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1. Introduction

Rogue waves were first studied in oceanography, where they referred to large spontaneous and localized water wave excitations
that are a threat even to big ships [1,2]. Later, their counterparts in optics were also reported [3,4]. Due to their physical importance,
rogue waves have received intensive theoretical and experimental studies in the past decade. One physical mechanism for rogue wave
generation is modulation instability of nonlinear periodic wave trains — also called Benjamin-Feir instability in water waves [5]. Under
this mechanism, the first rogue wave solution was derived by Peregrine for the nonlinear Schrédinger (NLS) equation [6], which governs
wave envelope propagation in the ocean and optical systems [7]. In this NLS equation for wave envelopes, the modulation instability
of periodic wave trains reduces to the instability of a uniform (envelope) background. Peregrine’s solution was later generalized to
higher orders which could reach higher peak amplitudes [8-12]. Since modulation instability also arises in many other integrable
physical systems, rogue waves have also been derived for such systems, such as the derivative NLS equations for circularly polarized
nonlinear Alfvén waves in plasmas and short-pulse propagation in a frequency-doubling crystal [13-21], the Manakov equations for
light transmission in randomly birefringent fibers [22-27], and the three-wave resonant interaction equations [28-33]. Experimentally,
various rogue waves governed by the NLS equation and defocusing Manakov equations have been observed in optical fibers, water
tanks, and plasma [34-39].

Pattern formation in rogue waves is an important question, as such information allows for the prediction of later rogue wave events
from earlier wave forms. For the NLS equation, this question has been investigated in [10,40-43]. It was observed in [10] that if a Nth
order rogue wave exhibits a single-shell ring structure, then the center of the ring is a (N — 2)-nd order rogue wave. This observation
was explained analytically in [40] through Darboux transformation. In [41], it was observed that NLS rogue patterns could be classified
according to the order of the rogue waves and the parameter shifts applied to the Akhmediev breathers in the rogue-wave limit. This
latter observation allowed the authors to extrapolate the shapes of rogue waves beyond order six, where numerical plotting of rogue
waves became difficult. In [42], it was stated that the total number of elementary (Peregrine) rogue waves in a Nth order rogue wave
solution was N(N + 1)/2 (but those elementary rogue waves were allowed to coalesce). In [43], we predicted analytically that when
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one of the internal parameters in a high-order NLS rogue wave was large, then this rogue wave would exhibit clear geometric patterns,
comprising Peregrine waves forming shapes such as a triangle, pentagon and heptagon, with a possible lower-order rogue wave at its
center. Asymptotically, this rogue pattern was given by the root structure of the Yablonskii-Vorob’ev polynomial hierarchy through
dilation and rotation. This deep connection between rogue patterns and root structures of Yablonskii-Vorob’ev polynomials is a drastic
step forward in our understanding of rogue events. As small applications of our analytical theory, all previous numerical observations
and heuristic statements in [10,41,42] were explained.

A natural question that follows is, do these NLS rogue patterns associated with the Yablonskii-Vorob’ev polynomial hierarchy also
appear in other integrable systems? The answer is a definite yes. In this paper, we study rogue patterns in three other integrable
systems — namely, the generalized derivative nonlinear Schrédinger (GDNLS) equations, the Boussinesq equation, and the Manakov
system. In all these three systems, we show analytically and verify numerically that when one of the internal parameters in their
rogue wave solutions is large, then these rogue waves would also exhibit similar geometric patterns such as triangles, pentagons and
heptagons formed by their fundamental rogue waves, plus a possible lower-order rogue wave at the center. In addition, these rogue
patterns are described by the root structures of the Yablonskii-Vorob’ev polynomial hierarchy as well. Which level of this hierarchy is
determined by which internal parameter is chosen to be large, and which polynomial at that level of the hierarchy is determined by
the order of the underlying rogue wave. The main difference from the NLS rogue patterns is that, while the NLS rogue pattern is just a
dilation and rotation of the root structure of Yablonskii-Vorob’ev polynomials, rogue patterns in these three other integrable systems
may also involve other actions such as stretch, shear and translation to the Yablonskii-Vorob’ev root structure. All these actions from
the Yablonskii-Vorob’ev root structure to the rogue pattern are analytically described by a linear transformation, the details of which
depend on the underlying integrable equation. We thus conclude that, there exist universal rogue patterns in integrable systems, which
are the Yablonskii-Vorob’ev root structures under linear transformations.

This paper is structured as follows. In Section 2, bilinear expressions of rogue waves are presented for the GDNLS, Boussinesq
and Manakov equations. In addition, the Yablonskii-Vorob’ev polynomial hierarchy is introduced, and its root structures displayed.
In Section 3, we present our analytical predictions of rogue patterns in these three integrable systems when one of their internal
parameters is large. All these rogue patterns turn out to be just the Yablonskii-Vorob’ev root structures under linear transformations.
In Section 4, these analytical predictions of rogue patterns are compared to true rogue wave solutions, and complete agreement is
demonstrated. Section 5 contains proofs for the analytical predictions of rogue patterns presented in Section 3. In Section 6, we describe
the common features of rogue patterns in these three integrable systems and others, and highlight the universality of such patterns
associated with the Yablonskii-Vorob’ev hierarchy. Section 7 summarizes the results of this paper. The two appendices contain brief
derivations of bilinear rogue waves given in Section 2 for the Boussinesq and Manakov equations.

2. Preliminaries

In this article, we will consider three integrable systems and show that their rogue waves exhibit universal patterns similar to those
reported in Ref. [43] for the NLS equation. For that purpose, we will present these three integrable systems as well as their bilinear rogue
wave solutions first. These three integrable systems are the GDNLS equations, the Boussinesq equation, and the Manakov system. We
note that although we have derived bilinear rogue waves for the GDNLS equations and the Boussinesq equation before [21,44], those
bilinear expressions can be further simplified, and it is these simplified bilinear expressions which we will present below. For the
Manakov system, however, bilinear expressions of rogue waves have not been derived before; so the solutions that we will present
in this section will be new results. Although rogue waves for the Manakov system have been derived by Darboux transformation in
Refs. [23-27], those rogue expressions from Darboux transformation are not convenient for our rogue-pattern analysis and thus will
not be used.

Our bilinear rogue waves will be presented through elementary Schur polynomials. These Schur polynomials S;(x), with x =
(X1, X2, . . .), are defined by

ZSJ‘(X)EJ = exp (Z xke"> , (M
k=1

j=0
or more explicitly,

m I
sw= 3 ( I1 x’:) . )

2L +-+mip=j \ k=1
2.1. The GDNILS equations and their rogue wave solutions
The normalized GDNLS equations are [21,45-47]
. 1 . 2 . 2,0, 1 4
iy + S tho iy Ul + i(y — Dutue + Sy — Dy - 2)uf’u =0, (3)

where y is a real constant. These equations become the Kaup-Newell equation when y = 2 [13], the Chen-Lee-Liu equation when
y = 1[48], and the Gerdjikov-Ivanov equation when y = 0 [49]. These GDNLS equations and their special versions govern a number of
physical processes such as the propagation of circularly polarized nonlinear Alfvén waves in plasmas [14,15], short-pulse propagation
in a frequency-doubling crystal [16], and propagation of ultrashort pulses in a single-mode optical fiber [50,51]. Rogue waves in these
equations satisfy the following normalized boundary conditions [21]

1=y —a)x— 4 | o2 _ _
u(x,t)—> el(l y—a)x 2[0‘ +2(y—2)a+1 y]t7 Xt — :|:OO, (4)
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where o > 0 is a free wavenumber parameter. Unlike the NLS equation, the GDNLS equations (3) do not admit Galilean invariance.
Thus, « is an irreducible parameter in these rogue waves.

General rogue waves to the GDNLS equations (3) have been derived by the bilinear method in Ref. [21]. It turns out that those rogue
expressions can be further simplified by setting all (xzi, xff, xﬁi, ...) to zero, similar to the NLS case we reported in Ref. [43] for similar
reasons. In addition, we can set the first parameter a; to zero by a shift of (x, t). Then, we get the following lemma for bilinear rogue
waves in the GDNLS equations.

Lemma 1. The GDNLS equations (3) under the boundary condition (4) admit rogue wave solutions

UN(X, t) _ ei(l—y—a)x—%[a2+2(y72)a+17y]t (f[\?)y;lgN , (5)
Iy
where the positive integer N represents the order of the rogue wave, ' represents complex conjugation,
fnx, t) =000, 8n(x,t)=o0_11, (6)
k)
o= o, (41
the matrix elements in oy are defined by
min(i,j)
(n,k) _
gmh = 2; o Si_u(®T(n, k) + vs) Si_,(x~(n, k) + vs), (8)
-
the vectors x*(n, k) = xli, xzi, ) are defined by
X =k ( )(h )+ﬁx+f[a—1+1f] 9)
—k—( )(h—i— >+J&x+f[a—1—1f] (10)
Xy = (n+ )h2r+l +m{\/&x—i—[\/&(a—])—i—eria]t}+a2r+1, r=1, (11)
X = —(n+ = )h;r+1+( {fx+[fa—1)—22'ia]t}+a;‘r+1, r>1, (12)
er 0, r>1, (13)

s = (51, S2, ...), hy(a) and s, are coefficients from the expansions

o0 /2 —3/2
ie*? + Jae A
hA'=In| ————— A = — tanh , 14
=) Lo = Fum ()] 19
and as, as, ..., a;y_1 are free irreducible complex constants.

2.2. The Boussinesq equation and its rogue wave solutions

The Boussinesq equation was introduced in 1871 for the propagation of long surface waves on water of constant depth [52,53]
(see also [54]). After variable normalizations and variable shifts, this equation can be written as [44,55]

1
Ust + Uxx — (uz)xx - guxxxx =0, (15)

and its rogue waves are subject to the boundary conditions
ulx,t) > 0, x,t— Zoo. (16)

Special rogue waves in this equation were considered in [55-57]. General rogue waves were derived in [44]; however, bilinear
expressions of those general rogue waves could be significantly simplified through a new parameterization [21]. The simplified bilinear
rogue waves are presented in the following lemma, and their derivation will be provided in Appendix A.

Lemma 2. General rogue waves in the Boussinesq equation (15) under the boundary condition (16) are

un(x, t) =282 Ino, (17)
where
o(x,t)= 1<dl'13t (d2i-1.25-1) » (18)
mindif) ;o\ v
ij = ; (E) Si—o(XT +v8)Si_, (X + vs), (19)
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the vectors x* = (xli X5, ) and s = (s1, 53, ...) are defined by
V3i
+ _ 2r s —
K1 = 5 g NeTE (x+2%it) + a1, r1=0,1,2,..., (20)
— \/gl 2rs *
X2r+1=2,32r+1_(2r_|_1)! (x—2 1t)—a2r+], r=0,12,..., (21)
=0, r=1,23,..., (22)
o0 . .
2iv/3 A A2
ZS,A’ =1In V3 tanh = tanh ( = + 27 ) |, (23)
A 6 6 3
r=1
a; =0, and as, as, ..., axy_1 are free irreducible complex constants.

