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Abstract

In this paper, we study the general rogue wave solutions and their patterns in the vector (or
M-component) nonlinear Schrédinger (NLS) equation. By applying the Kadomtsev-Petviashvili hi-
erarchy reduction method, we derived an explicit solution for the rogue wave expressed by 7 functions
that are determinants of K x K block matrices (K = 1,2,---, M) with an index jump of M + 1.
Patterns of the rogue waves for M = 3,4 and K = 1 are thoroughly investigated. We find that when
a specific internal parameter is large enough, the wave patterns are linked to the root structures
of generalized Wronskian-Hermite polynomial hierarchy in contrast with rogue wave patterns of the
scalar NLS equation, the Manakov system and many others. Moreover, the generalized Wronskian-
Hermite polynomial hierarchy includes the Yablonskii-Vorob’ev polynomial hierarchy and Okamoto
polynomial hierarchies as special cases, which have been used to describe the rogue wave patterns
of the scalar NLS equation and the Manakov system, respectively. As a result, we extend the most
recent results by Yang et al. for the scalar NLS equation and the Manakov system. It is noted that
the case M = 3 displays a new feature different from the previous results. The predicted rogue wave
patterns are compared with the ones of the true solutions for both cases of M = 3,4. An excellent
agreement is achieved.

Keywords: Kadomtsev-Petviashvili hierarchy reduction method, vector nonlinear Schrodinger
equation, rogue waves, pattern formation, Wronskian-Hermite polynomials

1 Introduction

Rogue waves have been known in the maritime community as part of folklore for centuries. Notable
features of such waves include sudden emergence, abnormally large amplitude, and disappearance without
any trace. These characteristics indicate that rogue waves may result in tremendous impacts on their
surrounding environment and have been associated with many maritime disasters [24]. Systematic studies
on rouge waves started only after the first verified measurement of an extreme water wave on 1995 [31].
Remarkably, research on rogue waves has developed considerably since 2007, following the discovery of
rouge waves in optical fibres [51], which has attracted much interest in both optics and hydrodynamics.
Since then, there has been an explosion of studies to explore rogue waves extended to other physical
systems, such as superfluid helium [29], Bose-Einstein condensates [13], capillary waves [50], and plasmas

[].
In optics and hydrodynamics, the mathematical models governing wave propagation can be derived
from Maxwell’s equations and the Euler equations, respectively [23]. Under further assumptions, the
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nonlinear Schrédinger (NLS) equation, which describes the evolution of slowly varying wave packets in
nonlinear wave systems, can be reduced from both of these two models [I]. Owing to its integrability,
the NLS equation has been widely studied [8 25| 37, [47, [54] 64] and shown to admit a number of
analytic solutions. In particular, one of its rational solutions, namely the Peregrine soliton [48], is widely
regarded as the prototype of rogue waves. In the past two decades, mathematical study on rogue waves
has attracted much attention, and various higher-order rogue wave solutions of the NLS equation have
been constructed [2], 22], B8] B0, 45]. It is worth noting that these solutions in turn have facilitated the
experimental studies of rogue waves. On the other hand, explicit rogue wave solutions have been derived
in various integrable equations, such as the derivative NLS equation [57], the Yajima-Oikawa equation
[15 [16], the three-wave equation [59], the Manakov system [6] [19], the Sasa-Satsuma equation [27] [55],
and many others. Besides, rogue waves of infinite order have been uncovered [10, 12] by making use of
the Riemann-Hilbert approach [63], while rogue waves on the periodic background [I7} 18] [26] have also
been explored. Large-order asymptotics for solitons [9] and [I1] rogue waves of the NLS equation were
analyzed by using the inverse-scattering transform method.

In addition to their physical significance, rouge waves may exhibit extremely regular and symmetric
patterns, which are intriguing and can provide critical information for predicting subsequent rogue waves
from previous ones. For instance, circular rogue wave clusters of the NLS equation were reported in [38]
by using Darboux transformation and numerical simulations. Soon after this phenomenon was confirmed
analytically in [32], a systematic classification of the NLS rogue wave patterns was obtained in [39]
according to the order of rogue waves and the parameter shifts involved in the Akhmediev breathers in
the rogue-wave limit. Moreover, this study reveals various highly symmetric geometric structures of rogue
waves under certain choices of parameters, including triangles, pentagons, heptagons, and nonagons. A
even more remarkable observation is that, which was first shown in [60], the distribution of rogue waves
for specific choices of parameters looks very similar to another independent object, that is, the root
structure of the Yablonskii-Vorob’ev polynomial hierarchy, which is closely related to rational solutions
of the Painlevé II hierarchy [2I]. When specific internal parameter is large enough, the deep connection
between these two objects has been established analytically in [60], which is a remarkable progress in
the study of rogue waves. Following this work, it is found that [58] such patterns are universal, as rogue
waves of many other integrable equations demonstrate similar patterns, such as the Boussinesq equation
and the Manakov system, as long as the Schur polynomials involved in the 7 functions have index jumps
of two. Beyond that, Yang and Yang [62] very recently discovered that other rogue wave patterns exist
when the index jumps are three, and these patterns are characterized by root structures of Okamoto
polynomial hierarchies.

Inspired by the works in [60, 58| [62], some natural problems arise.

e Can we construct the rogue wave solution in M-component NLS equation?

e What about the patterns of rogue waves for M = 3,4 or even the general case? Are these patterns
related to some orthogonal polynomial hierarchy?

The main objective of this paper is to solve the problems listed above by considering the vector NLS

equation
M

i) ¢ + Uj g + (Z ok |uk2> u; =0, j=1,2--- M, (1)
k=1

where M is a positive integer and o, = +1. For M = 2, it is known as the Manakov system [42], which
is a model that governs soliton propagation through optical fiber arrays [3, B3], B6]. Our results consist of
two ingredients. First, we will apply the Kadomtsev-Petviashvili hierarchy reduction technique to derive
rogue wave solutions of the vector NLS equation whose 7 functions are represented by determinants of
K x K block matrices (K =1,2,---, M) with index jumps of M + 1. The crucial point of this part is to
solve a system of algebraic equations (see Lemma and its proof). Then we will study the rogue wave
patterns for M = 3,4 and K = 1. We find that when a specific internal parameter is large enough, these
patterns are connected to the root structure of a new orthogonal polynomial hierarchy, which is called
generalized Wronskian-Hermite polynomials (see Section 2). Moreover, we notice that the Yablonskii-
Vorob’ev polynomial hierarchy and Okamoto polynomial hierarchies are special cases of the generalized
Wronskian-Hermite polynomials. Accordingly, our results have unified rogue wave patterns of the scalar
NLS equation and the vector NLS equation for M = 2,3,4. In addition, we find that the proof in the
inner region for M = 3 is different from other cases. In the proofs of the inner region of the scalar NLS
equation and the Manakov system, one can perform row and column operations to reduce the 7 functions
into determinants of block matrices with lower triangular matrices at the (1,1) entry whose elements on



the diagonal are all 1. Then the sizes of the determinants can be decreased; hence these waves can be
approximated by possible lower-order rogue waves in the inner region. However, although the waves for
M = 3 can also be approximated by possible lower-order rogue waves in the inner region, it turns out
that in certain cases the sizes of the determinants remain unchanged after row and column operations,
as the (1,1) entries of the block matrices are no longer triangular. The predicted rogue wave patterns are
compared with actual ones, and excellent agreement is achieved.

The structure of this paper can now be explained. Section [2] presents some preliminary results that
will be used in the subsequent discussions. We first provide explicit rogue wave solutions with index
jumps of M + 1 of the vector NLS equation, and it is shown that these solutions are expressed by K x K
block matrices (K = 1,2,---,M). This is followed by an introduction to the generalized Wronskian-
Hermite polynomials and the study of their root structures. Then rogue wave patterns for the three- and
four-component NLS equations under the condition that specific parameters are large enough are stated
in Section 3] which form the main results of this paper. Section |4]is devoted to comparing predicted and
actual rogue wave patterns, while the proofs of the main results are provided in Section [5] We summarize
the main results of this paper in Section [6} Finally, the proof of Lemma which involves the study
of multiple roots of some rational function and plays a pivotal role in this paper, and derivations of
rogue wave solutions in the vector NLS equation are given in Appendices A and B respectively, while the
results on root structures of the generalized Wronskian-Hermite polynomials of jump k& = 4,5 are proved
in Appendix C.

2 Preliminaries

2.1 Rogue wave solutions of the vector nonlinear Schrédinger equation

This section presents rogue wave solutions of the vector NLS equation , which possesses an infinite
dimensional algebra of non-commutative symmetries [40]. We note that these solutions have been studied
before [7, 19, 41, 43], 49| [65]. In particular, vector Peregrine solitons were found by applying the loop
group theory in [65], in which the authors proposed the problem of whether patterns of these rogue
waves are related to Yablonskii-Vorob’ev polynomial hierarchy. This problem was later confirmed for the
Manakov system [56], which has been taken as an example to show that universal rogue wave patterns
associated with the Yablonskii-Vorob’ev polynomial hierarchy exist in integrable systems. Very recently,
new patterns of another class of (degenerate) rogue waves of the Manakov system have been obtained
by Yang and Yang [62] through establishing the connection between these waves and the Okamoto
polynomial hierarchies. A remarkable feature of these new patterns is that, unlike previous patterns, the
transformations between the locations of fundamental rogue waves and zeros of the Okamoto polynomial
hierarchies are nonlinear, thereby leading to deformations of rogue patterns. Inspired by these studies,
we will extend the results in [62] and solve the problem mentioned above in [65] for M = 3,4 by studying
patterns of degenerate rogue waves of the vector NLS equation . To this end, we introduce some
notations and lemma that will be needed.
The Schur polynomials S, (x) are defined by

Z Sp(x) A" = exp (Z xk)\k> ,
k=1

n=0

where & = (z1, 2, -+ ). To be more specific, we have

m 1
So(@ =1, Si@)=r, S@)=yFtm ., S@= 3 (H”f;) (2)

li+2l++mlyp=j \i=1
Further, we define S;(x) =0 for j < 0.

Lemma 2.1. Let M be a positive integer and A; > 0,7; # 0, k; be real constants, j = 1,2,..., M, where
the k;’s are distinct. Let Rjs(2) be a rational function defined by

M
Rou(z) = Zﬁ +o. (3)

j=1



Then Rps(z) = 0 has a pair of complex conjugate roots with nonzero imaginary parts of multiplicity M
Arcos[n/(M +1)] — ky £ idy sin[n/(M + 1)], (4)
if the parameters r;, k;, j = 2,..., M, satisfy the conditions
ki = ki+ X (sin[r/(M + 1)]cot[jm/(M +1)] — cos[x/(M + 1)]),
and

smhﬂMqln)M“
]

sin[jn/(M + 1) (5)

M
ry =207 [0~ k) (s
b

Remark 1. The equation Rjps(z) = 0 may have real roots of multiplicity M as well. For instance, the

equation
162 256 16

(+2)? (=43 (z+1)?

has a real root 1 of multiplicity 3, while the equation

+2=0

1024 n 3125 2592 n 81
(z+2)2  (2+3)2 (24+4)2  (2+1)2

+2=0

has a real root 2 of multiplicity 4. Nevertheless, this case will not occur in our subsequent discussions.

