima_)oo QO’,Z(Z)’ p2,n,00 - 9/8 and ‘pZ,rH—p,oo = _1/16.
Because yp #0, (5.26a)—(5.26b) reduce to a linear system for A; and w». The solution

of this system is

=3 wp= 3. (5.28a,b)

Since A, is purely imaginary, the leading-order behaviour of the p =2 isola does

not occur at 0(82), as expected from (5.20a), since limy— 0 S» = 0. Thus, while the
asymptotic expressions involved in infinite depth are simpler than those in finite depth, the
leading-order behaviour of the p = 2 isola requires a higher-order calculation in infinite

depth. We obtain the normalized solution of the 0(?) problem

n+p+2 - 1 .
wi= > W™+, (—21) el (5.29)

j=n—2

where the coefficients VA\/z, j,00 depend at most linearly on y and y; while y, € Cis a free
parameter at this order.
At O(e?), the solvability conditions reduce to

A3 +1143¢g,1,00 (M + o) =0, (5.30a)
0 (A3 +iu3¢g 1,00 (0 + p + 120)) = 0. (5.300)

As in finite depth, cg 1 00(n + (o) % Cg,—1,00(n + p + o), and since yy £#0, we must
have

B3 =0=pus. (5.31)
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No instability is observed at this order. The normalized solution of the O(?) problem is

1

n+p+3 . 1 .
wi= ) Wi’ + 3 (_2'> el (5.32)
j=n-3
where the coefficients VAV3, j,00 depend at most linearly on yg, y1 and y, while the parameter

y3 € C is free at this order.
At O(e*), the solvability conditions are

2 (A4 +ica,1,m00) + 1Y084,n,00 = 0, (5.33a)
2y0 (/14 + ic4,—1,n-i—p,c>o) + ié4,n+p,oo =0, (5.33b)

where
€4,0,j.00 = M4Cg.0,00 (J + 140) — P4 j 00s (5.34)

with 84 .00 = —111/256, 84 n4p 0 = 37/256, P4 oo = 24 119/12288 and py ;1) o0 =
24985/36 864. Solving (5.33a)—(5.33b) for A4, we find the explicit formula

B (48 671 + 49152414) . \/—134 933977 + 29105356844 — 150994944“3

A4 1
36 864 18432
(5.35)
Equation (5.35) has non-zero real part provided
11843  1114/3 11843  1114/3
Ha € — , . (5.36)
12288 1024 12288 1024

Thus, the p = 2 isola is an ellipse to O(e*) given by the real and imaginary parts of
Apas €) = —3i + Fie” + A (na)e?, (5.37)

for ¢4 in (5.36). Unlike in finite depth, this ellipse has semi-major and -minor axes that are
O(e*), while the centre drifts from g like O(£?). Similarly, the Floquet parameterization
of the isola has width O(&%) and drifts from o like 0(e?).

In figure 9, we compare the asymptotically computed ellipse with a subset of
numerically computed eigenvalues on the p = 2 isola for ¢ = 0.01. Notice this ellipse
is considerably smaller than that in finite depth for comparable wave amplitude (figure 6).
Excellent agreement is found between the asymptotic and numerical predictions. Similar
agreement is found between the Floquet parameterization of the ellipse and of the
numerically computed isola.

The eigenvalue of largest real part on the ellipse occurs when 4 = 11843 /36864. Thus,
the real and imaginary parts of the most unstable eigenvalue on the isola have asymptotic
expansions

3743 A

dre= g6 +0 (%), (5.38)

3055, 96043 S
M= -4 224 24 o 5.39
=TT 3% Taeseat T <8 ) (5.39)

respectively. The corresponding Floquet exponent has expansion

157, 11843 , 5
__ 1 57, 118483 , 5.40
Me==01 6% T 36864° +0(8> (5.40)