Note 1. In these Boussinesq rogue waves, we have normalized a; = 0 through a shift of (x, t) axes. But we still keep a; in the solution
formulae for reasons which we will explain in Theorem 2 of the next section. A similar treatment will be applied to the Manakov system
as well, see Lemma 3.

Note 2. The function f(1) on the right side of Eq. (23) satisfies the symmetry f*(1) = f(—A), where A is considered real. Because of
that, all se,; values are real, and all s,qq values are purely imaginary. The first few s, values are
2 . — 5 . = 5i (24)

337 70 1080 T 24343

2.3. The Manakov system and its rogue wave solutions

$1

The Manakov system is [58]
(i + 07 ) ur + (e1lw1* + e2]uz*) uy = 0, (25)
(i + 07 ) uz + (e1/w1* + e2]uz*) uy = 0, (26)

where €; = +1 and €, = +1. These equations govern many physical processes such as the interaction of two incoherent light beams in
crystals [51,59,60], the transmission of light in a randomly birefringent optical fiber [22,35,61,62], and the evolution of two-component
Bose-Einstein condensates [63,64]. This system admits plane wave solutions

Uy o(x, t) = pyelkrxtent) (27)
Uy o(x, t) = ppeltkexteat) (28)

where (kq, k») and (w1, w;) are the wavenumbers and frequencies of the two components, and (p1, p2) are their amplitudes which will
be set real using the phase invariance of the system. Parameters of these plane waves satisfy the following relations,

w1 = €1p} + €205 — k3, (29)

wy = €10} + €207 — k3. (30)
Then, boundary conditions for rogue waves in the Manakov system are

uj(x, t) = ujo(x, t), x,t— foo, j=1,2. (31)

Rogue waves in the Manakov system have been derived in Refs. [23-27], all by Darboux transformation. However, those rogue
expressions are inconvenient for our rogue pattern analysis. Thus, we have derived bilinear rogue expressions, which will be presented
in the following lemma. Details of this derivation will be provided in Appendix B.

Lemma 3. If the algebraic equation 7;(p) = 0, where

2 2
€107 €20,
F — "1
D= et =ik

+2p (32)

and the prime denotes differentiation, admits a non-imaginary simple root po, then the Manakov system (25)-(26) under boundary
conditions (31) admits rogue wave solutions

uyn(x, t) = PlMei(’<1x+wlt), U N(X, t) = ,Ozgzi'Nei(szwzt), (33)
fn In
where N is an arbitrary positive integer which represents the order of the rogue wave,
N =000, &N=010 &N =001, (34)
_ (n,k)

the matrix elements in oy, x are defined by

min(i,j) 2 v
(n.K) Il ] n _ »
S = —— | Si_,(x"(n, k) +vs)Si_,(x (n, k) + vs*), 36
oy ; [(po+p3)2 (X7 (n, k) + v8) S, (x~(n, k) + vs*) (36)

4



B. Yang and J. Yang Physica D 425 (2021) 132958

the vectors x*(n, k) = (x3 ,xzi, ...) are defined by
xF(n, k) = prx+ <Z pipri> (it) + nb, + krr + a,, when r is odd, (37)
i=0
X (n, k) =prx — (Zp, pr_ ,) (it) — nf} — kiy +a;, whenr is odd, (38)
xE(n, k) =0, when r is even, (39)

s = (51, S2, ...), (0, Ar, S¢) are coefficients from the expansions

p (k) — iki p (k) — ik,
m[ po — iy ] ZQ “[ O—mz] Z“ (40)

Po + Pg p(fc)—poﬂ ;
P =25 41
n[w( P )(p<x>+p3 Z” (41)

r=1

the function p (k) is defined by the equation
F1lp (k)] = Fi1(po) cosh(x ), (42)

pr = p"(0)/r!, with the superscript (r)’ of p representing the rth derivative of p(«), a; = 0, and as, as, ..., Gon_1 are free irreducible
complex constants.

Note 3. The rogue waves given in Lemma 3 for a simple root of the Fj(p) = 0 equation are an important class of rogue waves in
the Manakov system, and their t functions (35) involve Schur polynomials with index jumps of 2. But such rogue waves are not the
only ones in the system. For example, the Manakov system also admits rogue waves that correspond to a double root of the Fj(p) = 0
equation, similar to the three-wave resonant interaction system as studied in Ref. [65]. In this article, we only consider Manakov rogue
patterns in solutions of Lemma 3 associated with a simple root of the F;(p) = 0 equation.

2.4. The Yablonskii-Vorob’ev polynomial hierarchy

As for the NLS equation [43], we will show that rogue patterns in the above three integrable systems are also linked to the root
structures of the Yablonskii-Vorob’ev polynomial hierarchy. This polynomial hierarchy has been presented before in [43,66,67]. Due to
its importance to our work, we present it again below. In addition, a useful formula on its polynomial structure as derived in [43] is
also reproduced here.

Let p][m](z) be the polynomial defined by

22m
Z M)l = exp [ ze — ———€?™1), (43)
2m+1
where m = 1, 2, 3, ... is a positive integer. Notice that
p"(z) = [p“’”] (2). (44)
Then the Yablonskii-Vorob’ev polynomial hierarchy Q,Em](z) is defined through the N x N determinant [66,67]
e et e PG
) e e p@)
QM) =cn , . . S, (45)
pg”;,’ (@) PN,() - py(2)

where pjmJ =0whenj < 0,and cy = ]_[N (2j — 1), This is a Wronskian determinant in view of the relation (44). When m = 1, Q{E,”

is the original Yablonskii-Vorob’ev polynomial [68,69]; and when m > 1, Q,\[,'"] z) gives the higher members of the Yablonskii-Vorob’ev
hierarchy.
These Yablonskii-Vorob’ev polynomials have the general functional form [43]

Q]\[Im](z) — ZNO(NO+1)/2q1[Vm](C)7 ; = 22m+17 (46)
where qﬂ,m](;) is a monic polynomial with all-real coefficients and a nonzero constant term, and the integer Ny is determined from
(N, m) by the formula

N — N mod (2m + 1), if0<Nmod (2m+1)<m (47)

0= — [N mod 2m + 1)], if N mod 2m+ 1) > m.
According to this formula, 0 < Ny < m. Note that this Ny formula is equivalent to that given in Ref. [43], but this current form is more
explicit. Eq. (46) gives the multiplicity of the root zero in Q,\[,m](z) as No(No + 1)/2 (if No = 0, then zero is not a root). It also shows that

the root structure of Q,\[,m](z) is invariant under a 27 /(2m + 1)-angle rotation in the complex z plane.

5
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Fig. 1. Plots of the roots of the Yablonskii-Vorob’ev polynomial hierarchy Q,b"'kz) in the complex z plane for 2 <N <5 and 1 <m < N — 1. In all panels, the real
and imaginary axes of z are on the same [—7, 7] interval.

Regarding nonzero roots of Q,Bm](z), it was shown in [70] that for the original Yablonskii-Vorob’ev polynomials Q,&”(z), all roots are
simple. For the higher Yablonskii-Vorob’ev polynomial hierarchy Q,\[,m](z), it was conjectured in [67] that all nonzero roots are simple.
We have checked this conjecture for a myriad of (N, m) values and found it to hold in all our cases. Thus, we will assume it true in this
article. In view of Eq. (46) and the fact that the degree of the polynomial Q,Sm](z) is N(N + 1)/2 [43], this conjecture then implies that
the polynomial Q}"(z) has

Ny = 3 INQN + 1) =~ No(N + 1] (48)

nonzero simple roots.

Roots of many Yablonskii-Vorob’ev polynomials Q,{,m](z) have been plotted in the complex z plane in [67]. Critical to rogue waves in
later sections, we replot such roots in Fig. 1 for2 <N <5and 1 <m < N — 1. It is seen that these roots exhibit highly organized and
symmetric structures, ranging from triangle to pentagon to heptagon and so on, depending on the value of m. In addition, all nonzero
roots are simple, while the zero root may have higher multiplicity according to the above formula (46).

This root information of the polynomial Q,\[,'"J(z) turns out to be extremely important for the pattern analysis of rogue waves in
Lemmas 1-3, since these roots are the “DNA" of the wave pattern and codify its key information. Indeed, this intimate connection
between rogue patterns and roots of the Yablonskii-Vorob’ev polynomials was first recognized in the NLS equation [43], where we
showed that if the internal parameter a1 in the Nth order NLS rogue wave was large, then the geometric shape formed by the roots
of Q,Lm](z) gave the geometric structure of the NLS rogue pattern; each simple root led to a fundamental (Peregrine) rogue wave inside
that pattern; and the zero root of multiplicity No(Ng + 1)/2 resulted in a Np-th order rogue wave at the center. In this article, we will
show that similar connections between roots of Q,\[,m](z) and rogue patterns also hold for other integrable systems such as the ones
presented earlier in this section.

3. Analytical results on rogue patterns in the three integrable systems

It can be noticed that, similar to the NLS equation [43], rogue waves presented in the previous section for the three integrable
systems also contain free internal complex parameters {as, as, ..., day_1}. In this section, we will show that, when any of these internal
parameters gets large, these rogue waves would also exhibit clear geometric patterns which are fully characterized by the root structures
of the Yablonskii-Vorob’ev polynomial hierarchy, similar to the NLS equation [43].

6
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Suppose dym1 is large, where 1 < m < N — 1, and the value of m is defined by the choice of a;;,1 in the parameter set

{as, as, ..., axn_1} of the rogue wave uy(x, t). Suppose also that the other parameters {as, as, ..., dom—1, G2m+3, - - - , dany—1} are all O(1).
In addition, we introduce the quantity
1
2m+1 2m+1
2= (—722,71 (12m+1) . (49)

Then, our analytical results on the large-a,,1 asymptotics of rogue waves in the GDNLS, Boussinesq and Manakov equations are
summarized by the following three theorems.

Theorem 1. Let uy(x, t) be the GDNLS rogue wave in Eq. (5), where ay,,11 is large and the other internal parameters O(1).