We will provide the proof of Lemma in Appendix A. Next, we define the functions Gy (p) and
p(k) respectively by

Gulp) = ; ;—J[?kj + 2p, (6)
Gu(p(r)) = %i(ol)) A:i: exp <exp (Azinerll) 5) ;
e (EP e o

where p; > 0,k; are real constants, j = 1,2,--- , M. We may deduce from Lemma that if o, p; and
kj,j=1,2,---, M, satisfy the constraints

kj = ki + A (sinfr/(M + 1)] cot[jim/(M + 1)] — coslr/(M + 1)]),

M il M+1
ij? _ 2(_1)j+1 H(kj — k’i)—l ()\1 m) ’ ¥

i#j
then the algebraic equation
G (p) =0 (9)
has a pair of non-imaginary roots of multiplicity M given by

£\ sinfr/(M + 1)] — i)y cos|n/(M + 1)] + ik;. (10)

Theorem 2.2. Let M be a positive integer, p; > 0,k; be real constants, and o; = 1, where j =
1,2,---,M. Assume p; and k; are given by (8). Let Gas(p), p(r) be functions defined by (6)) and



respectively. Let a:Ii = (xfj,xil, . ) ,JI=1,2,...,M, and s = (s1, S2,- - - ) be the vectors defined by

M
1’27—[ = o;x + 5llt + Z leeij + Qi J, (11)
j=1
M
= ajw = Blit =) nb +aip, (12)
j=1

o[ (5 o) | -2 ®

where the asterisk ‘’ represents complex conjugation, py = p(0), p1 = p’(0), the a;;’s are arbitrary
constants, and o, Bi, 0i;, 7 =1,2,..., M, are defined by the expansions

o0

[eS)
=2 ', p =2 b
r=1

=1

Zﬁmﬁ

In this case, the M-component NLS equation (1)) admits A/-th order rogue wave solutions

po*lk

Uj N = Mei(kaerjt)a ] = 1727 e 7M5 (14)
In
where
w; =Y oip; =k}, N =(Ni,Na,...,Nus), (15)

with N; (j =1,2,---, M) being nonnegative integers, and f and g, are given by
fN = Tngy Y9j,N = Tn, (16)
with
M
ng = (0,0,...,0) e RM, n; = 25]‘18!,

e; being the standard unit vector in RM and §; being the Kronecker delta. Here, 7, is given by the
following K x K (K =1,2,--- , M) block determinant

TI[IILII] ’TI[III’IZ] .. t[]Il,IK]

7_1[112111] Ty%b] 1[1 TK]
™ =det | . . . ) (17)

TI[IIK’II] TI[IIK,IQ] .. TI[]IK,IK] NxN
where

nz(nl,nQ,...,nM), 1I<h<b<---<Ig<M, (18)
1.7] ( (0,1,.7) , ) 1<I,J<M 19
n TMAN=LOMDI=T )y gienpaggen, T 0 00 T (19)

ni,ng,...,ny are integers, I;, Ny, (j = 1,2,--- , K) are positive integers with Ny, + N, +---+ N, = N
and Ny =0 for [ € {1,2,--- ,MI\{[1, 5, -+, Ik}, and the corresponding matrix elements of are
defined by

min(%,5) 2
mEE’I’J) = Z _ el —| Si-o (xf () +vs) Sj_y (z;(n) +vs*). (20)
v=0 (p() + po)

We provide the proof of Theorem [2.2]in Appendix B.

Remark 2. The rogue wave solutions to the vector NLS equation in Theorem are represented
by 7 functions which have matrix elements expressed by Schur polynomials with index jumps of M + 1.



These rogue waves exist only when G},(p) = 0 has non-imaginary roots of order M. This indicates that
the scalar NLS equation and the Manakov system have no such kind of rogue waves with index jumps of
J > 4. In addition, when Gj,(p) = 0 has simple or double roots, the vector NLS equations would possess
similar types of rogue waves as the scalar NLS equation or the Manakov system, where the index jumps
of the corresponding Schur polynomials are 2 or 3. In such cases, the rogue wave patterns are similar to
those of the scalar NLS equation [60] or the Manakov system [62] and hence we will not present these
rogue waves.

Remark 3. We restrict the study of rogue wave patterns to the cases of M = 3,4. Then the p(k)
introduced in can be expressed by

M(e“+e—“+2com% o

Gur(p()) = g4(f§(0>> (e 20 (8 con (/5B 4 20 oo (3= 20)) ) ar =

(21)
It is also clear that there are other parameter choices for G},(p) = 0(M = 3,4) to have a pair of non-
imaginary roots of order M, on account of the symmetry of the vector NLS equation . Let (i,7,1) be
any permutation of the set {1,2, 3}, then the condition can be replaced by

pi=p; = V2p =20k —ki| =2lky — kj| #0, ki #k;. (22)

Similarly, assume (i, j, [, m) is any permutation of the set {1, 2, 3,4}, then the condition (8)) can be replaced
by

207 = (3= V5)p; = (3= VB)p} =27, = (6 = 2V5)(kj — ki)* = 4(ky — k:)® = (6 + 2V5) (ki — ki)” # 0. (23)
Under these conditions, the roots are
Pi . _
i; +ik;, for M =3,

i , 1 (24)
+ 54+ vbp; +i kFZ 3—+bp; |, for M =4.

Po =

Remark 4. When K =1, the 7 functions are comprised of determinants of single block matrices, i.e.,

_ (n,I1,I)
o= ety (G reen ) 1SDS M,
where ml(.f;f[’l) is given by (20). In this case, we define the rogue wave solutions in Theorem [2.2{to be the

I-th type, 1 < I; < M, and simply denote :1:?[ by * by ignoring the dependence on I.

Remark 5. By rewriting 7, into a larger determinant similar to [45], we can show that the degrees of
the polynomials 7, for M = 3,4 with respect to 2 and ¢ in Theorem [2.2] are

3(N? + N3 + N3) — 2(N1 Nz + N1 N3 + NoN3) + 3Ny + Ny — N3), M =3,

25
5(N? + N3 + N3+ N7) — (N1 + Na + N3 + Ny)*> + 4Ny + 2N, — 2N, M =4, (25)

deg(m) = {

where N, (j =1,2,..., M) are non-negative integers such that Ny + Ny +--- + Njy = N. We note that,

when N7 = 0, it means that the block matrices Tr[lI’Il] and T,L’“” (l=1,2,...,M) do not appear in .

Remark 6. It can be calculated that

8128228328528628728928102811:0, WhenM:3, (26)
and

S] =8 =83=84 =8¢ =87 =83 =89 =511 =0, when M =4, (27)

in , but we do not know whether or not s; = 0 holds for all ¢ € N such that ¢ 20 mod (M + 1) when
M = 3,4. We also note that mffl can be removed from the solution when 7 =0 mod (M + 1), by using
the technique developed in [60].



2.2 Generalized Wronskian-Hermite polynomials

Hermite polynomials are a sequence of classical orthogonal polynomials, and they arise in many areas of
mathematics, such as probability, combinatorics, random matrix theory, etc. Like other orthogonal poly-
nomials, Hermite polynomials can be defined from various viewpoints. It is also worth noting that there
are two different standardizations in common use. However, it turns out neither of them is convenient
for the analysis of wave patterns. Instead, we will introduce a slightly different definition [61]. Let p;(2)
be Schur polynomials defined by

o0

ij (2)€/ =exp (ze +€%), (28)
j=0

with p;j(z) = 0 for j < 0. Then it can be shown that the polynomials p;(z) are related to Hermite
polynomials via certain rescaling.

Next, we introduce Wronskian-Hermite polynomials, which have appeared in the study of certain
monodromy-free Schrodinger operators [44]. Let N be a positive integer and A = (n1,ns,...,ny), where
{n;} are distinct positive integers such that n; < ny < --- < ny, then the Wronskian-Hermite polynomial
Wi (z) is defined as

Py (2)  Pry—1(2) 0 Puy-nN11(2)
Pny(2)  Pro—1(2) - Pro-ny1(2)

Wa(z) = : : : . (29)
Pny (Z) pnN—l(Z) e pnN—N+1(z)

Note from (31)) that p}_,(2) = px(z). This implies that the Wronskian-Hermite polynomial Wy (z) can
be rewritten as
Wa(z) = Wronskian [pn, (2), Pn, (2), - -, Pan (2)] - (30)

In particular, when the indices (n1,no,...,ny) are consecutive, these polynomials are called generalized
Hermite polynomials, which are closely related to rational solutions of the fourth Painlevé equation [21].

The Yablonskii-Vorob’ev polynomials [56] 53] and Okamoto polynomials [46] are another two impor-
tant classes of special polynomials, and as shown in [21 [62], they can be generalized to hierarchies that
have close connections with rogue wave patterns of certain integrable systems [58, [62]. It turns out that
the Wronskian-Hermite polynomials can be generalized in a similar way. Let pg.m} (z), where m > 1 is a
positive integer, be Schur polynomials defined by

Zpgm](z)ej =exp (ze + €M), (31)
§=0
with pgm](z) =0 for j < 0. Then the generalized Wronskian-Hermite polynomials are defined by
[m] [m] I
pFI](Z) P?l]q(z) p[nl]—N—I-l(Z)
" Py (2) Prg-1(2) 0 Phana(z
Wi (2) = 2.( ) P, .1( ) | ) 1\{+1( ) (32)
PN P P ()

In particular, these polynomials are called generalized Wronskian-Hermite polynomials of jump & > 0 if
njt1—n; =k, j=1,2,...,N — 1. Further, when n; = [, where 1 <[ < k, we denote the generalized

Wronskian-Hermite polynomial of jump k£ > 0 by WJ[Vm’k’l](z), ie.,

p[Em]l (2) foE’]ﬂ (z) {a}’]ﬂwl(z)
mk,l mk,l plTk(z) plqu@) e plkaNJrl(z)
Wikl () = ok : . . . , (33)
pl+k(N—1)(Z) p1+k(N—1)—1(Z) T pl+k(N—1)—N+1(Z)



where

N
c[:,“’k’” = (H ’yn!> / H (vj =) | > (34)
YT = I+ (n—1k, 1_§ n < N. (35)

For the convenience of later use, we have multiplied a constant c[m I in , which makes W][Vm’k’l] (2)
a monic polynomial.

Since we can deduce from that (pg»j'_']l)’(z) = pg»m} (%), WJ[Vm’k’” (z) can be rewritten as

WI[Vm’k’”(z) = Wronskian [pl(z),pl_,_k(z), . ,pl_,_k(N_l)(z)] . (36)
If we take m = 2, k = 4, then the first few I/V[2 ](z) (N,1=1,2,3) are

W1[2

z

4,1]

l(2) =
(z) = (Z +10),
W[241](z) 26 (25 + 422 + 54022 + 2520) ,
I/V[2 4.2 (2) = 22 + 2,
WP(2) = 2 (25 + 182 + 6022 + 120)
W (2) = 2% (212 4 60210 + 12602° + 1200025 + 540002* 4 18144022 + 302400) ,
Wi““(z) (52 +6),

(z) = 27 (2% 4+ 302" + 2522% + 840) ,

(2) = 25 (' + 842" + 27002% + 436802° + 388080z* + 19958402 + 4656960) .

z
W?£243] .

We remark that, when k = 2, the generalized Wronskian-Hermite polynomials W][\?mﬂ’z’l] (2)

to the Yablonskii-Vorob’ev polynomials through some rescaling. In addition, WI[Vm’S’l] (z) and WJ[\? »3:2] (=)

are multiples of the Okamoto polynomial hierarchies of ngm} () and RE?](Z) respectively [62]. In other
words, the Yablonskii-Vorob’ev polynomial hierarchy and the Okamoto polynomial hierarchies are special
cases of the generalized Wronskian-Hermite polynomials.

As we will see in the subsequent sections, rogue wave patterns of the vector NLS equation are
asymptotically determined by the distribution of zeros of the generalized Wronskian-Hermite polynomials.
Root structures of certain special cases of the generalized Wronskian-Hermite polynomials have been
obtained in previous studies, such as the Yablonskii-Vorob’ev polynomial hierarchy [21] [B] 28|, [52] [14] and
the Okamoto polynomials hierarchies [20} 34} [28]. For instance, it has been shown that all nonzero roots of

are related

the Yablonskii-Vorob’ev polynomials and the Okamoto polynomials Qg\l,] (z) and R[]\l,] (z) are simple [28] [34].
Despite that, as far as we know, root structures for higher members of generalized Wronskian-Hermite
polynomials have not been studied yet.

Now we discuss root structures of the generalized Wronskian-Hermite polynomials of jump 4 and 5,
which will be used in later studies on rogue wave patterns. Let Ny be the remainder of N divided by m,
ie.,

No=Nmodm or N =km+ Ny,

where k is a nonnegative integer, and we denote [a] by the largest integer less than or equal to a real
number a. Then our results can be summarized as follows.