These expansions are compared with numerical results in figure 10.
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Figure 9. (a) The p = 2 isola with @ = oo and ¢ = 0.01. The most unstable eigenvalue A, is removed from the
imaginary axis for better visibility. The solid red curve is the ellipse obtained by our asymptotic calculations.
The blue dots are a subset of eigenvalues from the numerically computed isola using the FFH method. (b) The
Floquet parameterization of the real (blue) and imaginary (red) parts of the isola. The most unstable eigenvalue
Ay and its corresponding Floquet exponent i, are removed from the imaginary and Floquet axes, respectively,
for better visibility. The solid curves are our asymptotic results. The coloured dots are our numerical results
using the FFH method.
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Figure 10. (a) The interval of Floquet exponents parameterizing the p = 2 isola as a function of ¢ for « = co.
The most unstable Floquet exponent 1, is removed from the Floquet axis for better visibility. The solid blue
curves are the boundaries of this interval according to our asymptotic calculations. The blue dots are the
boundaries computed numerically by the FFH method. The solid red curve gives the Floquet exponent of the
most unstable eigenvalue on the isola according to our asymptotic calculations. The red dots are the Floquet
exponent of the most unstable eigenvalue as computed by the FFH method. (b) The real (blue) and imaginary
(red) parts of the most unstable eigenvalue of the p = 2 isola with « = oo as a function of €. The zeroth-order
correction of the eigenvalue is removed from the imaginary axis for better visibility. The solid curves are our
asymptotic calculations. The coloured dots are our numerical results using the FFH method.

6. Second isola. High-frequency instabilities: p = 3

We extend the perturbation method developed in § 5 to obtain the leading-order behaviour
of the high-frequency isola that arises from Ao , with p = 3. This isola is the second closest

to the origin by Theorem 1, and its leading-order behaviour is obtained at O(s?).
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As in the previous section, we expand the spectral data of (4.14) according to
(5.1a)—(5.1¢) and normalize the eigenfunctions according to (5.2) for convenience. The
perturbation method proceeds as in § 5, with two major changes:

(i) At O(g?), the solvability conditions are independent of yp and linear in 4> and 5.
As a consequence, Ay is purely imaginary, and the leading-order behaviour of the
isola is undetermined at this order.

(i) At O(&3), the solvability conditions depend on yy, A3, and y;. Using solvability
conditions from the previous order together with the collision condition (4.21), one
shows that the dependence on y; vanishes from these conditions.

A more complete description of these calculations is provided in Appendix B.

6.1. The O(&%) problem
Solving for A3 in the solvability conditions at 0(&3), we find

. <cg,_1(n +p+ o) +cg1(n+ MO))
A3 = —iu3

2

4 o2 (Cg,—l(n+p+uo)—cg,1(n+uo))2 S;
’ 2 400+ po)o(n +p + 110)
6.1)

Similar to S; in the previous section, Sz is another lengthy expression depending only
on «, see Appendix B for more details. A plot of S3 vs « reveals Sz £ 0, except at ap =
0.8206431673 ... (figure 11). We conjecture that Stokes waves of all wavenumbers and
in all depths are unstable to the second closest high-frequency instability from the origin,
with possible exceptions if @ = ;. Since ar # o1, Stokes waves of all wavenumbers and
in all depths appear to be unstable with respect to high-frequency instabilities.

REMARK 6.1. As @ — oo, 83 — 0. Therefore, the leading-order behaviour of the p = 3
isola in infinite depth is resolved at higher order. For ¢ of the order of 0.01 and smaller, this
isola is already within the numerical error of the FFH method. For larger ¢, the expansions
deviate too quickly from the numerics to make comparisons.

Provided o # g, (6.1) has non-zero real part for u3 € (—Ms, M3), where

|S3]

= ) 6.2
lcg,—1(n+p + o) — cg1(n + po) | + no)w(n + p + o) (©2)

M3

Unlike the p = 2 isola, this interval is symmetric about the origin. For 13 in this interval,
the real and imaginary parts of (6.1), together with the lower-order corrections of A, trace
an ellipse asymptotic to the p = 3 isola. This ellipse has semi-major and -minor axes that
scale as O(¢”) and a centre that drifts form A like O(¢?). The Floquet parameterization of
this ellipse has width O(e?) and drifts from g like O(g?). As a result, this isola is more
challenging to capture than the p = 2 isola in finite depth.