(1) Far away from the origin, with ~/x2 +t2 = O (|azm41]"/®™* "), this un(x, t) asymptotically separates into N, fundamental rogue
R )ei(]—y—a)x—%[a2+2(y—2)a+1—y][

waves, where Ny, is given in Eq. (48). These fundamental rogue waves are il;(x — R, t — to , where
*\y—1
it 0 = S8t (50)
fi
the functions f1(x, t) and g(x, t) are given by Eq. (6) of Lemma 1 as
(1 1
filx, t) = 5 <h1 +5> +\/&x+\/&[(a— 1)+i\/5]t}
o1/, 1 , 1
x —2(hl+2>+J&x+ﬁ[(a—1)—1ﬁ]t}+4, (51)
o 1 1
gix,t)=|1— 2 <h1 +5> + Vax+ o [(a - 1)+iﬁ]t}
o1 1 , 1
x —1+2<h1+2>+J&x+ﬁ[(a—1)—1ﬁ]t]+4, (52)
with hy = [i — /a]/[2(i + /)], and positions (Ro, fo) of these fundamental rogue waves are given by
. 1 —1
fo= =[] - T 3291, (53)
o 1
to = —J[2082], (54)
o

with zy being any of the N, non-zero simple roots of Q,\[,m](z), and (N, J) representing the real and imaginary parts of a complex number.
The error of this fundamental rogue wave approximation is O(|azmy1|” /™). Expressed mathematically, when |azm41| > 1 and
[(x —Ro)* +(t — f0)2]1/2 = 0(1), we have the following solution asymptotics

A i(l—y—a)x— 1|2 _ _
UN(X, € 03, s, . ., Gon—1) = Dy(X — Ro, £ — Bo)e 7™ st 420r-2msiv ) + 0 (lagm1 | V/E™D) (55)

When (x, t) is not in the neighborhood of any of these N, fundamental waves, or ~/x2 + t2 is larger than O (|aym41]"/®™ "), then

i(1—y—aw—i [a242(— _
un(x, t) asymptotically approaches the constant-amplitude background ey oK 2[0‘ 2y =2t V]t as |agmy1| — oo.

(2) In the neighborhood of the origin, where /x> + t2 = O(1), un(x, t) is approximately a lower No-th order rogue wave uy,(x, t), where
Ny is obtained from (N, m) by the formula (47), 0 < Ng < N — 2, and uy,(x, t) is given by Eq. (5) with its internal parameters
(a3, as, ..., an,—1) being the first Ng — 1 values in the parameter set {as, as, ..., dyy—1} of the original rogue wave uy(x, t). The
error of this lower-order rogue wave approximation uy(x, t) is 0(|azms1)~"). Expressed mathematically, when |aymiq| > 1 and

VX2 +t2 =0(1),
Un(x, t; a3, as, ..., Qan—1) = Upy(X, t; @3, 05, ..., Aang—1) + O (|‘12m+1|_1) . (56)
If Ng = O, then there will not be such a lower-order rogue wave in the neighborhood of the origin, and uy(x, t) asymptotically

i(1—y—a)x— % [a2+2(y—2)a+l—y]t

approaches the constant-amplitude background e there as |azms1| — 00.

Theorem 2. Let uy(x, t) be the Boussinesq rogue wave in Eq. (17), where a1 is large and the other internal parameters O(1).

(1) Far away from the origin, with /x> + t2 = 0 (|azms1]"/*™ "), this uy(x, t) asymptotically separates into N, fundamental rogue
waves, where N, is given in Eq. (48). These fundamental rogue waves are u;(x — Xo, t — to), where

up(x, £) =297 In (¥ + £ + 1), (57)
and their positions (Ro, to) are given by

R0 = 9| (~2iv3) 202] + 4n, (58)

B=3 [(—Ziﬁ) zo.(z] , (59)
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with zg being any of the N, non-zero simple roots of Q,\[,m](z), and

4
Ap=—3(N-1). (60)
The error of this fundamental rogue wave approximation is O(|azmy1|™ 1/@2m+1y Expressed mathematically, when laam+1] > 1 and
[(x — X2+ (t —1f) ] = 0(1), we have the following solution asymptotics
UN(X, 503,05, . .., Gay—1) = U1(x — Ro, t — fo) + O (Jazm1] /™). (61)

When (x, t) is not in the neighborhood of any of these N, fundamental waves, or ~/x2 + t2 is larger than O (|aym41]"/ ™), then
un(x, t) asymptotically approaches the zero background as |aome1| — o00.

(2) In the neighborhood of the origin, where /x2 + t2 = O(1), un(x, t) is approximately a lower No-th order rogue wave uy,(x, t), where
Ny is obtained from (N, m) by the formula (47), 0 < Ng < N — 2, and uny(x, t) is given by Eq. (17) with its new internal parameters
(aq, as, .. aZNO 1) related to the original parameters of uy(x, t) as

Uy—1 =01+ (N —No)spr—1, 1=1,2,...,No. (62)
The error of this lower-order rogue wave approximation uy,(x, t) is O(|azm+1 |=1). Expressed mathematically, when |azmi1| > 1 and
VX2 +t2 =0(1),

un(x, t; a1, 03, 0s, . .., Gon—1) = Uny(X, €5 @1, 83,85, . .., Gang—1) + O (|‘12m+1|_1) . (63)

Note that while a; = 0 in the original rogue wave uy(x, t) (see Lemma 2), its counterpart d; in the lower-order rogue wave uy,(x, t)
will not be zero. If Ny = 0, then there will not be such a lower-order rogue wave in the neighborhood of the origin, and uy(x, t)
asymptotically approaches the zero background there as |azpmy1| — oo.

Theorem 3. Let [uq (X, t), uy n(X, t)] be the Manakov rogue wave in Eq. (33), where a1 is large and the other internal parameters O(1).

(1) Far away from the origin, with v/x* + t2 = 0 (|agm1|"/®™), this [u; n(X, t), uz n(x, t)] asymptotically separates into N, fundamen-
tal rogue waves, where N, is given in Eq. (48). These fundamental rogue waves are [il1 1(x — Ro, t — o) @ 1*+10 {l 1(x — Ro, t —
fo) eitkext@20)] where

. [p1x + 2pop1 (it) + 61] |p1x — 2pgp7 (it) — 07 | + &o
ua(x, t) = py L - 20 ! i ; (64)
[p1X + 2pop1 (i)1° + o
[p1x + 2pop (it) + A1] [pix — 2p§p3 (it) — A% ] + 4o

iy 1(x,t) = p2 - , (65)
1% + 2pop1 (i0)* + Zo
P P Ip1l?
h=—" = = , (66)
"Tpo—iki TN po—ike’ " (po+ Py
and their positions (Ro, to) are given by
fo= ——a [Z‘)Qp*} +A (67)
CT Wpo) [ 0T
N 1 Z()Q
to = ‘ Aom, 68
° = o) [ p1 } Ao (68)
with zg being any of the N, non-zero simple roots of Q,\[,m](z), and
1 (N = 1)s; ] 1 [(N—])sl]
Ay = — RN pol, Amwm=—— 3 . (69)
M 9i(po) [ pr ol T 29ipy) P

The error of this fundamental rogue wave approximation is O(|aymy|” /™ D). Expressed mathematically, when |azm41| > 1 and
N ~ 571/2 . . .
[(x — X +(t — t0)2] 2 0(1), we have the following solution asymptotics
un(X, t5a3,0s, ..., Gn_1) = U1,1(X — Ro, £ — fo) e1*+10 4 o (|02m+1 |_1/(2m+1)) ) (70)
Uy N(X, t503,0s, ..., Gn—1) = Up1(X — Ro, £ — o) e2¥+20 4 0 (|02m+1 |_1/(2m+1)) : (71)
When (x, t) is not in the neighborhood of any of these N, fundamental waves, or ~/x2 + t2 is larger than O (|am41]"/®™ "), then
[u1 n(x, t), u2 n(x, t)] asymptotically approaches the constant-amplitude background [ppeitkixtert) -y eilkoxtert)] gg gy 1| — oo0.

(2) In the neighborhood of the origin, where ~/x?> + t> = 0(1), [u1n(X, t), Uz n(X, t)] is approximately a lower Ny-th order rogue wave
[ur,ng (%, £), Uz Ny (%, t)], where Ny is obtained from (N, m) by the formula (47), 0 < Ng < N — 2, and [uy y, (X, £), Uz n, (X, t)] is given

by Eq. (33) with its new internal parameters (1, s, .. ., Gan,—1) related to the original parameters of [uy n(x, t), uz n(x, t)] as

Uy =031+ (N —No)spyr—1, 1=1,2,...,No. (72)
The error of this lower-order rogue wave approximation is O(|azm41| ™). Expressed mathematically, when |aamiq| > 1 and /X2 + t2 =
0(1),

uin(X, t; a1, 03,05, . .., Gn—1) = U Ny (X, E; @1, G3, G5, - . ., Gong—1) + O (|‘12m+1|_1) ) (73)
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PSP - -1
U N(x, t; a1, a3, Gs, . . ., Gan—1) = Uz Ny (X, L5 A1, O3, Os, - .., A2ng—1) + O (|‘12m+1| ) . (74)

Note that a; = O in the original rogue wave [ujn(x,t), usn(x,t)], but its counterpart G, in the lower-order rogue wave
[U1,ng (X, £), Ua Ng (%, £)] will not be zero. If No = O, then there will not be such a lower-order rogue wave in the neighborhood of
the origin, and [u; n(x, t), Uz n(X, t)] asymptotically approaches the constant-amplitude background [p,e/k1*+10 | p, eilkex+©20)] there
as |aam+1| — oo.

One can clearly see from these theorems that rogue patterns under the large-parameter limit in these three integrable systems have
a lot in common. In all cases, the center of the wave pattern is a lower-order rogue wave. The order Ny of this center rogue wave
depends only on the order N of the original rogue wave and the index m of the large internal parameter, while the profile of this center
rogue wave depends on its internal parameters as specified in Egs. (56), (63) and (73)-(74) of the three theorems. This center rogue
wave can be single- or multi-humped depending on those internal parameters, and examples of its profiles will be seen in the next
section.

Away from the center, the rogue wave comprises fundamental rogue waves, whose number is equal to the number of nonzero simple
roots of the Yablonskii-Vorob’ev polynomial Q,E,m](z), and whose (x, t) locations are linearly dependent on the real and imaginary parts
of these nonzero simple roots. To put it mathematically, the location (o, o) of each fundamental rogue wave inside the rogue structure
is given by the real and imaginary parts of each nonzero simple root zy of Q,E,m](z) through a linear transformation

X R(zo) A
[fg}:"[?s(zg)]+[4\§]’ (75)

where B is a constant matrix and (A, A;) a constant vector. For the GDNLS equations (3), it is easy to see from Eqgs. (53)-(54) of
Theorem 1 that

1, _a-lx _1x _ a=lep
B = \/5%(9) « S(£2) \/&0(9) « N(2) ’ Aq _ 0 ' (76)
13(0) Ine) A 0
For the Boussinesq equation (15), Egs. (58)-(59) of Theorem 2 give

—N(R) () A; 0
where Ap is provided by Eq. (60). For the Manakov system (25)-(26), Eqgs. (67)-(68) of Theorem 3 give

iR ~ (P58
s 1| ) () | [AI]:[AW]’ o8

Npo) | 1y (pﬁ) 1ot (pﬂ) 4, Aom

B=2\/§[ () m(:z)] [Al]z[AB], 77)

where (Aqy, Aoy ) are provided by Eq. (69). It is important to notice that the constant matrix B and the constant vector (Aq, A,) are both
independent of the root zy, which is why (75) is a linear transformation from the z-plane to the (x, t) plane. This linear transformation
means that the whole rogue pattern formed by fundamental rogue waves in the (x, t) plane is just a linear transformation matrix
B applied to the root structure of the Yablonskii-Vorob’ev polynomial Qp[,m](z) in the complex z plane, plus a constant position shift
(A4, A,). For the GDNLS equations with « = 1, B/|£2] is a rotation matrix (since it is orthogonal with determinant 1). For the Boussinesq
equation, B/ 243 |.Q|> is a rotation matrix. For the Manakov system with po = 1/2, B/(|p1/~!|£2|) is a rotation matrix. In these cases,
the B part of the transformation is just a combination of rotation and dilation to the root structure. But for the GDNLS equations with
o # 1 and the Manakov system with py # 1/2, the B part of the transformation would also involve other actions such as shear and
stretch to the root structure.