Theorem 2.3. The generalized Wronskian-Hermite polynomials W[ Uofj jump 4 are monic with degree
N(3N — 3+ 2l)/2, and has the form

WJ[V’mA,l] _ Zl—‘wg\’;n'v‘l’l] (C)’ C — Zm, (37)

where w[Nm’4’l] (¢) is a monic polynomial with real coefficients, wk,n’él’l] (0) # 0, and T' is the multiplicity of
the zero root given by

3 1
= 3 (Nf + N3 4+ N3) — (N1 N2 + N1 N3 + NoN3) + 3 (3Ny + Ny — N3) (38)



with the values of N1, Ny and N3 characterized as follows.

e When m =1 mod 4, we have

(N070a0)7 0< Np < [%]
%), N~ [%].0). 2] +1< Mo <2[2]
1=3: (N1, N, N3) = ([:f] 4 4 1
CUETN(E]L (5] M 2 (1)), 2[%] +1<No<3(%]
(m—1—No,m—1—No,m—1-No), 3[%]+1<No<m-—1
(0, No,0), 0< No < [%]
l:2:(N1,N2,N3): (0’[%}7]\[0 [%D’ [%]—’_ISNOSQ[%]
((F]-vE -LNe-2[%]-1),  2[F]+1<No<3[%]
(m—l—No,m—l—N(),m—l—No), 3[%]+1§N0§m—1
(Oa05N0)7 0 S NO S [%:I
ZZIZ(Nl N2 N3)= ([%}_1’]\[0_[%]_1’0)’ [%]+1§N0§2[%]+1
(] -0 03] No—2[%] -1), 2[F]+2<No<3[%]+1
(m—l—No,m—No,m—No), 3[%}+2§N0§m—1
e When m =2 mod 4, we have
(kTm+N0707kTm)7 OSNog[%]
=30 (N Mo, Ny) = § (44 [3].0.5 + No - [2]) (3] +1< No <3[3] +1
(Bm 4 No—2[2] —1,0,5Bm 4 2[2] +1), 3[2]+2<Ny<m-—1
(% = 1,0, + No) , 0<No < [7]
[=2: (N Mo No) = § (B No— 1= [2].0.42 4 [2]),  [3]+1<No<3[3] +1
(5 +2(3].0.58 + No—2 (3] 1), 3[2]+2<No<m-1
(kTmaoka +NO)7 OSNOSI:%]"‘]-
(2 +2[3] 10,5+ No—2[2] - 1), 3[3]+3<No<m—1.

(N05070)7 0 S NO S [%]

I=3: (N1, Na, N3) = (No_l_m[% ,[%m,o);n [ZJ%HSNOQ[Z,LH
(No—2[%]-2[%].[%]), 23] +2<No<3[3] +2
(m—1—Nog,m—1—No,m—1-Ng), 3[2]+3<No<m-—1

(07N0707 OSNOS[%]‘i’l
A e O L e
(No—2[%7] -2 [2].[%]+1), 2[F]+2<No<3[F]+2
(m—l—NO,m—l—NO,m—No), 3[%]+3§N0§m—1
(O7OaN0)7 OSNOS[%}‘Fl

=1 g { 0N L Y, [N sl
(No—2[7] -2, [3] +1,[F]+1), 2[F]+3<No<3[F]+2
(m—1-No,m—1—No,m—Np), 3[2]+3<Ny<m-1

Theorem 2.4. The generalized Wronskian-Hermite polynomials W][Vm’s’l]

N(2N — 2 +1), and has the form

of jump 5 are monic with degree

WJ[Vm,s,z] _ erkrnﬁ,l] (O’ ¢=2zm, (39)



where wk,nb’l] (¢) is a monic polynomial with real coefficients, wk’;’{”l] (0) # 0, and T is the multiplicity of
the zero root given by

5 1
['= 5 (N + N3 + N3+ Nf) = S (N1 + Na o+ N3 + Na)® +2N1 + No = Na. (40)

The values of Ny, Ny, N3, Ny can be characterized in a similar way as Theorem (the details are
provided in Lemma of Appendix C).

We provide the proofs of Theorems [2.3] and [2.4] in Appendix C.

Remark 7. We note that Theorems|2.3 andprovide the multiplicities of the zero root of the general-
ized Wronskian-Hermite polynomials W][Vm’4’l and W][Vm’s’l] respectively, and as we will see subsequently,
these multiplicities are essential in the analysis of rogue wave patterns in the inner region when spe-
cific parameters are very large (see Theorems and . It is also clear that the roots of WI[va,l]
are distributed symmetrically on some circles in the sense that if 2y is a root of W][VmA’”, then so is
zo exp(2kwi/m), where k = 0,1,...,m — 1.

o™ oo o ° . ° ° o . o .
|| L] L] ° : L] L] L] L] L] L] L] —
& . .. <. . . T z
. S
|| . L] ° L] L] L 1) L] L L] L[] L] L] L] L —
Z coe e . . o ° ° ¢ e, : E
.'. © ° ° [ ] ° L] L ° @
<t o.o.o.. o % .." o . ‘ -~ .. . .' '. . ... oo . ®
I . . ° LI oo :. o. . ° . ° ° : « ° °
= ceee ® . s -'. . . :.o S o . . . % e ® EH
..n.n ° . ° ° . . ° .o ° R . E
B :::.'. o .o .': : . [ ¢ ° .. ¢ ) ° : ° ‘ ... ".....-
I . clenl . S e e e 0 e Teteee o
Z Seeec S e .:..o ...‘ S ° ° e ° ..0:..'.: E
Re(z) Re(z) Re(z) Re(z) Re(z)

Figure 1: Plots of the roots of the polynomials W][Vm’4’3] (2) for 2< N <5and m=2,3,5,6,7.

In the analytical study of rogue wave patterns, a crucial assumption is that all the nonzero roots
of the corresponding generalized Wronskian-Hermite polynomials W][\,m’k’” are simple [60, 58] [62]. This
assumption has been proved for Yablonskii-Vorob’ev polynomials W][\:;’ 211 (z) and Okamoto polynomials

WJ[\?’?”H (2) [28] and WJ[\?’S’Q} (2) [28, B4]. Nevertheless, this assumption has not been verified for the
general case. Since our results will also rely on this assumption, we propose a conjecture similar to those

in [60, 58] 62].
Conjecture. All nonzero roots of the generalized Wronskian-Hermite polynomials W][Vm’k’l
for any integers N >1,m>1,k>21<I<k-1.

]

are simple

Although we are not able to prove this conjecture, we have verified it numerically for a variety of
special cases which include all the particular generalized Wronskian-Hermite polynomials WJ[Vm’k’l] that
will be involved in this paper.
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m =2 m=3 m=5 m=6 m=1
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o.o: e . : ° . . ) . . . E
Re(z) Re(z) Re(z) Re(z) Re(z)

Figure 2: Plots of the roots of the polynomials W[m’4’1]( )for 2< N <5and m=2,3,5,6,7.

The distribution of roots of the Yablonskii-Vorob’ev polynomial hierarchies and Okamoto polyno-
mial hierarchies demonstrates highly regular and symmetric structures |21 [20]. The original Yablonskii-
Vorob’ev polynomials form approximately equilateral triangles, while the higher members of the Yablonskii-
Vorob’ev polynomial hierarchy form various shapes, such as pentagons, septagons, nonagons and un-
decagons, etc., depending on the values of m [62]. The roots of Okamoto polynomials exhibit com-

pletely different structures compared with Yablonskii-Vorob’ev polynomials. Both of the WJ[\?’B’H (2)
and W}?’BQ] (2) have similar root structures as theses roots are located on two “triangles” except that

WJ[\%?”I] (2) has an extra row of roots on a straight line between these two triangles. Here, we use “tri-
angles” because the edges of these triangles are curved rather than straight lines. A natural question is
what characteristics the root structures of the generalized Wronskian-Hermite p iolynomials would exhibit.

To this end, we plot the roots of W][Vm - l]( ) and WJ[Vm o l]( ) in Figs. |1 I and respectively.

3 Rogue wave patterns of the three- and four-component non-
linear Schrodinger equation

Theorem 3.1. Let pg,p1,01n, P, kn,wn (n = 1,2,3) be the same as in Theorem Assume that
|am| > 1 and all other parameters are O(1) in the i-th type N;-th order rogue waves (i = 1,2, 3)

U1,N; (.’I,',t), U2, N; (.’I,',t), U3, N; (.’L‘,t), (41)

of the three-component nonlinear Schrédinger equation, where

3
M = NZ(SUGJ’,

j=1
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Figure 3: Plots of the roots of the polynomials WJ[Vm’5’1] (z) for 2< N <5and m=2,3,5,6,7.

N is a positive integer, e; is the standard unit vector in R® and 4;; is the Kronecker delta. We also

assume that all non-zero roots of the generalized Wronskian-Hermite polynomials W][Vm’4’47i] of jump 4
are simple. Then, we have the following results concerning the asymptotics of the rogue waves .

(1) In the outer region on the (z,t) plane, when va2 + ¢ = O (|am|1/m), the N;-th order rouge waves

separate into N(3N + 5 — 2¢)/2 — I fundamental rouge waves, where I' is given in . These
fundamental rouge waves are

i(ky ooty (P12 + 2pop1 (it) + 011] [pTa — 2pgpi (it) — 01,] + |hol”

’&1(217,75) = p1€ . ’ (42)
p1 + 2pop1 (it)[* + |hol”
. * K, k(1 * 2
fp(z, 1) = poeilkaz+wst) [prx + 2popi (it) + b12] [T — 2p5pi(it) — 675] + |hol (43)
P12+ 2popa (it)* + o
: * *, % (1 * 2
(. ) = peilkaztust) [prx + 2popi (it) + b13] [T — 2p5pi (it) — 67s] + |hol (44)
[p1 + 2pop1 ()| + [ho|®
where |ho|2 = [p1|” / (po + p§)°, and their positions (i, %) are given by
A 1 P (. 1 ] ; 1 [ Ly
To = %—(za,,{m—Al) , to= R (zam/m—Ai) , 45
* 7 R(po) [m ’ "7 2R(po) L\ (45)

where zp is any one of the non-zero simple roots of WI[Vm’4’4_i] (2), A; is a zp-dependent O(1)
quantity, and (R,S) refer to the real and imaginary parts of a complex number, respectively.
The approximation error here is O (|am|_1/m). In other words, when |a,,| > 1 and (x — 3%0)2 +

(t— 50)2 = O(1), we have the following asymptotics

Un N, (T,1) = Uy (x — g, t — fo) + 0 <|am|_1/m) , n=1,23. (46)
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(2) In the inner region, where z2 + t> = O(1), if zero is a root of the generalized Wronskian-Hermite
polynomials WI[\,m’4’4_i](z), then [u1 n, (x, 1), ua n;, (2, 1), us n;, (z,t)] is approximately a lower Ni-th
order rogue wave

uy 5. (@,0), gy g (2,0), uy g (2,0)
3
where N; = ZNjA_iej and N, refers to the value of NV; against [ € {1,2,3} given in Theorem
Moreovejr, 1the internal parameters

(al,n7 A2 n, A3 0, A5 n,A6,n - - « 5 a4Nn,4,i—n,n) , n=1,23,
in this lower-order rogue waves are related to those in the original rogue wave as follows.

— For m =1 or 3 mod 4, we have

3
aj) = G52 = aj3 = a; + (N— ZNnA—i)Sja j=1,2,3,5,6,7---.

n=1

— For m =2 mod 4, we have

n=1
3
<N - Z Nn,4i> Sjy if j =m.
n=1

Here, s; is defined in Theorem [2.2] The approximation error of this lower-order rogue wave is
@) (|am|71). In other words, when |a,,| > 1 and 22 + > = O(1), we have

3
a3+ NZNTL,4—i>Sj7 if j:17273a5a"'am715m+17"'7

Gj1 = @53 =

Un, N; (.’IJ, t;a'27a’37 as, ae, - - )

— o (x,t;aj,l,aj’mjﬁ,j:1,2,375,6...)+0<|am|*1>7 n=1,2,3.