Comparing our asymptotic and numerical p = 3 isolas with ¢ = 0.01 (figure 12), we
observe that, while the real part of the numerical isola matches our O(&3) calculations, the
imaginary part and Floquet parameterization of the isola require fourth-order corrections.
This is in contrast with the p = 2 isola (figure 6), for which we obtain the drifts in the
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Figure 11. (a) A plot of S3 vs « (solid red). The zero of Sz for @ > 0 is oy = 0.8206431673 ... (gold star).
(b) The real part A, . of the most unstable eigenvalue on the p = 3 isola as a function of « according to our
asymptotic calculations (solid red). The real part of the eigenvalue is normalized by & for better visibility.
We zoom-in around « = a» (gold star) in the inlay. The real part of the most unstable eigenvalue on the isola
vanishes as &« — o according to our asymptotic calculations, which agrees with our numerical results using
the FFH method with ¢ = 0.01 (blue dots).

imaginary part and Floquet parameterization at the same order as the real part. We obtain
these drifts for the p = 3 isola in the following subsection.

Equating 13 = 0 maximizes the real part of (6.1). Hence, the real and imaginary part of
the most unstable eigenvalue on the p = 3 isola have asymptotic expansions

|S3| 3 4
Ay = 0 , 6.3
’ (2«/w(n+uo)w(n+1?+uo))g +o(+) (0:3a)

P2 ngpCe1 (M + 10) — P2 uCo—1(n+p + Mo)) 210 (54) ,

. 1821 (n + o) ( cg’_l(n_i_p_{_,uo) —Cg,l(n+,U«0)

(6.3D)

respectively, and the corresponding Floquet exponent has asymptotic expansion

p2n+p_p2n ) 2 4
My = I —I—( . : e+0\e"). (6.4)
PR S+ p o+ 10) — cot(n + o) ( )

The quantities p, ; are defined in Appendix B.

Figure 13 compares the asymptotic expansions (6.3a)—(6.3b) and (6.4) with their
numerical counterparts. Excellent agreement is found for the real and imaginary parts
of the most unstable eigenvalue. The interval of Floquet exponents that parameterizes the
isola requires a fourth-order correction to match the numerical predictions.

Before proceeding to the next order, we solve the O(¢>) problem for w3:

n+p+3 . 1 ‘
wi= Y Wyl 4y i elmtr)x, (6.5)
j=n-3 o +p+ o)

where the coefficients VAV3, j depend on « (possibly through intermediate dependencies on
known zeroth-, first- and second-order results) and at most linearly on yy, y1, and y». At
this order, y3 € C is a free parameter.
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Figure 12. (a) The p = 3 isola with @ = 1.5 and ¢ = 0.01. The most unstable eigenvalue A is removed from
the imaginary axis for better visibility. The solid and dashed red curves are the ellipses obtained by our O(s*)
and O(&?) asymptotic calculations, respectively. The blue dots are a subset of eigenvalues from the numerically
computed isola using the FFH method. (b) The Floquet parameterization of the real (blue) and imaginary
(red) parts of the isola on the left. The most unstable eigenvalue A, and its corresponding Floquet exponent
14 are removed from the imaginary and Floquet axes, respectively, for better visibility. The solid teal and
orange curves are our asymptotic results for the real and imaginary parts of the Floquet parameterization,
respectively, to O(e%). The dashed blue and red curves are the same results to O(¢3). The blue and red dots
are the numerically computed real and imaginary parts of the Floquet parameterization, respectively, using the