To get a visual impression of the linear transformation (75), we plot in Fig. 2 its effects on the root structures of Qs[m](z) with
1 < m < 4 for the underlying three integrable systems. The reader is reminded that these root structures of Q,S[m](z) have been plotted
in the bottom row of Fig. 1. In the top row of Fig. 2, the images of the transformation (75) on these root structures are displayed for
the GDNLS equations with the background wavenumber o = 16/9 and the large internal parameter a,n; respectively as

(as, as, a7, ag) = (—15i, —250i, —1000i, —3000i). (79)
The middle row of Fig. 2 are images of this transformation for the Boussinesq equation with the large parameter a,,,. 1 respectively as
(as, as, a;, ag) = (—5, 20, —80, 200). (80)
In the bottom row of Fig. 2, images of the transformation for the Manakov equations are illustrated under system and background
parameter choices of
1

1 1
61:1, 6221, klzi, kzz—i, P1 =1, ,02:1, p0:5\/1+21, (81)

with the large parameter a,n1 respectively as
(as, as, a;, ag) = (40, 400, 3000, 20000). (82)

Notice that in these parameter choices, |ayn,+1] increases with m. The reason for it is that according to Eqgs. (75)-(78), the image size of

1
the linear transformation (75) on the root structure of Q,E,m](z) is roughly proportional to |£2], i.e., roughly proportional to |aym1|2m+T.
Thus, in order for these images to be of similar sizes, |a;;41| must increase with m.

9
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Fig. 2. The (x, t) plane images of the linear transformation (75) on the root structures of Q5["'J(z) with 1 < m < 4, for the three integrable systems with the respective
large internal parameter d,p.1 and other system parameters provided by Egs. (79)-(82). Upper row: images for the GDNLS equations, where —13 < x, t < 13. Middle
row: images for the Boussinesq equation, where —35 < x,t < 35. Lower row: images for the Manakov system, where —28 < x, t < 28.

By comparing these images to the original root structures at the bottom row of Fig. 1, we can see that in the Boussinesq case, the
images (middle row of Fig. 2) have the same shapes of the root structures but with different orientations. To obtain these orientation
angles, we notice from Egs. (58)-(59) of Theorem 2 that

Thus, the orientation angle of the image is equal to that of the root structure plus arg(£2) and minus /2. Notice from the definition
(49) of £2 that arg($2) is controlled by the phase of ay,;11. Then, using the phase of a,,,+1, we can quickly predict the orientation angle
of the image. For example, with a3 = —5 in the first panel of the middle row of Fig. 2, arg(§2)=0. Then, the orientation of this image
should be that of the root structure rotated clockwise by 7 /2, which is clearly the case. Orientation angles of other panels in the middle
row of Fig. 2 can be predicted similarly.

In the GDNLS and Manakov cases, however, the images (top and bottom rows of Fig. 2) look different from the root structures,
because stretch and shear are clearly seen in addition to changes in orientation. As we have mentioned before, this stretch and shear
is induced by the underlying linear transformation matrix B not being a rotation matrix, since in Fig. 2, « # 1 in the GDNLS images
and py # 1/2 in the Manakov images. In these cases, the amounts of stretch, shear and orientation shift are all dictated by details of
the B matrix.

4. Predicted rogue patterns and comparison with true ones in the three integrable systems

In this section, we illustrate our analytical predictions of rogue patterns in Theorems 1-3 and compare them to true rogue patterns
in the underlying three integrable systems.

4.1. Prediction and comparison for the GDNLS equations

First, we present the prediction and comparison for the GDNLS equations (3). According to Theorem 1, our predictions for their
rogue patterns under a large internal parameter a,n,1 can be assembled into a single formula

Np
lun(x, )] = Jung(x. 0] + (‘m(x g fék))’ _ 1) , (84)
k=1

where Ny is obtained from (N, m) by the formula (47), uy,(, t) is the lower-order rogue wave at the center whose internal parameters
(as, as, ..., axy,—1) are inherited directly from those of the original rogue wave uy(x, t) [as predicted in Eq. (56)], the function iI;(x, t)
is the fundamental rogue wave given in Eq. (50), with its position (&g‘), fg‘)) given by Eqs. (53)-(54) for every one of the nonzero simple
roots z(()") of Qp[,"’](z), and N, is the number of such fundamental rogue waves whose value is given by Eq. (48). Then, when we choose

o = 16/9 in the background (4), the above amplitude approximations (84) for 2 < N < 5, with the large internal parameter aymq

10
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Table 1
Value of the large parameter for GDNLS rogue waves in Fig. 3 with « = 16/9.
N as as azy dg
2 —30i
3 —28i —500i
4 —20i —300i —1500i
5 —15i —250i —1000i —3000i
Large a3
-
o
[
= \\s \g‘
Large as
- -
- e - Rl T
1} L
e - -
N -~
Large a7
e e - . - .
Il P - - :
- § . ™ .
e MG NG N -
ALl _—e e -
Large as
i eseds [® LR ey ® | et % B
B e G N St &S » 2 ‘-~“‘ - - -
& - -~ - - . e
X X X X

Fig. 3. Predicted GDNLS rogue patterns |uy(x, t)| for the orders 2 < N < 5 and the large parameter dy;.; from m = 1 to N — 1 [the background wavenumber
parameter in Eq. (4) is chosen as « = 16/9]. For each panel, the large parameter a,n1 in the rogue wave is displayed in Table 1, with the other internal parameters
set as zero. The center of each panel is always the origin x = t = 0, but the (x, t) intervals differ slightly from panel to panel. For instance, in the bottom row, the
left-most panel has —12 < x,t < 12, and the right-most panel has —10 < x,t < 10.

ranging from m = 1 to N — 1 and its value taken as in Table 1, and with the other internal parameters taken as zero, are displayed
in Fig. 3. Notice that the predicted patterns are stretched triangles in the first column (for large as), stretched pentagons in the second
column (for large as), stretched heptagons in the third column (for large a;), and so on. To understand how these predicted patterns
come about, let us consider these patterns in the bottom row of this figure (where N = 5). Notice that the large internal parameters
in this row of rogue patterns are the same as those in Eq. (79) for the top (GDNLS) row of the linear-transformation image Fig. 2. Thus,
according to our Theorem 1, the top row of Fig. 2 gives the predicted locations of fundamental rogue waves which form the rogue
pattern. When we flesh out those top panels by replacing each non-center dot with the GDNLS fundamental rogue wave in Eq. (50),
and replacing the center dot by the lower Ny-th order rogue wave predicted in Eq. (56), then we get the bottom row of Fig. 3. Thus,
the predicted rogue patterns in the bottom row of Fig. 3 are inherited directly from the top row of Fig. 2, i.e., from images of the linear
transformation (75) on the root structure of the Yablonskii-Vorob’ev polynomials. The other predicted rogue patterns in Fig. 3 can be
understood similarly through the linear transformation (75).

Now, we compare these predicted rogue patterns with true ones. For brevity, we only show this comparison for N = 5. Under
identical « and internal parameter choices and identical (x, t) intervals as in the bottom row of Fig. 3, true rogue patterns are displayed
in Fig. 4. It is seen that the true rogue patterns are almost indistinguishable from the predictions in all aspects, from the locations of
individual fundamental rogue waves, to the overall shapes formed by these fundamental waves, and to the fine details of the lower-order
rogue waves at the center. Similar agreements hold for the other panels of Fig. 3 as well. These apparent visual agreements testify to
the power and accuracy of our theoretical predictions.

Our Theorem 1 also states quantitatively that the error of the predicted solution in the neighborhood of each fundamental rogue
wave away from the origin is O(|azm1)~ /™1, while that error in the neighborhood of the origin is O(|dzm41]~'). We have numerically

11
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Fig. 4. True GDNLS rogue patterns |uy(x,t)| for N = 5. The « value, internal parameters and (x, t) intervals for these true solutions are identical to those in the
theoretically predicted patterns shown in the bottom row of Fig. 3.

Table 2
Value of the large parameter for Boussinesq rogue waves in Fig. 5.
N as as ay [¢F)
2 —20
3 —16 150
4 —10 50 —100
5 -5 20 —80 200

verified the orders of these errors similarly to what we did earlier for the NLS equation in Ref. [43], but details will not be shown for
the sake of brevity.

4.2. Prediction and comparison for the Boussinesq equation

Next, we present prediction and comparison of rogue patterns for the Boussinesq equation. In this case, our prediction from
Theorem 2 for the Boussinesq rogue pattern under a large internal parameter a,n,1 can be assembled into the formula

Np
uy(x, t) = UNO(X, t)+ Z uq (X — )’zgc)7 t— f(()’()) , (85)
k=1
where Ny is given by formula (47), uy,(x, t) is the lower-order rogue wave at the center whose new internal parameters (ay, as, ...,
{yn,—1) are given by Eq. (62), the function u(x, t) is the fundamental Boussinesq rogue wave given in Eq. (57), with its position ()?E)k), fék))
given by Eqgs. (58)-(59) for every one of the nonzero simple roots zg‘) of Qb[,m](z), and N, is the number of such fundamental rogue waves
whose value is given by Eq. (48). When the large internal parameter a,n,1 is selected as in Table 2 for2 <N <5and 1 <m <N —1,
with the other internal parameters set as zero, the predicted rogue solutions (85) are illustrated in Fig. 5. Notice that for the Boussinesq
equation where the linear transformation matrix B is as given in Eq. (77), B/ gzﬁ |£2|) is a rotation matrix. Thus, the predicted rogue
patterns in this figure can be obtained from the root structures of the Yablonskii-Vorob’ev polynomials through the actions of rotation,
dilation and uniform shift but without stretch and shear — a fact that is obvious by visually comparing these rogue patterns with the
root structures of the Yablonskii-Vorob’ev polynomials displayed in Fig. 1. Like the GDNLS case before, the predicted rogue patterns
in the bottom row of Fig. 5 (for N = 5), whose large internal parameter values are the same as those in the earlier Eq. (80), are also
the flesh-out of the images of linear transformation (75) on the Yablonskii-Vorob’ev root structures (those images were shown in the
middle row of Fig. 2). Notice that the current linear transformation involves a uniform x-position shift [see Egs. (60) and (77)], which
results in an overall x-shift of Az = —4(N — 1)/3 to the whole rogue pattern. This shift is quite visible in Fig. 5, especially for higher
order rogue waves, because the amount Ag of this shift increases with N. But since the Boussinesq equation is translation-invariant in
(x, t), this overall x-shift does not affect the shape of the rogue pattern.