If zero is not a root of W][\,m’4’47i] (2), the solution

[uLNi (z,1), U2, N; (z,1), U3, N; (z,t)]
is approximately the constant background

|: '(k:la;—i-wlt)’

Plel i(k:g:v-‘rwzt)’

i(k31+w3t):| .

p2e p3e

Theorem 3.2. Let po, p1, 01, Prs kn, wn (n = 1,2,3,4) be the same as in Theorem Assume that
|am| > 1 and all other parameters are O(1) in the i-th type NV;-th order rogue waves (i = 1,2,3,4)

UL,N; (1‘, t)7 U2,N; (1‘, t)v U3,N; (1‘, t)’ U4,N; (1‘, t) (47)
of the four-component nonlinear Schrédinger equation, where
4
Ni=N Z dijej,
j=1

N is a positive integer, e; is the standard unit vector in R* and §;; is the Kronecker delta. We also

assume that all non-zero roots of the generalized Wronskian-Hermite polynomials WI[Vm’5’5_i] of jump 5
are simple. Then, we have the following results concerning the asymptotics of the rogue waves (47)).

(1) In the outer region on the (x,t) plane, when vz2 +1t2 = O <|am|1/m>, the N-th order rouge
waves separate into N(2N 4 3 — i) — I' fundamental rouge waves, where I" is given in . These

13



fundamental rouge waves are

kv tont) P12+ 2popi (it) + 011] [pia — 2p5p7(it) — 67] + [hol”

w(x, 1) = pre . 7 (48)
P12 + 2pop1 (it)]* + |ho|?
3 * *, k(1 * 2
To(,1) = poeilkartent) [p12 + 2pop1 (it) + 612] [piz — ipopl(ltl — 0%5] + |hol , (49)
Ip1 + 2pop1 (it)|” + |hol
3 * *, k(1 * 2
tig(z, t) = pgelkaatwst) [p1 + 2pop1(it) + b15] [pTa — 22170171(1% — 015] + | hol , (50)
|p1 + 2pop1 (it)|” + |hol
: * ook (2 * 2
ﬂ4(x, t) _ p4ei(k4az+w4t) [pll’ + 2p0p1 (lt) + 914} [plx ._ 22p0p1 (112 - 14] + |h()| 7 (51)
Ip1 + 2pop1 (it)|” + |hol
where |hg|? = |101|2 / (po —|—p3)2, and their positions (Zg, tp) are given by
_ 1 pg 1/m X :| — 1 |: 1 1/4 _
O T R(po) [pl o O TR [\ (52)

where zp is any one of the non-zero simple roots of W][Vm’5’5_i](z), A; is a zg-dependent O(1)
quantity. The approximation error here is O (|am|*1/ m). In other words, when |a,,| > 1 and

(z —T0)> + (t — Lp)* = O(1), we have the following asymptotics

tn N (@,8) = i (2 = 0, — To) + O (lam| ™), 1 =1,2,3,4, (53)

In the inner region, where 22 + t2 = O(1), if zero is a root of the generalized Wronskian-Hermite
polynomials WJ[Vm’5’5_Z](z), then [uq w;(x,t), uon; (2, 1), us. v, (z, 1), uan, (2, )] is approximately a
lower A/;-th order rogue wave

ul,ﬁi ('T7 t)a u2)ﬁi (‘Ta t)v ug,ﬁi (I, t)7 u47ﬁi (SC, t)

4
where N; = ZNj’s,iej and N, refers to the value of N; against | € {1,2,3,4} are given in
j=1
Theorem Moreover, the internal parameters

(al,na d2,n; aB,na a44,717 dﬁ,n e aa5Nn,5_i7n,n) ) n= 1; 2» 37 47

in this lower-order rogue waves are related to those in the original rogue wave by

4
aj1 =2 = a3 = j4 = aj + (N -y Nn,M-)sj, j=1,2,3,4,6,7---,
n=1
where s; is defined in Theorem The approximation error of this lower-order rogue wave is
0 (|am|71). In other words, when |a,,| > 1 and 22 +t? = O(1), we have

Un,N; (l’,t, az,as,q4,06, - )

= U, 7, (l‘,t;aj’l,@j,g,aj’g,@j,zl,j =1,2,3,4,6,7.. ) + O (|am|71) , n=1,234.

If zero is not a root of W][Vm’s’g’*i] (2), the solution

[ul,Ni (z,1), U2 N; (z,1), U3,N; (z,1), U4,N; (z,t)]
is approximately the constant background

i(klz-‘rwlt)’ p26i<k3$+w2t)7 pgei(kgx-i—we,t), p4ei(k4w+w4t):| )

e
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4 Comparison between predicted and true rogue wave patterns

4.1 Comparison in the three-component NLS equation

In this subsection, we compare our predictions of rouge wave patterns in Theorem [3.1] with true rouge
waves of the three-component NLS equation. It is noted that the predicted i-th type |un nr, (z,)|,n =
1,2,3, from Theorem [3.1] can be divided into a simple form

NP
[ (@, )] = 1ty g, )+ 3 (I (2= 367, 0=8§7) = pn) . m=1,2,3, (54)
j=1

where u,, g (z,t) is a lower-order rogue wave of the three-component NLS equation with all its internal
parameters set to 0, /VZ = (N, N3, N3) is given by Theorems and Up (z,t),n = 1,2,3, is the
fundamental rogue wave of the three-component NLS equation, whose predicted location (i’éj ), fgj )) can
be obtained from , and N, is the number of fundamental rogue waves given in Theorem To
analyze the triple root case, we choose the background wavenumbers ko = —k; = 1 and k3 = 0, which

gives p; = p2 = p3 =2 by . Further, we select pg = 1, py = —1/+v/3 and po = 1/+/3 for the subsequent
analysis.

4.1.1 First-type rogue waves of the three-component NLS equation

We start with (2,0, 0)-th order rogue wave solutions. Moreover, we let one of the internal parameters
(az,as,as,aq,a7) be large and set others to 0. We note that a; can be set to 0 by normalization, and ay4
is a parameter that can be removed. Then, the very large parameter is one of

az =30, a3 =100, a5 =1200, ag = 3000, a7 = 7000. (55)
According to Theorem the position (o, fo) of each fundamental rogue wave corresponding to

U1, N, (xat)v U2, N, (.’E,t), U3 N, (.’E,t)

can be predicted by equation . The lower (N7, N2, N3)-th order rogue wave would appear in the inner
region, and the value of (N7, Na, N3) can be obtained from Theorems and In our prediction, the
(N1, No, N3) values for these five rogue solutions are

(N17N23N3) = (1a031)7 (0707O)a (LLO)? (13071)7 (07170)a

respectively. Note that (0,0,0) means no lower-order rogue wave exists in the inner region. Because of
our choice of parameters a,, and the value of s; shown in Remark |§|, the internal parameters in these
predicted lower (N7, No, N3)-th order rogue waves of the inner region are all zero.

For [uy n, (x,t),uz2 n, (2, 1), us A, (z,1)], their corresponding predicted rogue wave patterns are illus-
trated in the last three rows of Fig. with the first row being the locations of predicted rogue waves.
These predicted rogue waves are generated in the following way. We first replace each non-center dot,
which is the non-zero root, in the first row of Fig. [4| by a fundamental rogue wave according to —.
Then the center dot is replaced by a lower (N7, Na, N3)-th order rogue wave with all internal parameters
set to zero.

It can be seen from Fig. [] that the large-as solution displays a skewed double-triangle, corresponding
to the double-triangle root structure of W2[2’4’3] (2). The large-as solution exhibits a skewed triple-triangle,
corresponding to the triple-triangle root structure of W2[3’4’3] (z). The large-as solution displays a deformed
pentagon, corresponding to the pentagon-shaped root structure of W2[5’4’3](z). The large-ag solution
exhibits a deformed hexagon, corresponding to the hexagon-shaped root structure of W2[6’4’3](z). The
large-a; solution displays a deformed heptagon, corresponding to the heptagon-shaped root structure
of W2[7’4’3] (z). Tt seems that triple-triangle is a new type of pattern compared with those of the NLS
equation [59] and Manakov system [61].

By comparison of the true rogue waves to the predicted ones (see Figs. |4 and , we can observe that
each of the rogue waves matches perfectly in terms of position and rogue wave shape. Notice that the
predicted pattern looks very different from the root structure of Wg[m’4’3] (2). This is due to the term A,
leading to a nonlinear transformation from the root structure. When |a,,| is set to be very large, the
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term Aj can be neglected, and the patterns become much closer to certain linear transformations of the
root structure of Wz[m’4’3](z).

Apart from the above observations, we can also qualitatively compare the differences between predicted
and true rogue waves. To illustrate this, we choose the 1st type (2,0, 0)-th order rogue waves, then select
various large real values of ag to analyze errors in the outer region and various large real values of a5 to
analyze errors in the inner region. Referring to the work of Yang and Yang [60], we define

error of Peregrine location = \/ (To — :170)2 + (fo - t0)2, (56)

and
error of inner region = |u1,/\/1 (z,1) — 0y g (@, t)’ , (57)
” x=t=0

where (z,10) is the location where each rogue wave reaches maximum modulus value and (&g, o) is the
predicted location of each fundamental rogue wave. These errors and decay rate of |az|~/3 and |as|~*
for large-az and large-as solutions are plotted in Fig. [f] As can be seen, the results of the numerical
analysis also match very well.

az =30 az = 100 as = 1200 ag = 3000 a7 = 7000

predicted locations
.
.

T Zz xz x xz

Figure 4: Predicted 1st type (2,0,0)-th order rogue waves of the three-component NLS from Theorem
[3:1] Each column depicts rogue waves with a single large parameter a,,, whose value is indicated on top,
and all other internal parameters are set to zero. Top row: predicted (:%0, fo) locations by formulae .
Second row: predicted |uj(z,t)|. Third row: predicted |us(zx,t)|. Bottom row: predicted |ugz(z,t)|. First
column: the (z,t) intervals are —21 < z < 21, =25 < ¢ < 25. Second column: the (z,¢) intervals are
—30 < 2 <30, —25 < t < 25. Third column: the (z,t) intervals are —30 < x < 20, —16 < ¢t < 16.
Fourth column: the (x,t) intervals are —30 < z < 25, —15 < t < 15. Fifth column: the (z,t) intervals
are —30 <z <25, —15 <t < 15.
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x x xT xT x

Figure 5: True 1st type (2,0,0)-th order rogue waves of the three-component NLS with the same pa-
rameters as Fig. @ The (x,t) interval for each column is the same as the corresponding column in Fig.

4

4.1.2 Second-type rogue waves of the three-component NLS equation

In this case, we mainly carry out the second-type rogue waves in detail by taking No = 3, i.e., (N1, N, N3) =
(0,3,0). For brevity, we only let one of the internal parameters (az, as, as, ag, a7) be large, and the others
are set to 0. The very large parameter is one of

az =30, a3 =400, a5 =4800, ag= 3000, a7 = 7000. (58)
According to Theorem the position (io,%) of each fundamental rogue wave

U1,N> (:L',t), U2,N> (:Il,t), U3,N>2 (:L’,t)

can be predicted by equation (45). The lower (N7, Na, N3)-th order rogue wave would appear in the
inner region. The values of (N1, Na, N3) can be deduced by Theorems and In our prediction, the
(N1, No, N3) values for these five rogue solutions are

(N13N27N3) = (170, 1)7 (07070)7 (07030)7 (17071)3 (17270)1

respectively. Note that (0,0,0) means no lower-order rogue wave exists in the inner region. On account
of our choice of parameters a,, and the value of s; shown in Remark |§|, the internal parameters in these
predicted lower (N1, N2, N3)-th order rogue waves of the inner region are all chosen to be zero.

For [ur n, (z,t), ug A, (2, 1), us A, (, )], their corresponding lower-order rogue wave patterns are shown
in the last three rows of Fig. [7] with the first row being the predicted locations of the rogue waves. As
seen in Fig. [7] solutions in the first column are skewed double-triangles, while solutions from the second
to the fifth columns are skewed triple-triangles, pentagons, hexagons and heptagons respectively.