FFH method. (¢,d) Same with o = 1.
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Figure 13. (a) The interval of Floquet exponents parameterizing the p = 3 isola as a function of ¢ for @ = 1.5.
The most unstable Floquet exponent 1, is removed from the Floquet axis for better visibility. The solid and
dashed blue curves are the boundaries of this interval according to our 0(e*) and O(&3) asymptotic calculations,
respectively. The blue dots are the boundaries computed numerically by the FFH method. The solid and dashed
red curves give the Floquet exponent of the most unstable eigenvalue on the isola according to our O(s*)
and O(g?) asymptotic calculations, respectively. The red dots are the Floquet exponent of the most unstable
eigenvalue as computed by the FFH method. (b) The real (blue) and imaginary (red) parts of the most unstable
eigenvalue of the p = 3 isola with @ = 1.5 as a function of . The zeroth-order correction of the eigenvalue
is removed from the imaginary axis for better visibility. The solid teal and orange curves are our asymptotic
calculations for the real and imaginary parts of the most unstable eigenvalue to O(g*), respectively. The dashed
blue and red curves are the same results to O(£3). The blue and red dots are the numerically computed real and
imaginary parts of the most unstable eigenvalue using the FFH method. (c,d) Same with & = 1.
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6.2. The O(¢*) problem
At O(&%), the spectral problem (4.14) becomes

2 1
(Lo — AoRo) wa = Z Aq—jR;j | wo + Z/lS—jRj w1 + L2Row>
j=0 j=0
3
— Y (La—j — A0R4—j) w;. (6.6)
j=0

After some manipulation, the solvability conditions of (6.6) can be written as

2 83, Aq L 0
20 2(M3+iusce—1(n+p+ o)) \n v2 ta np

. macg 1(m+ (o) — P4,
= -2 ’ . 6.7
! <Vo (mace—1(n+p + 110) — Py nyp) (©7)

Using the solvability conditions at the previous order and the collision condition (4.21),
one can show t4 4, = 0. Then, (6.7) reduces to a linear system for 14 and y;.
For pu3 € (—M3, M3) with M3 given by (6.2), the determinant of (6.7) simplifies to

2 183 ,
det . ' = 843, 6.8
© (2)/0 2 (A3 +ipscg—1(n+p+ Mo))) 37 (©.8)
where A3, = Re(43). Provided o # a2, (6.7) is invertible for all u3 € (—M3, M3).
Solving (6.7) for A4,
i |:(/l3 +ipzce,—1(n+ p + 110)) (cg1(n + o) — Py.p)
4 =
2/13,r

N (/13 +ipzcg 1 (n + MO)) (Cg,fl(” +p+ o) — P4,n+p)i| ‘ 6.9)

2/13,r
Since py. o M4 € R, the real and imaginary parts of 14 = A4, + id4,; are

13 (ce.—1(n+p 4 1o) — cg.1(n + o))

Adar = i [—14 (cg—1(n+p + 110) — cg.1(n + o))
N

+ Pty — Ponl (6.10a)

Agi = =514 (com1(n+ p10) + cg1(n + 10)) — (Panyp + Pan) |- (6.10b)

Given (6.10a)—(6.10b), we invoke the regular curve condition, first introduced in
Creedon et al. (2021a,b). According to this condition, all eigenvalue corrections must be
bounded over the closure of u3 € (—M3, M3). Notice A3, — 0 as |u3| — Ms3. Thus, A4,
is bounded only if

‘p4,n+p - ‘p4,n

s = . (6.11)
Cg,—1(n+p+ no) — cg1(n+ o)
Hence,
Cg.1(n 4+ o) — cg.—1(n+p+ o)
A= —i (p4,n+p 8 W P4 nCq—1 pT ) ‘ 6.12)
cg.—1(n+p+ o) — cg1(n+ o)
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REMARK 6.2. If a« =, then 83, =0 and A3 =0 = pu3. Applying the Fredholm
alternative to (6.7), one arrives at (6.11) and (6.12), but the constants vy and y| remain
arbitrary at this order.

Equations (6.11) and (6.12) give the fourth-order drifts in the Floquet parameterization
and imaginary part of the p = 3 isola, respectively. The eigenvalues asymptotic to this
isola form the ellipse

Apz: €) = Ao + Aae? + A3(uz)e + get, (6.13)

which agrees better with the numerically computed isola than at the previous order, see
figures 12 and 13.

7. Conclusion

Building on previous work by Akers (2015) and Creedon et al. (2021a,b), we have
developed a formal perturbation method to compute high-frequency instabilities of
small-amplitude Stokes wave solutions of Euler’s equations in arbitrary depth. This
method allows one to approximate an entire high-frequency isola.