Now, we compare these predicted Boussinesq rogue patterns of Fig. 5 to the true solutions. Again, for brevity, we only do the
comparison for the fifth-order rogue waves (N = 5). Under the same internal parameter choices and (x, t) intervals as those in the
bottom row of Fig. 5, the true Boussinesq rogue patterns are displayed in Fig. 6. It is seen that again, the true rogue patterns are visually
indistinguishable from our theoretical predictions on all aspects, from locations of fundamental rogue waves away from the center, to
fine details of lower-order rogue waves at the center, and to the amounts of x-position shifts to the whole structure. Order of accuracy
of our predictions as stated in Theorem 2 has also been confirmed numerically, with the details omitted.

4.3. Prediction and comparison for the Manakov system

Now, we consider the Manakov case. Our prediction from Theorem 3 for Manakov rogue patterns can be assembled into the formulae

Np

|U1.N(X7 f)| ~ ’ULNO(X, t)| + Z (‘ﬁl.l(x - &E)k), t— f(()k))‘ - ,01) , (86)
k=1
Np

|uan(x, £)] & |uz (%, 1)] + Z (‘flz,l(x e f(()k))‘ - /02) ; (87)
k=1
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Large a3

Large as

Large a7

Large ag

Fig. 5. Predicted Boussinesq rogue patterns uy(x, t) for the orders 2 < N < 5 and the large parameter a1 from m = 1 to N — 1. For each panel, the large parameter
Gym+1 in the rogue wave is displayed in Table 2, with the other internal parameters set as zero. The center of each panel is always the origin x =t = 0, but the
(x, t) intervals differ slightly from panel to panel. For instance, in the bottom row, the first two panels have —32.25 < x,t < 32.25 and —35.25 < x,t < 35.25
respectively.

Large a3 Large as Large a7 Large ag

Fig. 6. True Boussinesq rogue patterns uy(x, t) for N = 5. The internal parameters and (x, t) intervals for these true solutions are identical to those in the theoretically
predicted patterns shown in the bottom row of Fig. 5.

where Ny is given by Eq. (47), [uyny(x, t), Uz ny(x, t)] is the lower-order rogue wave at the center whose new internal parameters
(@1, @s, ..., dxny—1) are given by Eq. (72), the functions [il11(x, t), li;,1(x, t)] are the fundamental Manakov rogue wave given in Egs.
(64)-(65), with their positions ()?g‘), f(()k)) given by Eqgs. (67)-(68) for every one of the nonzero simple roots z((,k) of Q,E,"'](z), and N, is
the number of such fundamental rogue waves whose value is given by Eq. (48). Since the Manakov waves have two components, to
show both components, we will make the prediction and comparison for N = 5 only. With the system and background parameters
chosen as in Eq. (81), and with the large internal parameter a,n,,1 taken as in Eq. (82) respectively, and the other internal parameters
set as zero, the predicted rogue solutions (86)-(87) are plotted in Fig. 7. These predicted rogue patterns are a flesh-out of the bottom
panels in Fig. 2, which are images of the transformation (75) on the Yablonskii-Vorob’ev root structures for the Manakov system under
the same large-parameter values. In the current case, the linear transformation matrix B in Eq. (78) induces stretch and shear to the
Yablonskii-Vorob’ev root structure, and this skewed pattern is evident in Fig. 7. Another feature in the present Manakov case is that
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Large a3 Large as Large a7 Large as
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Fig. 7. Predicted patterns of fifth-order rogue waves in the Manakov equations under system parameters (81) (upper row: |ujy|; lower row: |u;n|). The large

internal parameter is as shown in Eq. (82), i.e., a3 = 40 in the first column, as = 400 in the second column, a; = 3000 in the third column, ag = 20000 in the
fourth column, and the other internal parameters are set as zero.

Large a3 Large as Large ar Large as

-26. 0 26. -26. 26. -26. 26. -24.
X X X X

Fig. 8. True fifth-order Manakov rogue patterns. The system parameters, internal parameters and (x, t) intervals for these true solutions are identical to those in the
theoretically predicted patterns shown in Fig. 7.

the predicted rogue patterns contain uniform shifts in both x and ¢, since A; and A, in Eq. (78) are both nonzero. However, under our
choices of system and background parameters (81) and for N = 5, we find from Eq. (69) that A; ~ —1.07433 and A, ~ —0.68328,
which are both relatively small. Thus, these (x, t) shifts to the rogue patterns in Fig. 7 are not as pronounced as those for the Boussinesq
equation in Fig. 5.

Now, we compare these predicted fifth-order Manakov rogue patterns to the true solutions. Under identical system and internal
parameter choices and (x, t) intervals as those in Fig. 7, the true Manakov rogue patterns are displayed in Fig. 8. It is seen that the true
rogue patterns closely mimic the predicted ones on all major aspects such as the overall shapes, orientations, and center-rogue-wave
profiles. Some minor differences do exist, such as the three sides of the triangular true-rogue patterns in the first column of Fig. 8 are
a little more curvy than the predicted ones in the first column of Fig. 7. But those differences will diminish if the large parameter a; in
those panels gets larger. Quantitatively, we have also verified the order of accuracy of our analytical predictions as stated in Theorem 3,
with details omitted.
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5. Proofs of the three theorems

Now, we prove our main theorems on rogue-pattern predictions stated in Section 3 for the three underlying integrable systems
when one of the internal parameters in their rogue waves is large.

5.1. Proof of Theorem 1 for the GDNLS equations

The proof of Theorem 1 for the GDNLS equations is quite similar to that which we developed in Ref. [43] for the NLS equation, since
the bilinear GDNLS rogue waves in Lemma 1 have similar structures as those for the NLS equation. Thus, our proof here will be brief.

When |ayne1| > 1 and the other parameters O(1) in the GDNLS rogue wave solution (5), at (x,t) where v/x2 +t2 = 0
(lazms1]"/®™+ V), we have [43]

S(x" (k) + v8) = SV [ 140 (G ") [ Haameal > 1, (88)
where
= (Vax+ Va[(@—1)+iva]t, 0,...,0,am41.0,...). (89)

Notice that the first element in this v vector is simply the leading-order terms of x]+ in Lemma 1 when (x, t) are large, and the retention
of only these leading-order terms in XT is sufficient here since we are only looking for the leading-order asymptotics in Eq. (88) at the
moment. From the definition of Schur polynomials (1), we see that S;(v) is related to the polynomial pj[m](z) in Eq. (43) as

Si(v) = 2'p"(2), (90)
where §2 was defined in Eq. (49), and
2= (Vax+ Vo (@ —1)+iVa]t). (91)

Similar relations can also be obtained for Sj(x~(n, k) + vs). Using these formulae and following identical steps as in Ref. [43], we find
that

N(N+1) [m] 2
Onk ~ X1 |Gamyq| 2m+1 ’QN (2)

where

(N+1)
L, (1 NN=D /9m +1 L
X1=Cy 3 “oam .

Since x; is independent of n and k, the above equation shows that for large ay;,11, 0-1.1/00,0 ~ 1, i.e., the solution |uy(x, t)| in Eq. (5)
is on the unit background, except at or near (x, t) locations (5(0, to) where

= Q1 (Vako + va [(@ - 1)+ iva] k) (93)

is a root of the polynomial Q,\[,mJ . These (xo, to) locations can be derived explicitly from the above equation, and their expressions are
given in Egs. (53)-(54) of Theorem 1. R
Next, we show that when (x, t) is in the neighborhood of each of the ()?0, to) locations given by Egs. (53)-(54), i.e.,, when
N A 71/2
[(x — X0)? + (t — t0)?] /
ei(lfyfa)xfi[a2+2(y72)a+17y]

, [aomi1] > 1, (92)

0(1), the rogue wave uy(x,t) in Eq. (5) approaches a fundamental rogue wave fiy(x — Xo,t — fo)

for large dxm1, where the function |ti1(x, t)| is given in Eq. (50). For this purpose, we notice that when
(x, t) is in the neighborhood of (xo, to) we have a more refined asymptotics for Sj(x*(n, k) + vs) as [43]

Si(x*(n. k) + vs) = Si(¥) [1 +0 (aZ;ﬁm*”)] : (94)
where
V=(x,0,...,0,a3m11,0,...), (95)

and xf is as given in Lemma 1. Notice that this new asymptotics boasts a relative error that is an order smaller than that of the previous
asymptotics (88); thus it is more accurate. This more accurate asymptotics is necessary because the previous asymptotics (88) gives
only zero contribution to oy in the neighborhood of ()?0, fo), as we have shown in Eq. (92). To arrive at this more refined asymptotics
(94), we have utilized the fact that s; = 0 and x;r = 0 in our bilinear rogue wave solution of Lemma 1. In addition, we have kept all
terms of xf in V now, not just its leading-order terms.

The polynomial S;(¥) in Eq. (94) is related to p[m]( ) of Eq. (43) as S(V) = .pr[m] (27 '), where £ is given in Eq. (49). Inserting
this relation into (94), we get a refined asymptotics for Sj(x*(n, k) + vs) through polynomials p[m](z). Similar refined asymptotics can
also be obtained for S;(x~(n, k) + vs).

Using these refined asymptotics of Sj(xi(n, k) 4+ vs) and following the same steps as in Ref. [43], we find that

N(N+1)—2

N(N+1)—2 R N R N 1 _
|Gamy1] @D [x?(x—xo,t—ro;n,k)x;(x—xo,t—to;n,k) 4] [1+o(a2,,1/+$m*”)], (96)

oni(X, t) = X1 ‘[Q,E,m]],(lo) :

where ¥ = [(2m+ 1)272™]~2/(2m+1) | Finally, we recall our assumption on the simplicity of the nonzero roots in Yablonskii-Vorob’ev
polynomials in Section 2.4, which implies that [Q,\[,m]] (z0) # 0. This indicates that the above leading-order asymptotics for oy, k(x, t) does
not vanish. Therefore, when a,,, 1 is large and (x, t) in the neighborhood of ()?0, fo), we insert the above equation into the rogue-wave

15



B. Yang and J. Yang Physica D 425 (2021) 132958

solution (5) of Lemma 1 and get

. * -1
i(17y7a)x7%[a2+2(y72)a+1—y:|t (050) " To-11
un(x, t)=e =

90,0

_ ﬁ (x—xo, — fo) i(1—y— a)x——[a +2(y—2)a+1— y] +0 (a;r;ifm+l))’ (97)

[x](x, £: 0,00 (x. £; 0,0) + ]*(V R [xF(x. 6 =1, Dx;(x, 65 =1, 1) + 1]
[x7(x, £5.0, 0, (x, £ 0,0) + 4]

(98)
is the fundamental GDNLS rogue wave given in Eq. (50), and the error of this prediction is O azﬂfmﬂ) .