Comparing the true rogue waves with predicted ones (see Figs. |z| and , we can observe that each
of the rogue waves strikingly matches in position and rogue wave shape. Not only that, but it is also
numerically demonstrated that the actual and predicted results match very well. Since they are very
similar to the previous error analysis, we omit the details.

4.1.3 Third-type rogue waves of the three-component NLS equation

In this case, we choose (0,0,4)-th order rogue wave solutions. We only set one of the internal parameters
(ag,as,as,a6,a7) to be large, and the remaining parameters are set to 0. The very large parameter is
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Figure 6: Decay of errors in our predictions of Theorem for the outer and inner regions of the 1st
type (2,0,0)-th order rogue waves in the three-component NLS with various large real values of ag or
as, while other internal parameters are set to zero. (a) |uz(x,t)| of the true rogue wave with a3 = 100.
(b) Decay of error versus ag for the outer fundamental rogue wave marked by the red box, together with
the |ag| =3 decay for comparison. (c) |us(x,t)| of the true rogue wave with as = 1000. (d) Decay of
error versus as for the lower order rogue wave marked by the red box, together with the |as|~! decay for
comparison.

one of
az = 100, a3z =200, a5 = 1500, ag= 5000, a7 = 10000. (59)

According to Theorem the position (ig,%) of each fundamental rogue wave

U1,N3 (xat)v U2,N3 (wat)v U3,N3 (xat)

can be predicted by equation . The lower (N7, N3, N3)-th order rogue wave would appear in the inner
region. The value of (N1, N2, N3) can be obtained from Theorems and In our prediction, the
(N1, No, N3) values for these five rogue wave solutions are

(NlaNQaN3) = (270a2)7 (07071)a (07171)7 (27072)7 (07272)a

respectively. We remark that (0,0, 1) means there is only a fundamental rogue wave in the inner region.
The internal parameters in these predicted lower (N7, Na, N3)-th order rogue waves of the inner region
are all zero, due to our choice of parameters a,, and the value of s; shown in Remark @

For [u1 n, (z,t), uo p, (2, 1), us ar, (z, )], their corresponding predicted rogue wave patterns are shown
in the last three rows of Fig. [9] with the first row being the locations of the rogue waves. It can be
seen from Fig. [0] that the large-ag solution exhibits a skewed triple-triangle, corresponding to the triple-
triangle root structure of WF’A’I] (z). The large-as solution displays a deformed pentagon, corresponding
to the pentagon-shaped root structure of Wf"l’l] (2). The large-ag solution exhibits a deformed hexagon,

corresponding to the hexagon-shaped root structure of W£6’4’1] (z). The large-a; solution exhibits a
deformed heptagon, corresponding to the heptagon-shaped root structure of Wf"l’l] (2).

Comparing the actual rogue waves with the predicted ones (see Figs. El and , we can observe that
each of the rogue waves matches perfectly in position and rogue wave shape. Moreover, one can further
compare them numerically. The results also support our prediction, and since they are very similar to

previous analysis, the details are omitted.

4.1.4 Effect of parameters on the rogue wave shapes

We first represent the complex parameter a,, as a,, = |am|exp (i¥,,). In what follows, we will discuss
the effects of the modulus |a,,| and the argument ¥, on the shapes of rogue waves.

To illustrate the effect of the changes of ¥,,, we consider the 2nd type (0, 3,0)-th order rogue waves
of the three-component NLS equation and set |as| = 300 while the remaining parameters a,, are set to
0. Here we simply choose four values of a3, namely,

(300 exp (—7i/3), 300, 300exp(wi/3), 300exp (7)),

then the corresponding predicted and true rogue wave patterns are shown in Fig. It can be seen that
the orientation of the rogue wave pattern is changed when we vary the values of ¥3. In fact, this can be
seen from Theorem [3.1] as well. In addition, we find that the orientation of the rogue wave pattern is

obtained by rotating angle arg(—a.,)/m of the root structure of W3E3’4’2](z), where “arg” represents the
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az = 30 az = 400 as = 4800 ag = 3000 a7 = 7000

predicted locations

[ua|

Jus|

Figure 7: Predicted 2nd type (0, 3,0)-th order rogue waves of the three-component NLS from Theorem
Each column depicts rogue waves with a single large parameter a,,, whose value is indicated on top,
and all other internal parameters are set to zero. Top row: predicted (3%0, fg) locations by formulae .
Second row: predicted |uq(z,t)|. Third row: predicted |uz(x,t)|. Bottom row: predicted |ug(z,t)|. First
column: the (z,t) intervals are —25 < z < 25, —26 < t < 26. Second column: the (z,t) intervals are
—45 < x < 51, =29 < t < 27. Third column: the (z,t) intervals are —47 < x < 31, —22 < t < 22.
Fourth column: the (x,t) intervals are —40 < z < 35, —20 < ¢ < 20. Fifth column: the (z,t) intervals
are —35 <z < 30, —20 <t < 20.

argument of a complex number.

To study the effect of changes in |a,,| on rogue wave patterns, we choose 2nd type (0, 3,0)-th order
rogue waves. Set the argument of as to 0 while the remaining parameters a,, are chosen to be 0. The
corresponding predicted and true rogue wave patterns are depicted in Fig. It can be observed that
the shape of the rogue wave pattern becomes closer and closer to the linear transformation of the roots
of W3[2’4’2](z) when the modulus of as gets larger. Specifically, when as = 20, both predicted and true
rogue wave patterns look very irregular, especially those located on the negative z-axis. However, further
increasing the value of aq, the distortion will gradually be weakened. For as = 500, the shape of rogue
waves is very close to a linear transformation of the roots of W3[2’4’2] (). The reason is that Aj is a
zo-dependent O(1) quantity. Specifically, when ay takes a very large value, the value of Ay in can
be ignored and the predicted rogue wave can be obtained approximately by some linear transformation
from the oot structure of Wi>*? (2).
rom 3

4.2 Comparison in the four-component NLS equation

In this subsection, we compare our predicted rouge wave patterns in Theorem [3.2] with true rouge waves of
the four-component NLS equation. For the quadruple root case, we choose background wavenumbers k; =

—ky = (V5—1) /dand ks = —k3 = — (V5 + 1)2/8, which implies p; = ps = v2and py = p3 = V5 + 3
according to (23). In this circumstance, we select py = 1/ (V5 +5) /2/2 and p; = 1(\)/(11\/5 + 25)/4608.
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Figure 8: True 2nd type (0,3,0)-th order rogue waves of the three-component NLS with the same
parameters as Fig. E The (z,t) interval for each column is the same as the corresponding column in Fig.

@

4.2.1 Third-type rogue waves of the four-component NLS equation

In this case, we focus on (0,0, 2,0)-th order rogue wave solution. For brevity, we only consider the first
four irreducible parameters (as, as, a4, ag), and set the rest of the parameters to 0. Then, for the internal
parameters (aq, as, aq, ag), we let one of them be large and set the others to 0. The very large parameter

is one of
as =50, az =200, a4 =500, ag=>5000. (60)

According to Theorem the position (Zg, o) of each fundamental rogue wave

Ul,Nl(xat)a u2,N1(x7t)7 u3,N1(xvt)7 U4’Nl(1‘,t)

can be predicted by . The (N, N2, N3, Ny)-th order rogue wave would appear in the inner region,
and the (N7, Na, N3, Ny) values for these five rogue wave solutions are obtained from Theorems and
24 as

(N13N27N37N4) :(0’07070)7 (Oa()v]-’]-)a (07171a0)7 (070’171)5

Note that (0,0,0,0) means no lower-order rogue wave exists in the center region. Owing to our choice of
parameters a,, and the value of s; shown in Remark @, the internal parameters in these predicted lower
(N1, N3, N3, N4)-th order rogue waves of the center region are all chosen to be zero.

For [u1 a, (z,t), uo a, (2, ), us A, (2, 1), wa,n, (2, t)], their corresponding predicted rogue wave patterns
are shown in the last four rows of Fig. [I3] with the first row being the locations of the rogue waves. Each
column is separated when one of the parameters (as, as, a4, ag) is large.

As depicted in Fig. the large-as solution exhibits a skewed double-triangle, corresponding to
the double-triangle root structure of W2[2’5’2](z). The large-a3 solution exhibits a skewed triple-triangle,

corresponding to the triple-triangle root structure of W2[3’5’2] (2). The large-a4 solution exhibits a deformed

rectangle, corresponding to the rectangle-shaped root structure of W2[4’5’2] (). The large-ag solution
exhibits a deformed hexagon, corresponding to the hexagon-shaped root structure of W2[6’5’2](z).
Comparing the actual rogue waves with the predicted rogue waves (see Figs. and , we can
observe that each of the rogue waves matches perfectly in terms of position and rogue wave shape.
Notice that the predicted pattern looks very different from the root structure of W2[m’5’2](z). This is
caused by Az, which leads to a nonlinear transformation from the root structure. When we take |a,,|
very large, the term As can be neglected, and our pattern becomes more similar to a certain linear
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as = 100 az = 200 as = 1500 ag = 5000 azy = 10000

predicted locations
.

xT T x

Figure 9: Predicted 3rd type (0,0,4)-th order rogue waves of the three-component NLS from Theorem
Each column corresponds to rogue waves with a single large parameter a,,, whose value is indicated
on top, and all other internal parameters are set to zero. Top row: predicted (ﬁco, fo) locations by formulae
([@5). Second row: predicted |us(x,t)|. Third row: predicted |ua(z,t)|. Bottom row: predicted |uz(z,t)|.
First column: the (z,t) intervals are —30 < 2 < 20, —50 < ¢ < 50. Second column: the (z,t) intervals
are —45 < x < 50, —32 < t < 32. Third column: the (z,t) intervals are —55 < x < 40, —25 < t < 25.
Fourth column: the (x,t) intervals are —55 < z < 40, —25 < ¢t < 25. Fifth column: the (z,t) intervals
are —45 < x < 35, —40 <t < 20.

transformation of the root structure of WQ[m’S’Q](z). The numerical results also match very well, and as
they are very similar to the previous error analysis, we omit the details.
4.2.2 Fourth-type four-component NLS equation rogue wave solution

In this circumstance, we consider (0,0,0,2)-th order rogue waves. For brevity, we only let one of the
internal parameters (az, as, a4, ag) be large and the others are set to 0. The very large parameter is one
of

az =50, az =200, a4=>500, a5=>5000. (61)

According to Theorem the position (Zg, o) of each fundamental rogue wave
ULN, (.’L’,t), U2,N, (x)t)v U3,N, (IL', t), U4,N, (IL‘, t)

can be predicted by . The possible (N1, Na, N3, Ny)-th order rogue wave would appear in the inner
region, and the (N7, Na, N3, Ny) values for these five rogue wave solutions are obtained from Theorems

B2 and 2.4 as
(N13N27N3:N4) = (0’0:070)7 (0707070)7 (0507171), (0707010)7
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Figure 10: True 3rd type (0,0,4)-th order rogue waves of the three-component NLS with the same
parameters as Fig. El The (x,t) interval for each column is the same as the corresponding column in Fig.
9)

respectively. Note that (0,0,0,0) means that there are no lower-order rogue waves in the center region.
For the same reason as previous cases, the internal parameters in these predicted lower (N1, N2, N3, Ny)-th
order rogue waves of the center region are all taken to be zero.

For [u1 n, (z,t), ug n, (2, ), ug p, (2, )], their corresponding predicted rogue wave patterns are shown
in the last three rows of Fig. with the first row being the predicted locations of the rogue waves. It can
be seen from Fig. [I5]that the first to fourth columns are skewed double-triangles, skewed triple-triangles,
rectangles and hexagons, respectively.

Comparing the true rogue waves with predicted ones (see Figs. and , we can observe that
each of the rogue waves matches perfectly in terms of position and rogue wave shape. The results of the
numerical analysis also match very well, but we omit the details because they are very similar to the
previous error analysis.