We explicitly obtain the leading-order behaviour of the isolas closest to the origin in the
complex spectral plane (p = 2, 3) for all depths, including

(i) the Floquet exponents that parameterize the isola;
(i1) the real and imaginary parts of the most unstable eigenvalue on the isola; and
(iii) the curve asymptotic to the isola.

These expressions are compared directly with numerical computations of the isolas
using the FFH method. Excellent agreement is found for the p = 2 isola. The p = 3 isola
achieves similar agreement if higher-order corrections of the imaginary part and Floquet
parameterization are computed using the regular curve condition, as defined in § 6.

According to our asymptotic results, Stokes waves of all aspect ratios, except kh = o
and kh = ap, are unstable to the p = 2 and p = 3 high-frequency instabilities, respectively.
Stokes waves are also unstable to high-frequency instabilities in infinite depth (& = 00),
although this requires a higher-order calculation than in finite depth. Based on these
findings, we conjecture that Stokes waves of all depths and all wavenumbers are spectrally
unstable to high-frequency instabilities, extending recent work by Hur & Yang (2020),
where the existence of the p =2 high-frequency instability is proven only if xh €
(0.86430...,1.00804...). The effect of the high-frequency instabilities on the Stokes
waves has been illustrated in Deconinck & Oliveras (2011).

The perturbation method developed in this work is readily extended to higher-order
isolas (p > 4). It appears this method yields the first real-part correction of the isola at
O(&P). In contrast, corrections to the imaginary part and Floquet parameterization of the
isola appear at O(g2). Thus, we expect isolas further from the origin to have increasingly
smaller widths, while their centres drift along the imaginary axis like O(&?).

If correct, this conjecture highlights one of the primary challenges for analytical and
numerical investigations of high-frequency instabilities: each isola is smaller than the
previous, and each isola drifts from its known zeroth-order behaviour quickly relative to
its size. Our hope is that the perturbation method developed in this work can be used as a
starting point for future proofs of high-frequency instabilities as well as improvements to
the numerical resolution of high-frequency isolas far away from the origin in the complex
spectral plane.
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Appendix A. Stokes wave expansions
The Stokes waves of (2.3a)-(2.3b) have velocity

c(e) =co+ e’ + et + 0 (86) , (A1)
where
c§ = tanh(a), (A2a)
2 cosh(2 osh (4
2= : +16c((:) ssinl(l;zjz)tcfshs(of) “ (A25)

212+ 55 cosh(2a) — 98 cosh(4a) — 23 cosh(6«) + 14 cosh(8c) + 2 cosh(10w)
B 2048¢( sinh’ (o) cosh(w) '

C4
(A2¢)

and take the form
nstx;e) =¢ cos(x)+82]§/2,2 cos(2x)+83]§73,3 cos(3x) + g4 <]§7472 cos(2x) + N4,4 cos(4x)>
L0 (85> ’ (A3a)

€ 2 (7 P 3 (¢ ’
45,06 €) = - cs() + 67 (02,0 + 0220052 ) + &7 (D50 €05() + D3 c0s(30)

+et (Q4,o + 042 c08(2%) + Qas cos(4x)) +0 (85) : (A3b)
where
A 5cosh h(3
Rop = cos (a? +3cos ( a), (Ada)
8 sinh” («)
N3,3 _ 3(14 4+ 15 cosh(2w) +.6 c;)sh(4a) + cosh(6a))’ (Adb)
256 sinh®(«)
N 215 — 418 cosh(2a) — 472 cosh(4a) + 10 cosh(6a) + 17 cosh(8«)
Nip = 13 . (Ado)
3072c¢; sinh®(a)
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& 203 + 347 cosh(2a) + 158 cosh(4a) + 76 cosh(6a) + 23 cosh(8«) + 3 cosh(lOa)