Regarding the proof for the GDNLS rogue pattern near the origin in Theorem 1, it is identical to that for the NLS equation in Ref. [43].
Theorem 1 is then proved.

5.2. Proof of Theorem 2 for the Boussinesq equation

The proof for Theorem 2 is along similar lines of the previous proof but with small modifications.
When |ay,1] > 1 and the other parameters O(1) in the Boussinesq rogue wave solution (17), at (x,t) where /X2 +t2 =
0 (lazm411"7@™+V), we have

St +vs) =50 [1+0 (45 )]. ezl > 1, (99)
where
v=(x,0,...,0, a341.0,...), (100)

and xf(x, t)= (\/§i/6)(x + it) from Lemma 2. Unlike the earlier GDNLS case, all terms in xf here are of the same order for large (x, t);
hence we keep all of them. But we did drop the vs; term of xf + vsy in v even though s; # 0 now [see Eq. (24)], because this vs; term
is much smaller than XT and thus does not contribute to the leading order. The Schur polynomial S;j(v) is related to the polynomial
p]['"](z) of Eq. (43) in the same way as Eq. (90), except that z is now replaced by z = .Q‘]xf, where £2 is as given in Eq. (49). Thus,

St +vs) ~ 2pM(z),  |ami| > 1. (101)
Similarly, using the definition of Schur polynomials (1) and the fact that x; = —(xl )* from Lemma 2, we get
S(x +vs) ~ (—2Yp" (%), laamial > 1. (102)
Using these formulae and followmg the same steps as in Ref. [43], we find that o of Eq. (18) has the asymptotics
N(N+1) [m
o ~ X2 lGamy1| 2T |Qy (2 ) , |@ome1] > 1, (103)

where x, is a (N, m)-dependent constant. This asymptotics shows that the solution uy(x, t) in Eq. (17) would be approximately zero,
except at or near (x, t) locations (Xo, fo) where £27'x is a root of the polynomial %mj(z), ie.,

= 9—1?(5«0 +ifo) (104)

is a root of the polynomial Q,\[,m] . These (xo, to) locations can be derived explicitly from the above equation as
%o =N [zo (—21«6) 9] LB = [ ( zlf) ] (105)

Notice that these (Xo, fo) values match the leading-order terms of (o, fo) given in Theorem 2.
Next, we show that when (x, t) is in the neighborhood of each of the ()“co, fo) locations given by the above equation, i.e., when

[(x — X0+ (t —to) ]1/2 0(1), the Boussinesq rogue wave uy(x, t) in Eq. (17) under large a1 approaches a fundamental rogue
wave, whose location is not exactly at (5(0, fo) but is close to it. For this purpose, we use a refined asymptotics (94) for Sj(x* +vs) when
(x, t) is in the neighborhood of (Xo, fo), where the vector ¥ is now

V=(x]+vs1,0,...,0, a2m41,0,...). (106)

Compared to its GDNLS counterpart (95) and a similar one for the NLS equation in Ref. [43], the vector V here contains a new term vs.
This term was absent in the GDNLS and NLS cases becauseAs1 vanishes there. This new vs; term in v will introduce an additional O(1)
contribution to the fundamental-rogue-wave location (5(0, to) in Boussinesq rogue patterns, as we will see below.

The polynomial S;(V) is related to p[m]( ) of Eq. (43). Using that relation, we can rewrite the asymptotics of Sj(x™ + vs) as
Sxt +vs) = ™ (z 4 vs,27") [1 +0 (a;jifm“))] , (107)
where §2 is given in Eq. (49), and z = Q‘le as mentioned before. Similarly, we have

Si(x™ + vs) = (-2 y[ (m] (z—l—vs].Q’l)]* [1+o(a;;ﬁfm+”)] (108)
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in view that s; is purely imaginary [see Eq. (24)].
Using these refined asymptotics of Sj(;:\ci + vs), we can now estimate the leading order terms of o(x, t) in Eq. (18) when (x, t) is in
the neighborhood of (5(0, Eg). For this purpose, we use determinant identities and the Laplace expansion to rewrite o(x, t) as [12]

V3i\” V3i\’ i
o(x,t)= Z 15?;\’ |:<6 521—]—uj(x+ + UjS) X ]SC}?;V T 52171,,,].(2{ + VjS) s (109)

0<vi<vy<--<vy<2N—-1

where S; = 0 when j < 0. When ayn1 is large, §2 is large. In this case, contributions to leading-order terms in o(x, t) come from two
index choices, one being v = (0, 1,..., N — 1), and the other being v =(0,1,...,N — 2, N).

For the first index choice of v =(0,1,...,N — 1), i.e,, vy; =j— 1, we have
v N(N-1)
«/§i ﬁi 2 N(N+1) _
+ — — [m] 2/(2m+1)
15 [(s Sy e = () 2T det [ e+ G- Dme )] [140 (“2m+1 )] a0

Since z = Q”xl , Which is a linear function of x and t, and zg = 2~ xl T (X0, fy), we can rewrite z + (j — 1)s12 !

Z+(— s ' =z0+ X[ (x =Ko, t —f)+ (G — Ds] 27" (111)

[m]

Then, expanding Dai—j (z +(G—1)12~ ) around zq, we get

Py (24 G — 1)s127") = pyi(z0) + (pg'?_]j) 20) [x](x — %o, t —To) + (G — D)s1] 27" + 0(272). (112)
Substituting this expansion into the determinant of the above equation (110), the O(1) term of this determinant is QI\[,'"] (z0), which
is zero since zq is a root of this Yablonskii-Vorob’ev polynomial. To derive the remaining terms, we recall the property (44) of p["”( )

polynomials, which yields gpg,"] ]) (z9) = p[zT] i 1(2). Utilizing this relation, we find that many terms in the expansion of the determinant
in (110) vanish, and the only dominant contribution is

[m] 1
1§§§N [pz, Sletli-nne )]

= det [P5 (o). AL 0) - Py (20). Pl (20) [ (x = R £ = ) + (N = 1s1] | 27" + 0(27)
=i [ ] o) [k (= R, — Fo) + (N — 1] 27+ 0(272),

where cy is given below Eq. (45). In the last step, the fact of the determinant (45) of Q,b"” z) being Wronskian has been used. Recalling
that the s, value from Eq. (24) is purely imaginary, we can absorb the (N — 1)s; term of the above equation into its X term and get

et [pg;ﬂj (Z+G— 182" l)] — ! [Q,L’"]] (20) X7 (X — R0, t — o) 271+ 0(272), (113)
where (%o, fo) are as given in Theorem 2. Inserting this result into (110) and noticing that 2" = O(az_niﬁfmﬂ)), we get
- y - NY-1)
3i ’ 3i : (N+1)— A "
} de,tN (\2) 52i717VJ(x+ +vs) | =y [Q,\[,mj] (20) (i) o3 2XT(X — Xo, t — to) [1 +0 <az,;i(fm+”)] . (114)
<i,j<
Similarly, we get
B f Vi 7] \/‘ MN{U
3i / 3i N(N+1)-2 R A _
det (6) Soic1oy(® +18) [ = ¢! [Q,gml] (2) <6> (—2%) 7 X (x—Ro, t—to) [1 +0 (az,;ﬁ’"“))] . (115)
=1j=

Then, the contribution to Eq. (109) from the first index choice of v =(0,1,...,N — 1) is

N N(N+1)-2 _

X2 ‘[Q,S"”]( 0) T xT(x — Ro, t — fo) X7 (x — Ko, £ — fo)[l +O(a2,f,ﬁj"‘+”)], (116)
where

1 N(N—1) 5 1 N(N+1)—2
. N2_1 2 m+ 2m+1
e () () )
Next, we calculate the contribution to o(x, t) in Eq. (109) from the second index choice of v = (0, 1,..., N — 2, N). In this case,
utilizing Eq. (107), we get
/i)Y AT
3i 3i N(N+1)-2 [m] —2/2m+1)
[ () s o] - () T g b e o]
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The leading-order asymptotics of this determinant can be directly obtained by neglecting the v,-sl.Q‘1 terms and replacing z by z,
which gives

N(N—1)42

V3i K V3i : N(N+1)-2 - 1/@2m+1)
1557;1\1 |:(6 SZi_l_vj(x+ +us) | = - Q 2 lgeEN [pzT 1y (zo)] [l +0 <a2m+1m )]
N(N—21)+2
3i -
() e el o)) o
Similarly,
vy N(N—1)+2
\/§i «/§i 2 N(N+1)—2 _
det {( Saic1n(® +ys) | = (222 (—n) [QI\[,’"]] @) [1 +0 (az,},ﬁjm*”ﬂ . (120)
1<i,j<N 6 4 6
Then, the contribution to Eq. (109) from the second index choice is
2
. ’ N(N+1)-2 1 _
X2 [Qﬁ”]] (20)| lazmer] 2mFT |:—12 + O(aznlﬁmﬂ))] ; (121)
where Yx; is given in Eq. (117). Combining both contributions to o (x, t) of Eq. (109), we get
2
A N(N+1)-2 N AL N A 1 _
ox,t)=j [Q,\[Im]] (20)| lazm1] ™ 2mT [XT(X —Ro,t —To)X; (X —Xo, t — o) — 12] [1 +0 (azéﬁf'"“))]
1 ’ 2 N(N+1)-2 R R _
LS [Q,gml] (20) et [(x—Ro) + (t — fo)? + 1] [1 +0 (az,;ﬁf'"“’)] : (122)

Recalling our assumption on the simplicity of the nonzero roots in Yablonskii-Vorob’ev polynomials in Section 2.4, the ;{bove leading-
order asymptotics for o(x, t) does not vanish. Therefore, when a1 is large and (x, t) in the neighborhood of (fco, to), the above
asymptotics and Eq. (17) show that

un(x, t) = 282 Ino = 292 In[(x — &> + (¢t — f)* + 1] +0 (a;,;ﬁ'"“)) , (123)

which proves Eq. (61) in Theorem 2.
Next, we prove Eq. (63) in Theorem 2 regarding the asymptotics of the rogue wave uy(x, t) in the neighborhood of the origin. In
this case, we first rewrite the N x N determinant of o(x, t) in Eq. (18) as a 3N x 3N determinant [12]

o t) = Onxn  Dnxan (124)
—Wonxn  Dnsxon
where
j—1 i—1
V3i , V3i s
Dij= (6 S2ij [X+ +(G—- 1)5] , Y= T Syj—i [x + (i — 1)5] s (125)

and S; = 0 when j < 0. Then, we use relations similar to Eq. (58) of Ref. [43] to express the matrix elements of ¢ and ¥ as powers
of ayny1 and a3, | ; respectively. Next, we perform the same row and column operations of Ref. [43] to the & and ¥ matrices so that
certain high-power terms of @n 11 and az, ; are eliminated. Afterwards, we keep only the highest power terms of dayp, 1 in each row
or column of the remaining @ and ¥ matrices. With these manipulations, o (x, t) is asymptotically reduced to the same expression (64)
of Ref. [43], which is

x6=F ‘ Qoto o\ [110 (a1 )], (126)