5 Proof of the main results

Proof of Theorem We will only provide the proof for ¢ = 1 as the proofs are similar in other
cases. Assume |a,,| is large and the rest parameters are O(1) in the 1st type rogue wave solutions of the
three-component NLS equation. We first consider the case when (z,t) is far away from the origin and

(x% +12)1/2 = O(|am|1/m). In this circumstance, we have
Si (&t (m) +vs) =8 (af 23,25, vsa,ad , al af vsg, -+, xf +vsm, ) ~ S;(v), (62)

where
V= (p0$+2p0p11t,03 70aama05"')'

According to Remark|[6] we have s; = so = s3 = s5 = s¢ = sy = 0. By the definition of Schur polynomials,
we have the relation

S;(v) = ad[mpl"(2), (63)

where
z=a V"™ (g + Biit) = a, V™ (pox + 2popiit) . (64)
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Figure 11: Effect of the argument in ag on orientations of the 2nd type (0, 3,0)-th order rogue waves of
the three-component NLS equation. Each column represents a rogue wave with a different value of ag
with the same modulus 300 but a different argument, and all other internal parameters are set to zero.
The (z,t) intervals are —55 < & < 55 and —30 < ¢ < 30.

Then it follows that

det [Suimj (x*(m) +vy8)] ~ (el t¥) 13NN D 2myy A3l ) (65)
1<i,j<N
and [m,4,3] 3N(N+1)/2 [m,4,3]
1<(z‘i?t<N [S4i—j (‘B_(n) + VjS*)] ~ (Cz:rn ’ )_1 (ar,) (N+/ mWNm (2"). (66)

Here, S; = 0 when j < 0.
Next, we rewrite the function 7, into the following form by Laplace expansion

m= 3 et [0 S (27 () 4 059)]
0<r1<ve<---<vN<4N-—-1 (67)

x| det [(h)" Saic1v; (@ (0) +2557)]

where hg = p1/ (po +p3).
It is clear that the highest order term in a,, in this 7, comes from the index choices of v; = j — 1.

Therefore, we have

2
T~ ol Jam |
where a = hév (N-1)/ 2(0531’4’3])_1. From the asymptotic analysis above, we conclude that the leading-

order term of 7, is independent of n. Consequently, when (z,t) is not close to (i, o), which is related
to the roots of W% (2) by

20 = a;;/™ (poFo + 2poprilo) ,
we have - - -
ﬂNL n2 , ns . , |am|>>1' (69)
T Tho Tno

However, when (z,t) is close to (Zg,%), the coefficient of the term with highest order in a,, van-
ishes. To deal with this case, we have to consider lower order terms in a,,, which require more precise

23



°
.
g . . ° ‘
= « °
s} . . O o ° °
8 e © ©
= . . . t
§ ® o o °
=} ° ° ° ° . °
8 (]
o ° ° °
e .
°
.

x x

Figure 12: Effect of the size as on shapes of the 2nd type (0, 3,0)-th order rogue waves of the three-
component NLS equation. Each column represents a rogue wave with different values of as indicated on
top, and all other internal parameters are set to zero. Top row: prediction location of |uz(x,t)|. Bottom
row: true |ug(z,t)|. First column: the (z,t) intervals are —30 < z,¢ < 30. Second column: the (z,t)
intervals are —45 < x,¢ < 45. Third column: the (x,t) intervals are —85 < z, ¢ < 85.

asymptotics. In this circumstance, i.e., (z,t) is near (Zg,%), we find that
S; (z*(n) + vs)
= 5 (xf,xj,x;f,u34,:c;r,xgr,x;r,u58, e VS, )

= [0+ (30.40) Sj-2()] [1+0 (a;2)], Jam| > 1,
where

Vv = (pox + 2pop1it + n1611 + n2bi2 + n3613,0,- - ,0,a,,,0,---),
i3 (x,t) = pox+ (2pop2 +p7) (it),

p2 = p? and a; in xf is set to 0. Similar to , we can get
S;(¥) = afl™p"(2), (70)

where
2 = a, ™ (pox + 2popiit + 1611 + n2bia + nabis) . (71)

In this case, there are two index choices of v; that will produce leading-order terms in a,, for 7. One of
them is v = (0,1,--- , N — 1) while the other is v = (0,1,--- ;N — 2, N).

(1) For the first choice of index, i.e., v; = j — 1, there are two parts that will provide leading-order
terms. The first part stems from S;(¥), and we find that the dominant term involving ™ (n) is expressed
as 3N(N+1)

o am—zm

3l ) [1 +0 (a;f/ m)} . (72)

Then, we expand WI™*?(2) around zo, and noting W{™*(z5) = 0, we obtain

/
W][Vm,4,3] (2) = a,_nl/m [po (z — Zo) + 2pop1i (t - fo) + n1011 + n2bi2 + n3913] [W][\,m’4’3]} (20) [1 +0 (a;ll/mﬂ .

(73)
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Figure 13: Predicted 3rd type (0,0,2,0)-th order rogue waves of the four-component NLS equation
from Theorem [3.:2] Each column corresponds to a rogue wave with a single large parameter a,,, whose
value is indicated on top, and all other internal parameters are set to zero. Top row: predicted (Zo, o)
locations by formulae (52). Second row: predicted |u;(z,t)|. Third row: predicted |us(z,t)|. Fourth row:
predicted |us(z,t)|. Bottom row: predicted |uy(z,t)|. First column: the (z,t) intervals are —25 < z < 25,
—40 <t < 40. Second column: the (x,t) intervals are —50 < z < 40, —35 < ¢ < 35. Third column: the
(z,t) intervals are —30 < = < 30, —20 < t < 20. Fourth column: the (z,t) intervals are —30 < z < 30,

—15 <t < 15.
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Figure 14: True 3rd type (0,0, 2,0)-th order rogue waves of the four-component NLS equation with the
same parameters as Fig. The (z,t) interval for each column is the same as the corresponding column

in Fig. [[3

As a result, the corresponding leading-order term in a,, is

BN(N+1)—2 - m A _ m
aam " [po (@ — Zo) + 2pop1i (t — fo) + n1b11 + nobha + nzbis] [WJ[V ’4’3]] (20) {1 +0 (aml/ )]

(74)

The other leading-order term results from the determinants containing ;f:;' (Zo, fO)Sj_Q, that is,

N
i (&0, Lo)hd VD2 Z 1<dit-3‘<‘c]\[ [S1i—1(¥), -+, Sui(j—1)(¥), Sai—j—2(¥), Sai—(j+1)(¥V), -+, Sai=n (V)]
=1

x[140 (a,)]. (75)

Combing and yields the leading-order term in a,, [62] of the first determinant in (67) containing
™ (n) corresponding to the index choice v; = j — 1, that is,

aalp VN2 2m [po (& — #0) + 2popai (t — fo) + 11611 + 12612 + n3b13 + Ad ] [WJ[\zm’4’3]], (#0) {1 +0 (a;,l/m)}
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Figure 15: Predicted 4th type (0,0,0,2)-th order rogue waves of the four-component NLS equation
from Theorem [3:2] Each column corresponds to rogue waves with a single large parameter a,,, whose
value is indicated on top, and all other internal parameters are set to zero. Top row: predicted (Zo, o)
locations by formulae (52). Second row: predicted |u;(z,t)|. Third row: predicted |us(z,t)|. Fourth row:
predicted |us(z,t)|. Bottom row: predicted |uy(z,t)|. First column: the (z,t) intervals are —25 < z < 25,
—35 <t < 35. Second column: the (x,t) intervals are —55 < x < 35, —25 < ¢ < 25. Third column: the
(z,t) intervals are —25 < ¢ < 25, —25 < t < 25. Fourth column: the (z,t) intervals are —30 < z < 30,

—20 <t < 20.

x
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Figure 16: True 4th type (0, 0,0, 2)-th order rogue waves of the four-component NLS equation with the
same parameters as Fig. The (z,t) interval for each column is the same as the corresponding column

in Fig. [I5
where

o i’;—(io,fo) Zj\]:l detlSiSN [pz[gil (ZO) " ’pz[Lle-i-l (ZO) 7pz[1le—2 (ZO) ,pLT_]j_l (ZO) P ,pngN (ZO)]

H T o

(76)

and Ay = O(1) as

Li';_(ﬂv}o, to) = paZo + (2P0p2 +p?) (it()) = 0(|a%m )
Further, we can absorb the A into (%o, o) and obtain
BN(N+1)-2 . , . (m,4,3]]’ ~1/m
aam = [po (& — &) + 2popri (t — o) + 11611 + n2b12 + n3bys] [WN ~ ] (20) [1 +0 (am )} .

(77)

where o and £ are given in ([45)).

Similarly, the second determinant in @ containing &~ (n) corresponding to the index choice v; = j—1



contributes the term

* BN(N+1)—2 * - * ks Iy * * * m,4, ! * —
o () [ (2 — o) — 2wl (¢~ o) = mOhy — naBiy — ma0is] [WH] () [14 0 (™).
(78)
(2) For the second choice of index, i.e., v = (0,1,--- , N — 2, N), the dominant term in a,, can be

calculated in a similar way as , that is,

N(N—1)42 3N(N+1)—2
hy 2 am 2" det [p

1<i<N i (z0) #L (20) oo 7pZﬁ(Nfl) CORGHS (ZO)} {1 +0 (a:”l/mﬂ '

(79)

!/
Since pgn_l]l (2) = {pgm]} (z), the above term can be expressed as

3N(N+1)—2

hoaam 2™ [W][\,m’4’3]}/ (20) [1 +0 (a;l/m)} .
Similarly, its conjugate counterpart reads
o (a) ™ T [l ) 140 (atm)]
Summarizing the above two contributions, we conclude that

2
|am|[3N(N+1)—2]/m

(W zo)

Ta(z,t) = |af?
[P} (2 = &0) = 2ipip} (t = fo) =m0y — nabiy — nabs] + [hol*)
[0 i)

Finally, under the assumption that all nonzero roots of the generalized Wronskian-Hermite polynomials
WJ[Vm’k’l] are simple, the above leading-order term in a,, for m,(z,t) is non-zero. Hence, using 7 we
conclude that, near (Zg, o), the N-th order rogue wave is approximated by a fundamental rogue wave of
the three-component NLS equation given in Theorem with error O(\am\fl/ ).

In order to study the patterns of the 1st type rogue waves of the three-component NLS rogue waves
under the condition |a,,| > 1 in the inner region with 22 +¢2 = O(1), we first use similar method as that
in [45] to rewrite the determinant 7, as a 5N x 5N determinant

Onxny  Pnxan
81
—Uyunxn Dunxan (81)

-

where

j—1 * i—1
P1 + . P1 — . *
®; ;= Spij[®"(m)+(j —1)s], U;;= Saj—i [z~ () + (i —1)s7].

N <p0+p6) iy [#7(0) + (G = D] i <po+p8> s [ )+ (= D7)

It is clear that each element in is a polynomial in a,,. To express these polynomials explicitly, we
define y* to be the vector £+ without the a,, term, i.e.,

x+:y++(0,-~' 70,am,07"'), w_zy_—i—(O,--- 70,a:n’0,...). (82)

Then we can expand the Schur polynomials S; (z* + vs) by

li/m] [4/m] , .\l
Ay — * (a’m) — *
S;(xt +vs) = lz:; =1 Si-tm (yT+vs), Sj(z” +vs")= lz:; i Sicim (Y~ +vs*),  (83)

where [a] refers to the largest inter less than or equal to a. To determine the highest order term in a,, of
Ta, a straightforward way is to keep only the highest order of a,, in each element. However, it turns out
the resulting determinant will vanish. To tackle this issue, we can use similar argument as that in [60]
to perform row and column operations. Notice that we have totally three cases to consider, i.e., m = j
mod 4,5 = 1,2,3. Since the proof for j = 2 is different from those in the NLS equation [59] and the
Manakov system [60], we first focus on the proof of this case. As the proofs for the cases j = 1 and 3 are

29

X ( [p1 (z — &0) + 2ipop1 (t — o) + n1611 + nabiz + ngbs)

(80)



similar to [60], we only provide a brief proof for j = 1.