= 768c2(2 + 3 cosh(2a)) sinh® ()
(Add)
N 1
= Ade
020 = @) (Age)
A 3 4+ 2cosh(2a) + cosh(4w)
22 = — (A4f)
8co sinh” (¢r) cosh(w)
A cosh(2a) (2 + cosh(2a))
Q031 =— ( —7 ) ; (Adg)
16¢¢ sinh™ (@)
A 3(26 — 3cosh(Ra) + 10cosh(4x) + 3 cosh(6a))
Q33 = c (Adh)
256¢( sinh” ()
A 48 + 47 cosh(2a) — 20 cosh(4a) — 3 cosh(6a) .
Q4,0 = — , (A4i)
512¢q sinh’ (o) cosh(a)
N 240 + 82 cosh(2a) + 688 cosh(4w) + 309 cosh(6a) — 16 cosh(8a) — 7 cosh(10«) .
e 0 ). (a4
6144¢( sinh” () cosh(a)

Q 4084638 cosh(2a) +230 cosh(4a )+ 171 cosh(6a) + 124 cosh(8c) + 43 cosh(10«) + 6 cosh(lZoz)
T 1536¢0(2 + 3 cosh(2a)) sinh® (@) cosh(a)

(A4k)

The Stokes expansions in infinite depth are obtained from the above with @ — oo.

Appendix B. Detailed calculations of the p = 3 instability

For explicit representations of the asymptotic expressions derived in this appendix, see the
Data Availability Statement at the end of this manuscript.

B.1. The O(¢) problem
At O(e), the spectral problem takes the form (5.3). The solvability conditions simplify to

4 =0=puy, (B1)

and the normalized solution of the O(¢) problem is

n+p+1 . 1 .
> W +n i elrtp)x, (B2)
j=n—1 w(n+p + o)
j f‘/:l’l,l’l-l—p

where the coefficients WV ,j depend on « (possibly through intermediate dependencies on
known zeroth-order results) and at most linearly on yy. At this order, y; € C is a free
parameter.
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B.2. The O(g?) problem
At O(£2), the spectral problem takes the form (5.11). The solvability conditions are
A +ic 1, =0, (B3a)
o (A2 + ez, —1,4p) = 0, (B3b)

where ¢ ;= 2Cg, 6 (j + o) — Py j» as in §5 (although the quantities p,; evaluate
dlfferently than those for the p = 2 isolas). Since yp #0, the solution of (B3a) (B3b)
is

Cco1(n+ — Co—1(n+p+
b= i <P2,n+,, ¢.1(n+ (o) — Py pce—1(n+p Mo)>, (Bda)
Cg,—1(n+p—+ o) — cg1(n+ wo)
ty = p2,n+p - pZ,n ' (B4b)

Cg,—1(n+p+ o) — cg1(n+ wo)

Since A, is purely imaginary, no instabilities are found at this order. The normalized
solution of the O(g?) problem is

n+p+2 4 1 4
> Wagel 4y i DX, (B5)
j=n—2 o+ p+ o)

where the coefficients WQ’ j depend on « (possibly through intermediate dependencies on
known zeroth- and first-order results) and at most linearly on yy and y;. At this order,
vy € Cis a free parameter.

B.3. The O(g?) problem
At O(&3), the spectral problem becomes

2
(Lo — AoRo) w3 = (A2R; + A3Rp) wo — Z (L3—j — AoR3—j) wj, (B6)
j=0
with the aid of (B1). The solvability conditions are
2 (A3 +ipsce 1 (n+ po)) +ir083.0 =0, (B7a)
290 (A3 + ipzce,—1(n 4+ p + 110)) + 183 n4p + iv1t3,04p = 0. (B7b)

Using the solvability conditions (B3a)-(B3b) and the collision condition (4.21), it can be
shown that

t304p = 0. (B8)
As in the p = 2 case (§ 5), the product of 83 , and 83 4 is related to a perfect square
83,193 n+p — — 832 > (B9)
o o+ po)on+p+ 1)
where
S3=Ts1 + T32Noo + 133022 + T3.4N3 3 + T3,503 3. (B10)

The express10ns T3 are functions only of o, as are the Stokes wave corrections Nz 2,
Qz 2, N3 3 and Q3 3, see Appendix A. When fully expanded, Sz involves several hundred
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terms, but each term depends only on «. The full expression of S3 can be found in
the appropriate Mathematica notebook provided in the Data Availability Statement. The
remaining calculations at this order appear in § 6.
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