—WongxNy  Langx2ng

where 3 is a (m, N)-dependent constant multiplying a certain power of |azn1],

j—1 i—1
~ V3i ) ~ V3i L
@,"j = (6 SZi—j [y+ —+ (] -1+ Uo)S] s 'I/i,j = T Szj_,‘ [y —+ (l — 1+ VQ)S] s (127)
vectors y* are x* without the a4 terms, i.e.,
yt=x"—-(0,...,0,a3011,0,...), ¥y =% +(0,...,0,05,,,,0,...), (128)
and vg = N — Ny, where Nj is a function of (N, m) as explained in Section 2.4.
For the NLS and GDNLS equations, s; = S3 = - - - = Soqq = 0. Because of that, the determinant in Eq. (126) could be further reduced

to one with vg set as zero in Eq. (127) due to the relation (65) in Ref. [43]. As a consequence, the asymptotics (126) would yield a
lower-order rogue wave uy,(x, t) in the neighborhood of the origin, whose internal parameters were identical to the corresponding
ones in the original rogue wave uy(x, t). However, for the Boussinesq equation, s,qq is not zero [see Eq. (24)]. Because of this, a slightly
different treatment is needed. In this case, we split the vector s into two vectors of even and odd elements,

S = Sodd + Seven, (129)
18
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where sy5q = (51,0, 53,0, ...), and Seyen = (0, S2, 0, S4, ...). Then, using a relation similar to Eq. (65) in Ref. [43], we can show that the
determinant in Eq. (126) is equal to one whose matrix elements are reduced to

i—1 i—1
_ V3iY , _ V3i ,
PDij = (6 Soii [¥*+ G —1)s+v0Soaa] . Wij= e Soj—i [y~ + (i — 1)S + v0 Soda] - (130)

Lastly, we absorb vg Soqq, i.e., (N — Ng) Soqq, into the vector y* in the above equations by redefining parameters
Uyr—1 = Gyr—1+ (N —No)spr—1, 7=1,2,...,Np. (131)

This absorption is possible since all so4q values are purely imaginary for the Boussinesq equation, see Note 2 below Lemma 2; hence
absorptions for y* and y~ are consistent. The o (x, t) function (126) with such matrix elements (130) then gives a No-th order rogue
wave, whose internal parameters a,,_; are related to a,,_; of the original Nth order rogue wave uy(x, t) through Eq. (131), i.e., (62) of
Theorem 2, and the error of this lower-order rogue wave approximation is O(|azm1 |=1) in view of Eq. (126). Eq. (63) in Theorem 2 is
then proved.

5.3. Proof of Theorem 3 for the Manakov system

The proof of Theorem 3 for the Manakov system has a lot in common with proofs for Theorems 1 and 2; so we will be brief here.
First, we consider the solution asymptotics away from the origin when a1 is large. In this case,

S k) +v9) =50 [ 140 (G ™) el > 1 (132)

S k) +vs) = S00 [ 140 (a5 ) | ezl > 1, (133)
where

V= (p1X+2ipop1f, 0,...,0, a2m+1,0,...), (134)

whose first element is the leading-order terms of x;’ in Lemma 3. Using these asymptotics and repeating similar steps as before, we
find that the solution [|uy n(x, t)|, |uz n(X, t)|] would be on the uniform background except at or near (x, t) locations ()?o, to) where

2o = 27" (p1Xo + 2ipop1to) (135)

is a root of the polynomial Q,\[,m](z). This (20, fo) is the leading-order approximate location of nontrivial rogue dynamics, and they can
be solved explicitly as

o S)‘[ @ ] L @[ZO.Q]
Xo = R =—p:|, =——23[=—].
T %) L Y T 2%0)” | pa

Next, we use a refined asymptotics to show that near the above location there is a fundamental Manakov rogue wave, whose position
is the above ()?0, tg) plus a certain O(1) shift. We start with the refined asymptotics

S (n )+ vs) = 2l [ 4 vs; 2] [1 +0 (agjﬁf””)] , (136)

where zt = .Q”XT, and xT(x, t; n, k) is defined in Lemma 3. Performing similar calculations as in the proof of Theorem 2 for the
Boussinesq equation, we have

det [ (2" + (= Ds27") | = i [ Q] (zo) [ (x = Rou £ = Form k) + (N = D] 27"+ 0(272),
<1j=

We can absorb the (N — 1)s; term of the above equation into its Xy and &, terms, so that it becomes

!/
15,?;\: [p[z',"_]] (" +G- 1)51.{2’1)] =c! [Qﬁ”]] (20) XF (X — Ro, t — To; n, k) 271 +0(272), (137)
where (X, fo) are as given in Eqgs. (67)-(68) of Theorem 3. This (X, fo) is the improved, and asymptotically more accurate, location of
a fundamental rogue wave, which we will see in a moment.

The o, determinant in Eq. (35) of Lemma 3 can be expanded similarly to Eq. (109). Using the above asymptotics and their
counterparts for Sj(x~(n, k) 4+ vs*), and repeating similar calculations as in the proof of Theorem 2, we can readily get

N(N+1)—2 R A _ o ~ |I71|2 -
|Gome1] 2D [XT(X —Ro, t —loyn, kX (x = Ro, t —losn, k) + ——— [1 +0 (az,;ﬁf"””)] :

onk(x, t) =X
nk(X, ) = X3 o+ PP

[0 o]

where
N—1)

2 N( N(N+1)—2
A -2 |p1| 2 2m+1 2mt
X3 = CN 7(1)0 n p§)2 722m .

From Lemma 3, we see that the leading order term of this asymptotics of o, k(x, t) yields the fundamental rogue wave of the Manakov

system, whose explicit expressions are given in Eqs. (64)-(65), and the error of this leading order approximation is O (az_,;ﬁmﬁ)).

Asymptotics of (70)-(71) away from the origin in Theorem 3 is then proved.

Regarding the asymptotics (73)-(74) in the neighborhood of the origin, its proof is identical to that for the Boussinesq equation.
In particular, the new parameters {d,, ds, . .., ?12N0_1} in the lower-order rogue wave [u; ny(X, t), Uz ny (X, t)] are related to the original
parameters {a;, as, ..., axn,—1} by the same relation (131), which is Eq. (72) in Theorem 3. This completes the proof of Theorem 3.
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6. Universal rogue patterns associated with the Yablonskii-Vorob’ev polynomial hierarchy

Rogue patterns presented in Theorems 1-3 for the GDNLS, Boussinesq and Manakov equations have a lot in common. In all three
cases, their rogue waves form clear geometric shapes made up of fundamental rogue waves, whose (x, t) locations are determined by
the root structures of the Yablonskii-Vorob’ev polynomial hierarchy Q,\[,'"](z) through a linear transformation (75). In addition, a possible
lower-order rogue wave may appear at the wave center. Since this transformation (75), from the complex root plane of Q,E,m](z) to the
(x, t) plane of fundamental-rogue-wave locations, is linear, we see that rogue patterns in these equations are nothing but a linear
transformation of the Yablonskii-Vorob’ev root structures. These root structures have elegant shapes such as triangles, pentagons and
heptagons (see Fig. 1), and their linear transformations are just those shapes under simple actions such as rotation, dilation, stretch,
shear and translation (see Fig. 2). This explains all the rogue-wave shapes illustrated in Section 4 for these three integrable systems.

Clearly, the above rogue patterns are not restricted to these three integrable systems. In fact, we reported these same rogue patterns
first for the NLS equation in Ref. [43]. In that case, rogue patterns from the fundamental (Peregrine) waves are described by the linear
transformation (75) as well, where

N(L) —J(2) Aq 0

Bz[:sm) 9R(2) ] [A2}=[0] (138)
and 2 is as defined in Eq. (49). We have also checked the three-wave resonant interaction system, whose bilinear rogue waves were
derived in Ref. [65]. Again, for a broad class of its rogue waves which are counterparts of Manakov rogue waves in Lemma 3, we
have found that when one of their internal parameters is large, those rogue waves would exhibit geometric shapes, made up of
fundamental-rogue-wave “molecules”, that are also the linearly-transformed root structures of the Yablonskii-Vorob’ev polynomial
hierarchy, together with a possible lower-order rogue wave at the center, just like the NLS equation and the three other integrable
systems considered in this article.

In all these integrable systems, the t functions of their rogue waves can be expressed through Schur polynomials with index jumps
of 2, see Eqgs. (7), (18), (35) and Ref. [43,65]. Whenever that happens, we can clearly see from the asymptotic analysis such as that
given in the previous section that rogue patterns will always be linearly-transformed Yablonskii-Vorob’ev root structures. Since the t
functions of rogue waves can also be expressed through Schur polynomials with index jumps of 2 in many other integrable systems,
such as the Ablowitz-Ladik equation [71], the Yajima-Oikawa system [72], the nonlinear Schréodinger-Boussinesq equation [73], and
the long-wave-short-wave interaction system [74], rogue patterns similar to the ones reported in this article would obviously hold for
such systems as well. Thus, these are universal rogue patterns associated with the Yablonskii-Vorob’ev polynomial hierarchy.

What are the common features of these universal rogue patterns obtained from a linear transformation (75) to the Yablonskii-
Vorob’ev root structures? First, these rogue waves all have geometric shapes such as triangles, pentagons and heptagons, formed by
fundamental-rogue-wave components, together with a possible lower-order rogue wave at the center. These geometric shapes are
inherited from similar shapes in the Yablonskii-Vorob’ev root structures. Second, the size of the rogue pattern in the (x, t) plane is
proportional to [£2], i.e., to [aymy1]V?™ Y, where aymyq is the large internal parameter of the rogue wave. The reason is that this size
is controlled by the magnitude of the matrix B’s elements in the transformation (75), and it is easy to see that the magnitude of every
element in the matrix B is proportional to |£2|. Thirdly, the orientation of the rogue pattern is controlled by the phase of the large
parameter dy;,.q through the matrix B of the transformation. This third feature has been elaborated for the NLS equation in Ref. [43],
and is also clearly visible from the matrix B’s expressions (76)-(78) for the GDNLS, Boussinesq and Manakov equations.

Are there differences between rogue patterns in different integrable systems? Definitely, as inspections of rogue patterns displayed
in Section 4 clearly show. The largest difference is the amount of stretch and shear induced by the matrix B to the Yablonskii-Vorob’ev
root structures. For the NLS equation, the Boussinesq equation, the GDNLS equations with ¢« = 1, and the Manakov system with
po = 1/2, the matrix B is equal to a certain scalar multiplying a rotation matrix. In such cases, the action of the B matrix on the
root structure is just a combination of dilation and rotation — no stretch and shear. The resulting rogue patterns are then the most
recognizable from the Yablonskii-Vorob’ev root structures, see Figs. 5-6 for the Boussinesq equation and Ref. [43] for the NLS equation.
However, for other integrable systems such as the GDNLS equations with & # 1 and the Manakov system with pg # 1/2, the B matrix
does induce stretch and shear, and the resulting rogue patterns are thus skewed versions of the Yablonskii-Vorob’ev root structures,
see Figs. 3-4 and 7-8. The degree of this skewness is determined by details of the B matrix. Our studies show that in the GDNLS and
Manakov equations, this skewness is often quite visible; but in the three-wave interaction model, this skewness is often more severe.