For m =2 mod 4, i.e., m = 4r + 2(r > 0), according to the block structure of the determinant 7,
we can perform row operations on the matrix ®yy4n. For convenience, we define S'j = S;(yt +vs)
and omit (p1/(po + pé))r1 in the following representation because they are the same in each column and
have no affect on the row operations. Then, we can substitute into ®nxan and rewrite it into the
form

S3 So
S7 Se
Sm—3 gm—4
amSI + Serl amSO + Sm
amSs + Sm+5 amSs + Sm+4
ams’mfl + Smel am5m72 + S2m72
a? . . N a? . N .
2*“,153 + @mSm+3 + S2m+3 7",152 + amSm+2 + S2m+2
DN ~ . A . a? - . .
- S 'm—3 T @mS2m—3 + S3m—3 277757n—4 + @ Som—a + S3m—4
3 . a2 B a2
375 ! Serl + O(am> ?SO + ?Sm + O(am)
Cl 3
mSm 1 + S2m 1 + O(am) L m—2 + SQm 2 + O(am)
3!
at . oad a? at . ad . a?
ISB + §Sm+3 + iS2m+3 + O(am) ISQ + §Sm+2 + 552m+2 + O(am)
a4 . a4 ~
mSm 5+ 2 S2m 5+ o S3m 3+ O(anm) 1l gt o SQm i+ SBm 4+ 0(anm)

In this case, we can notice that the coefficients of the highest a,, power terms in the first column are
proportional to o A o .
S3,87, -, Sm—3351, 55, , Sm—1 (84)

and repeating. To be more precise, the first 7 rows are a sequence starting with 5'3, and the subscripts
of S increase by 4. The next r + 1 rows, i.e., rows r + 1 to 2r 4+ 1, are a sequence starting with 5’1, and
the subscripts increase by 4 as well. After that the subsequent r rows are the sequence starting with
a multiple of S5, followed by r + 1 rows starting with a multiple of Sy, and so on and so forth. Each
element in the second and higher columns maintains the same form as the elements in the first column,
except that the subscripts decreasing by 1, where S’j =0 for j <O0.

Notice that each 2r + 1 (= m/2) row circulates a multiple of the sequence and Ng = N mod m,
ie., N = km + Ny. Hence, we define the first m/2 rows of ®yx4n as the first block matrix, the next
m/2 rows as the second block matrix, and so on. The first km rows consist of 2k blocks, and each of
these blocks contains two parts. The last remaining Ny rows are called the remaining block matrix, i.e.,
the (2k + 1)-th block matrix.

The first round of the row operation is to use the first block to eliminate the highest power term of a,,
in each subsequent block, and leaving the lower power terms of a,,. This can be achieved by multiplying
each row of the first part of the first block matrix by —a?2,/(2n — 2)! and multiplying each row of the
second part of the first block matrix by —a?2,/(2n — 1)! and adding them to the corresponding row of the
n-th block matrix. The resulting ® x4y is
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amSl + Sm+1
amS5 + Sm+5

amSm—l + SQm—l
amSm+3 + 52m+3

am‘§2m73 + 33m73

amS() + S'm
GmSa + Svn+4

am*?m—2 + $2m—2
amSm+2 + S2m+2

(£2%%) S'2717,74 + 5'.3m74

DNxan ~
11 11 .
<2' 3'> a Sm+1 + O(am) (2| - 3|) a?nSm + O(am)
1 1 1 1
a 3') £L77LS2m 1 + O(Chn) 5 3'> a ng 2 —+ O(am)
ay, A a2, . a3, a2
7'Sm+3 + ?S2m+3 + O(am) 31 St + S2m+2 + O(am)
(13 R 2 ' R ag 2 ’
377752m—3 + T SSm—S + O(am) mSQm 4+ 7” S3m 4+ O(am)

The second round of the row operation is to use the second block to eliminate the highest power term

of a,, in each subsequent block, and leaving the lower power terms of a,,. This results in

_ 33
Sy
Sm—S
Gm% + €m+1
amS5 + Sm+5

amSm—l + S27n—1
amSerS + 52m+3

mS2m—3 + S3m—3

Py xan ~
1 1
5 3' a Sm+1 + O(am)
1 1 N
E — ? Clgnng_]_ + O(am)
1 1 N
E - g agnSQm-&-S + O(Qm)

21 3l

Sy
Se
S’m—4
amSO + Sm
amS4 + Sm+4

a"H'LS’rTL—2 + SZm—Q
amSm+2 + 52m+2

am$2m—4 + S’3m—4
) a2, 8 + O(am)

1 1 A
5 - § a72n52m—2 + O(am)
1 1 A
TR az,Som+2 + O(am)

1 1

1 1 A .
< - > az,S3m—3 + O(am) (2| - ?)') a2,S5m—1+ O(am)

(86)

We can continue to perform these row operation to ® x4y, which have 2k rounds in total. Similar

column operations can be applied to the matrix U yn«n-
At the end of these operations, we arrive at the situation where the determinant does not vanish
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when we keep only the highest order term in a,, for each element. The difference with the previous work
in [60] is that we cannot generate the lower triangular block matrix or upper triangular block matrix
after keeping the highest order terms and row switchings. This indicates that the size of determinant 7,
in unchanged. Moreover, it can be shown that 7, reduces to the form

Tn = Bl ‘am"h

Onxn  Pnxan ‘ [1+0(ah)], (87)
—Uyunxn Linxan

where 81 # 0,1 > 0 are constants, and

- &) ; 2 (1) +(3)
¢ = NG o U= ( Vinsn,  Yakxn, ) 7

N3 x4N (88)
&) = (ho) ™V Syia1—; [yt () + (- 1) 8],

U = (hg) ™Y Sujrmgi [y () + (i — 1) s7] .

Since the rogue wave solutions are independent of the constants 8; and 7;, we can rewrite into
a 2 x 2 block determinant [61]

71[11,1] Tr[11,3] B
m=det | Ty Ty | [1+0(a))] (89)
Tn Tn
where (ot )
“"”:( ) ) 1<1,J<
n Ti-14i=T )\ Gionagien, T T 23, (90)
and
1,J L) \pl\z ’
mﬁf; ) = Z ————| Si— (¥ () +vs) S, (y~(n) +vs"). (91)
v=0 (pO + po)

Note that the determinant 7, is still of order N, but the degree of 7, with respect to = or ¢t is reduced, so
this is still a lower-order rogue wave. Moreover, in this case, 7, in the inner region is always approximately
a 2 X 2 block matrix regardless of the values of N and m, i.e., No =0 in . As a result of this, when
2?2 +1t? = O(1) and |a,,| > 1, the determinant in is approximately a (Nq,0, N3)-th order rogue wave
of the three-components NLS equation

[“1,/\71(33’t)7 u2ﬁ1(w,t), u3,/\71($7t)]

where A} = (N1,0, N3), u; 57, (j = 1,2,3) is given in Theorem with N; = N; 3, and the internal

parameters !
(&1,n7 d2,n7 dS,nv dS,na &G,n v 7&4Nn,3—n,n) , n= 17 37
are related to those in the original rogue wave as
CALj_yli(Alj’g:CLj, j:1,2,3,5,6,7~~,mfl,m+1,~~

and
am,1 = Om,3 = 0.

From , we deduce that the approximation error of this lower-order rogue wave is O (|am|71>

Next, we consider the case m =1 mod 4, i.e., m = 4r + 1(r > 1). Notice that the coefficients of the
highest a,, power terms in the first column of W4y are proportional to

337S7a"' 7‘§4T—1a‘§27‘§6a"' 7‘§4T—23‘§17S5a"' a‘§’47"—35§07‘§’47"' a‘§4r

and repeating. Similar to the previous case, we can think of the first m rows as the first block matrix
of ®nwan, the next m rows as the second block matrix, and so on. On account of N = km + Ny, the
remaining Ny rows are called the remaining block matrix, i.e., the (k + 1)-th block matrix. Each block
matrix can be divided into four parts, for example, the first column of these four parts are sequences
starting with 5’3, 5'2, Sy and Sy respectively.
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Then, using similar argument as in [59], we arrive at the situation where the determinant does
not vanish when we keep only the highest order term in a,, for each element. In this case, after row and
column swapping, upper and lower triangular block matrices will be generated. After expanding these
block matrices, 7, reduces to the form

Onuxs Proux
o= Balam[™ | g0 NV 140 (a,1)] (92)
T ¥ NxNs3 NxN
3
where By # 0,72 > 0 are constants, N3 = Z;ng, N = 11;1%)(3 (AN; 3 —i+1),
O
AN113><N =R N R N
=] 32 _ | T= ( g s @ )
Aé\?f)z)_yng NXNLS NXN213 NXNg_yg
(I)Ns,3><ﬁ (93)
L) = (ho)"™ Suia-r—y [yt ) + (G — 1 +w0) ]
‘T’E? = (hy) " Sy [y () + (i =1+ vp)s*]

and vy = N — N;. Finally, using similar argument as in [61], we find that 7, can be asymptotically
reduced to a (N7, Na 3, N3 3)-th order rogue wave of the three-components NLS equation in the inner
region. Notice that the internal parameters

(dl,ny CALZ,’m d?y,na &5,717 dG,n ) CAMNnj—n,n) , n=123,
are related to those in the original rogue wave as
aj1 =052 = 0aj53 = aj + (N - Ng)Sj, ] = 1,2,3,5,6,7' LA

As pointed before, the proofs of our 1st type and 3rd type rogue waves of the three-component NLS
are very similar, so we omit the proof of 3rd type. However, there are some differences in the proof of
2nd type rogue waves in the inner region. This is explained as follows.

We rewrite the determinant 7, as a 5N x 5N determinant as in . Note that m = j mod 4,5 =
1,2,3, and the different case is still j = 2, i.e., m = 4r + 2 (r > 0). In this case, we can substitute
into to expand each element into a polynomial in a.,. Similar to the proof of 1st type, we can rewrite
Py wan as follows

S, S1

S@ S5
‘S:meél R Sm*a:’
amSo + Sm Sm—1

am§4 + Sm+4

9 amgm—Q + SQm—Q

a® - N N
PN wan ~ 2*7?52 + @ Smt2 + Somq2

a2

27775'7,7‘74 + amg2m74 + S’3777,74
a3 . a2 .
6+ B+ )

a3

2
m G U 4
3| m—2 + 2' 52m72 + O(am)

33

9 amSm—S + S127n—3

a‘. A ~ ~
2*751 + amSm+1 + Som+1

2

az, 4 N A
? m—5 T amS2m75 + 53m75
' 2
Ay 4
? m—1 + O(am)
@ . a2,
3 Om=3 + YSme:S +O(am)

(94)



It can be seen that the matrix ® w4y can be divided into a number of blocks. We use the same
method as before, that is, we use the preceding blocks to eliminate the highest-order terms in a,, of the
subsequent blocks in turn. After the above operations, we find that only the coefficient of the highest-
power term in (r + 1)-th row is So. This inspires us to eliminate one row and one column through some
operations.

We first keep only the highest remaining power of a,, in the (r + 1)-th row of ®nx4n. Then, from
the original determinant 7,, we can expand it according to the (r + 1)-th row, and obtain

- S,l SO .
S5 54
Sm—S S’m—G
amSs + Sm+3 amSa + Sm+2
am‘sjm—?) + $’2m—2 amgm:4 + S?Qm—S
AmSmi1 + Som Gy S + Som
PN xan ~ H_ met , ? (95)
amSam—s + S3m—s amS2m—6 + S3m—6
1 1 9 & 1 1 9 &
5 — g amSm,1 =+ O(am) ? — g amsm72 + O(am)
1 1 A 1 1 A
(2! - 3,> 2 Som—3+ O(am,) (2| - 3|) az,S2m—1+ O(am)

Similar treatment can be applied to the matrix U ny«n. It can be observed that we have a similar
situation to the inner region of 1st type rogue wave with m = 4r + 2. Finally, we can rewrite into a
2 x 2 block determinant

BT
Tn = det( B33 ) [1+0(az")] (96)
Tn Tn
where )
T = () 1<I1,J<
Ta ( 41_1’4]_J)1§i§N1,1§j§NJ7 <I,J<3, (97)
and
EE’I"I) - Y N — Si_w (acf(n) + vs) Si—v (m;(n) + vs*) ) (98)
v=0 (po + po)

Note that the determinant 7, is always (N — 1) x (N — 1) and 7, in the inner region is always
approximately a 2 x 2 block matrix regardless of the values of N and m, i.e., Ny = 0 in (15). Moreover,
we remark that the internal parameters

(al,na A2,n,A3,n, A5 n,A6,n - - - 7a4N,LY2—n,n) , n= 17 3a
are related to those in the original rogue wave as
CLjJ :aj73 = aj +5j, ]: 1,2,3,5,6,7"' ,m — 1,m+ 1,

and

am,1 = Am,3 = Sm-

This completes the proof of Theorem for the inner region.