Another difference between rogue patterns in different integrable systems is the amount of position shifts to the rogue structure,
which is induced by the vector [A1, A;] in the transformation (75). This position shift is zero for the NLS and GDNLS equations, but
nonzero for the Boussinesq and Manakov systems. However, since this position shift is uniform, it does not cause visual changes to the
shape of the rogue pattern.

7. Summary and discussion

We have shown that universal rogue wave patterns exist in integrable systems. These rogue patterns are linearly transformed root
structures of the Yablonskii-Vorob’ev polynomial hierarchy. At each transformed nonzero root lies a fundamental rogue wave of the
underlying system, and at the transformed zero root lies a lower-order rogue wave of the system. Visually, these rogue patterns appear
in shapes such as triangles, pentagons and heptagons, or their skewed versions due to stretch and shear. They reliably arise when
one of the internal parameters in bilinear expressions of rogue waves gets large, and different internal parameters induce different
rogue shapes. Detailed analytical predictions of these rogue patterns have been worked out for the GDNLS, Boussinesq and Manakov
equations, and these predictions have been found to be in complete agreement with true rogue patterns. When compared to rogue
patterns reported earlier for the NLS equation in Ref. [43], the main difference is that in these more general integrable systems, rogue
patterns can be skewed versions of the Yablonskii-Vorob’ev root structures.

These rogue patterns associated with the Yablonskii-Vorob’ev polynomial hierarchy can also arise in other different situations.
For example, rational high-order lump solutions in configurations of triangles, pentagons and heptagons have been reported in the
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Kadomtsev-Petviashvili (KP) I equation [75]. This is not surprising, since at least some rational lump solutions of the KP-I equation
can be obtained from NLS rogue wave solutions through a proper variable connection [9]. KP lumps can also be expressed through
generalized Schur polynomials [76-78]. Thus, performing large-parameter asymptotics to these KP-lump solutions in the same spirit
as this paper, patterns of KP lumps could be analytically predicted.

It is noted that these rogue patterns as reported in this article are universal when the t functions of the underlying rogue wave
expressions can be expressed through Schur polynomials with index jumps of 2, which is the case for the three integrable systems of
this article and many others [43,71-74]. However, there also exist rogue waves whose t functions cannot be expressed through Schur
polynomials with index jumps of 2. For example, certain rogue waves in the three-wave resonant interaction system as derived by the
bilinear method in Ref. [65] are expressed through Schur polynomials with index jumps of 3 instead of 2. When internal parameters
in such rogue waves get large, very different rogue patterns will arise, and they will be asymptotically described by root structures of
different types of polynomials. Pattern analysis of such rogue waves is beyond the scope of this article and will be pursued in future
publications.
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Appendix A

In this appendix, we briefly derive the new bilinear expressions of Boussinesq rogue waves presented in Lemma 2. These rogue wave
expressions can be obtained by applying the new parameterization developed in Ref. [21] to the bilinear derivation of rogue waves in
Ref. [44]. Specifically, instead of the previous choice (7) for the matrix element mj; in Ref. [44], which we denote as ¢; in the present
paper, we now choose

1 1 .
i = = [f(P)3p]' = [f(q)9 Yo , (139)
i! j! p=g=—1
where
o= @D oS 0w + 3 b i@ ). (140)
—2([) + Q) r=1 r=1
£ =pxi+Dp°%, 1= qx1 — ¢, (141)

f(p), W(p) are certain well-defined functions given in [44], and a,, b, are arbitrary complex constants. Obviously, the function t =
deti<jj<n ((152171,21;1) with the above choice of ¢ also satisfies the bilinear equation (38) in Ref. [44]. Then, when we set b, = (—1)"a;,
x1 = x/2 and x, = —it/4, this t function would satisfy the bilinear equation (35) of the Boussinesq equation in Ref. [44].

Applying the same reduction technique of [44] to the above new 7 solution, we can remove the differential operators in the
expression (139) of its matrix element ¢; and reduce it to o = deti<;j<n (¢21‘71,2j—1). where

min(i.j) —1\"’
¢i.j = Z <E> Sifv(;‘+ + vs) ijv(&7 + vs), (142)
v=0

vectors 8* = ()?1i .. ) are defined by

e2in/3 + (_l)re—Zin/B

Pt — _oy—1;

= R [x+ (=27 "it] +ar, r>1, (143)

. eZin/3 + (_])r672i71/3 . .

i = 3 [x—(=2y7lit] + (=1)a}, r=>1, (144)
and s = (sq,Sy,...) are coefficients from the expansion (23) in Lemma 2. Notice that (fc;“)* = (—=1)% and [S;(&" + vs)]* =

(—l)iSj(&‘ + vs), and thus o is real. Through a shift of the x and t axes, we normalize a; = 0 without loss of generality. Finally,
we split the vectors &* into ¥* 4+ w*, where ¥* = (%°,0,%5,0,...), and w* = (0,5, 0,%F, ...). Repeating the same steps as in
Appendix A of Ref. [43], we can show that the determinant det;<;j<y (¢2i—1,2j—1) becomes one whose matrix element ¢;; is as given in
Lemma 2.
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Appendix B
In this appendix, we briefly derive the Manakov bilinear rogue waves presented in Lemma 3.

Under the transformation

kix+wqt)
s

) h .
(X, £) = pr ?e“ (. 1) = pr gl (145)

where f is real and (g, h) complex, the Manakov system (25)-(26) can be converted into the following bilinear equations,
(D2 +e1p} + €102) f - f = e1p?gg™ + e2p3hh*,
(iD¢ + D2 + 2ik{Dy) g - f =0, (146)
(iD¢ + D2 + 2ikyDy) h - f = 0.

This bilinear system can be reduced from the following higher-dimensional bilinear system in the 2-component Kadomtsev-Petviashvili
(KP) hierarchy [79],

(%DxDr - 1)tn.k *Tnk = —Tn+1,k Tn—1,k»
D? — D, + 2aD,)t, “Tak =0,
(1x y )Tk - Tnk (147)
(3DxDs — D)ok * Tk = —Tnket1 Tnk—1
(D;% —Dy, + 2bDy)tn k41 - Tak = 0,
where n, k are integers, 7,k is a function of four independent variables (x, y, r, s), and
a:ik1, b:1k2 (]48)

The solution t,\ to these higher-dimensional bilinear equations was given by a certain Gram determinant in Ref. [79], but that Gram
solution was appropriate only for the derivation of dark solitons. For the derivation of rogue waves here, the solution 7, should be
chosen as

— (n,k)
Tnk = 15(1-;]5_th <¢iquu)s (149)
where (iq, i3, ..., iy) and (j1, j2, . .., jn) are arbitrary sequences of indices, the matrix element d)i(j"‘k) is defined as
¢i(jl1,’() _ AiBj(p(n,k)’ (150)
n k
410 — (p + 90)(q + po) (_p—a) (_p—b) &, (151)
(Po+q)p+q) \ q+a q+b
E=px+p’y+ r+ s+ &(p), (152)
p—a p-—b
1
2
=qx — + r+ ——s+ , 153
S 10(q) (153)
1 i 1 i
A= i3], 5= Fi ()3} . (154)

D, q, Do, qo are arbitrary complex constants, and &y(p), n0(q), f1(p), fo(q) are arbitrary functions of p and g respectively. The reason these
functions also satisfy the higher-dimensional bilinear system (147) is that these functions satisfy the same differential and difference
relations (10) of Ref. [79]. Compared to the counterpart choices of the t-function’s matrix elements in Eq. (8) of Ref. [79], our choice
of the ¢™¥ function above contains an extra factor of (p + qo)(q + Po)/(Po + qo). The benefit of this extra factor is that it will slightly
simplify the derivation of rogue wave expressions through Schur polynomials at the end of this appendix. It is noted that this extra
factor has also been introduced in the derivation of rogue waves for the Boussinesq equation in Appendix A of this article, and for the
NLS equation in Ref. [43], for similar reasons.
To reduce the higher-dimensional bilinear system (147) to the original system (146), we need to set

f=100 g=ti0. h=1,:, y=it, (155)
impose the dimension reduction condition
(zax + 61/0128r + 6292285) Tk = C ok, (156)
where C is some constant, and impose the conjugation condition
Tonk = Tppe (157)
These two reductions proceed exactly the same way as in Ref. [65]. Here,
(20, + €1070; + €20305) B\ = AB; [Fi(p) + Fa(q)] 6™, (158)
where
€1p;  €p3
Fip) = + + 2p, (159)
p—a p-—b

22



B. Yang and J. Yang Physica D 425 (2021) 132958

which is the same as the expression (32) in Lemma 3 in view of Eq. (148), and F,(q) is the above F;(p) function with p switching to
q and (a, b) switching to their complex conjugates. Then, if po is a non-imaginary simple root of the algebraic equation F;(p) = 0, the
dimension reduction and complex conjugation conditions (156)-(157) would be satisfied if we select the 7, ; determinant (149) as

T = det ( P ) (160)

1=<ij=N

where the matrix elements in 7, are defined by

(k) _ 4 e a(nk)
¢y = A |p=po, a=p§. do=p}’ (161)
the function fi(p) inside the operator .4; is given by
F3(p) — F1(po)
Hp)=——F 5. (162)

Fi(p)
the function f,(q) inside the operator 3; is the same as (162) except that the variable subscript 1 changes to 2 and (p, pp) change

to (q, p§), and the function no(q) in @9 is taken as 1o(q) = [£o(p)]*. Regarding free parameters, they are introduced through &y(p)
as [21,65]

E(p) =Y _ a:In" Wi(p). (163)
r=1

where

Fi(p) + / Fi(p) — Fi(po)
Fi(po)

and g, (r = 1,2, ...) are free complex constants. Notice that W;(p) is related to fi(p) through the relation f;(p) = W1 (p)/W;(p), which
was the key idea of the W-p treatment for dimension reduction as proposed in Ref. [44] and generalized in Ref. [65].

Lastly, we remove the differential operators in the matrix elements (161) and derive more explicit expressions of rogue waves
through Schur polynomials. This derivation is very similar to that we did in Ref. [65] for the three-wave system. In fact, this derivation
is a bit simpler now due to our introduction of the extra factor (p + qo)(q + po)/(po + qo) in Eq. (151). Our algebraic expressions for
matrix elements of rogue waves can be further simplified beyond those in Ref. [65] by using the technique of splitting #* into x* +w™*,
just as what we did at the end of Appendix A for the Boussinesq equation. Combining these steps, we then can obtain the rogue wave
expressions given in Lemma 3 for the Manakov system. In addition, the parameter a; can be normalized to zero through a shift of the
(x, t) axes.

Wi(p) = , (164)
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