Proof of Theorem Since the proofs are similar for different ¢ € {1,2,3,4}, it suffices to present
the proof for ¢ = 1.
Assume |a,,| is large and other parameters are O(1). We first consider the situation when (x,t) is
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located in the outer region, i.e., Va2 +t> = O (|am|1/m). Since the proof is very simlar to Theorem [3.1

we only show the differences.
To begin with, we have

S; (a:+(n) + us) =5; (xf,x;,xgr,xi,usmxéﬂx;ﬂmg,xg,usm, VS, ) ~S;(v), (99)

where
V= (p0$+2p0p11t707 707a'm707"')' (].00)

This relation is the same as , but the values of pg and p; are different from the three-component NLS
equation. Then, after some calculations similar to the proof of Theorem we find that the highest
order term in a,, for , is

2
o~ faf? o [NV 2| (101)
where

hON(Nfl)/z(cE:,n’SA])_l, ho =p1/ (po +p5), 2= G;Ll/m (pox + 2pop1it) .

Note that the order of a,, is changed from 3N (N + 1)/m in the three-component case to 4N (N + 1)/m.
Thus, the solutions

o =

Ul,/\fl($7t)a U2, N1 (:Cﬂf), U3 N, (:L‘J), Ug, N, (:13715)

are the plane-wave backgrounds, except at or near (530, tNO), where
zo = ay, /™ (poo + 2poprito) (102)

. [m,5,4]
is a root of Wy (2).

In what follows, we show that, when (x,t) is contained in a small neighborhood of (:Tco, to) given by
(102)), the underlying rogue wave is approximately a fundamental rogue wave. Denote by

&5 (z,t) = pax + (2pop2 + pi) (it),

which contains the dominant terms of 7 (z,t) in with the index ‘I’ removed. Then, for (z,t) in the
neighborhood of (Z,%y), we have a more refined asymptotics for S; (z™(n) + vs)

S; (x* () +vs) = [S;(¥) + &F (F0,70) S;_2(¥)] [1 +0 (a;f/m)] L lam| > 1, (103)

where
Vv = (pox + 2pop1it + n1611 + n2bia + n3bis + 14614,0,- -+ ,0,0.,,0,- ). (104)

Here, the normalization of a; = 0 has been utilized. Next, we rewrite 7, in a similar form as by
means of Laplace expansion. Further, the contribution from the first index choice of v; = j — 1 can be
expressed as

2N(N+1)—1 4

aam ™ [Po (z — &o) + 2popni (t — to) + Z nibik + Ay [WI[VmﬁA]}/ (20) [1 +0 (a;nl/m)} (105)

k=1
where
~ N m m m
X @r (530,t0) ZJ’:l deti<i<n {pgill (20) -+ ’pgiljf2 (20) 5+ ,pgilN (Zo)}
Ar=— o (106)
am {WN = } (20)
and Ay = O(1) as &7 (i, 7o) = O (‘ai,{m‘) By absorbing A; into (#, ) [28], we obtain
2N(N+1)—1 _ 1 [m,5,4] ! 1
Ay, ™ po (. — To) + 2pop1i (t — o) + Zn;ﬂlk [WN " } (20) [1 +0 (ar_n /m)} . (107)
k=1
where Zy and ty are given in Theorem
For the second index choice, i.e., v = (0,1,--- , N—2, N), the dominant terms in a,, can be calculated
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in a similar way as (76), that is,

hN(Ngl)+2 2N(NWJ:1)*1 ot [m] [m] [m] [m] 1 0 —1/m
0 am (S8 |Pei-t (20) s P5i2 (20) -+ P5i_ (v_1y (20) s P5iy -1 (20) | |1+ O ap, :
(108)
Since pg-nj]l( ) = [pgm]} (2), the above term can be expressed as
2N(N+1)—1 m / _
hoaam ™ [W][V ’5’4]} (20) [1 +0 (aml/m)} . (109)
Summarizing the above two contributions, we conclude that
Tn(z,1) (110)

2N(N+1)—1

2
i —
= |of? {W][Vm’5’4]} (20)| lam|™ ™ X ( [p1 (x — Zo) + 2ipopy (t — to) + 116011 + n2b12 + n3biz + 14014]

[pi (@ = @0) = 2w (t = To) = a0y = naBiy — msbiy — nabis] + hol* ) x [1+0 (a/™)] . (111)

Thus, the proof for outer region is completed.

In order to study the patterns of the 1st type rogue waves of the four-component NLS rogue waves
under the condition |a,,| > 1 in the inner region with 2% + t* = O(1), we first rewrite the determinant
Tn as a 6N x 6N determinant

Tn =

Onxy  Pnxsw
112
—Usnyxn Isnxsn (112)

where

j—1 % i—1
o D1 + . o D1 — . *
P, = Ssi_i|le"(n)+(j—1)s|, ¥;,= ” Ssi_ilx (n)+ (i —1)s™|.
2 <p0+p3) 5 J[ (n) +(j ) } 2 <po+p0> 55 [ (n) + ( ) }

Then, we can apply and to express each element in into a polynomial in a,, explicitly.
Notice that have totally four cases to consider, i.e., m =7 mod 5,7 = 1,2,3,4. Since the proofs for all
cases are similar, it suffices to provide the proof for 7 = 1. To determine the highest order term in a,, of
Tn, We can use similar argument as that in [60] [62] to perform row and column operations. After these
operations, 7, can be reduced to the form

Ox.xm, Pw,xi

\pﬁXN4 I

[1+0 (a;')], (113)

NxN

4
where 3 # 0,y > 0 are constants, N4 = ZN"A’ N = 1121a<x4 (bN; 4 —i+1),
n=1 ¢

O
N174><N
0 | _ _ _
Aé\?{Q)AXN U= ( \II(AI) \I/(E) \I,(E’) \I/(il) )
¢ . ’ NXN1’4 NXN274 NXN3,4 NXN414
O (114)
N4)4><ﬁ
6(1) = (ho)_(j_l) 557;71 [y"'(n) + (] -1+ VO) 5]

]

‘I’(J) (hg)~ Y Ssj—s [y~ (n) + (i — 1+ 1) 8¥]

)
I

and vy = N — Ny4. Since the rogue wave solutions are independent of the constants 3 and v, we can
rewrite (113)) into a 4 x 4 block determinant

B CTEA N RN 1
A2 223 [2 4 B
T = det 3.1 _[3.2 _[3.3] [3 g | [1+0(ar')] (115)
Tn Tn Tn
[ ] [4 4]

4,1] (4,2] (4,3
Tn Tn T



where
(n,I,J)

[I’JJ:( n,1,7). ) 116
"n BI85 ) << Ny 4 1<G< N (116)
and
min(,5) |p1|2 v
mgf;.’I’J) = Z ————| Si—v (y"(n) +vos +vs) Sj—, (Y~ (n) + vos™ +vs*). (117)
=0 L(po+pp)

Finally, the determinant in (115)) becomes a (Nj 4, N2 4, N3 4, Ng 4)-th order rogue wave of the four-
components NLS equation, and the internal parameters

(al,nv dZ,na (_LB,n» C_744,7%7 dG,n cee aa5Nn,47n,n) , n=1, 27 37 4)
are related to those in the original rogue wave as
aj1 = G52 =Gj3 =054 = a; + (N — N4)Sj, 7=1,2,3,4,6,7---.

From (|115)), we deduce that the approximation error of this lower-order rogue wave is O <|am|_1) . This
completes the proof of Theorem for the inner region.

6 Conclusion

In summary, we have constructed rogue waves of the vector (or M-component) NLS equation and
analyzed their patterns for M = 3,4. These solutions are expressed in terms of Gram-type determinants
of K x K block matrices (K = 1,2,---, M) with index jumps of M + 1 via Kadomtsev-Petviashvili
hierarchy reduction technique. One crucial step in this process is solving a system of algebraic equations
(see Lemma and its proof). The rogue wave patterns corresponding to M = 3,4 and K = 1 have
been investigated comprehensively. We find that when specific internal parameters are large enough,
these patterns are described by new polynomial hierarchies, i.e., the generalized Wronskian-Hermite
polynomials; in contrast with the scalar NLS equation and the Manakov system. Since the Yablonskii-
Vorob’ev polynomial hierarchy and Okamoto polynomial hierarchies are special cases of the generalized
Wronskian-Hermite polynomials, our results have unified rogue wave patterns of the scalar NLS equation
and the vector NLS equation for M = 2,3,4. It is worth noting that the case M = 3 presents a
unique feature as, in certain cases, the sizes of the Gram-type determinants cannot be reduced in the
approximation of inner regions.

The rogue wave patterns for M = 3,4 exhibit very rich structures similar to the Manakov system
[62], these patterns are, in general, distorted from root structures of the generalized Wronskian-Hermite
polynomials. The predicted rogue wave patterns have been compared with true solutions, and excellent
agreement is achieved. As pointed out in [58| 62], universal rogue wave patterns, which depend on the
index jumps, exist in integrable systems. We expect that the patterns uncovered in the present paper will
appear in many other systems and thus are universal, as long as the corresponding Schur polynomials
have index jumps of 4 or 5.
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Appendix A

In this appendix, we provide the proof of Lemma Assume ¢ is a root of Rys(z) = 0 of multiplicity
M with $(§) # 0, then we have

R(€) =0, n=01,2,...,M—1, (118)
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where
M

RUV(E) = (~)™(m+ 1)1

j=1

Ty
— . m>1
(£+kj)m+2

The system of equations (L18) is linear in r;, j = 1,2,..., M, so we can solve for them and obtain

M
1
(€4 k)M = =5 [[1(7%‘ — ki)rj. (119)
i#]
Denote by
| M
{=atiy, —3 | (kj — ki)ry = A exp(if;m), j=1,2,..., M, (120)
2
where A; > 0,z,y are real, y # 0 and
. Y
0, if —— Hi,:l(kj — kl‘)?"j >0,
0, = T (121)
]., if — 5 H;;}(k‘? - ki)'rj < 0,
then we deduce from (119)) that, for each k;, there exits {; € {0,1,..., M} such that
A 207/ (M + 1 if0;, =0
x+kj+iy: JeXp[ Jﬂ.l/( + )]’ 10 ] ’ (122)
Ajexp[(2l; + 1)mi/(M 4+ 1)], ifg; =1,
Comparing both sides of gives
_Ajsin[2ym /(M +1)), if6; =0, (123)
C Ajsinf(20; + D/ (M + 1)), if 6 =1.
This implies that all the corresponding sin[2l;7/(M + 1)] or sin[(2l; + 1)x/(M + 1)],j = 1,2,..., M,
should have the same sign. Without loss of generality, we may assume y > 0. Note that the set
{1, exp[ri/(M + 1)],exp[27i/(M 4+ 1)],...,exp[2M7i/(M + 1)],exp[(2M + 1)7i/(M + 1)]} (124)
contains exactly M elements with positive imaginary parts, which are
exp[mi/(M +1)], exp[2rmi/(M +1)],..., exp[Mni/(M +1)]. (125)
Since the k;’s are distinct, it then follows that
x+k;j +1iy = \jexplo;mi/(M + 1)] (126)
where (01,09,...,0) can be any permutation of the set {1,2,..., M}. Without loss of generality, we
may take
o5 =J, (127)
where j =1,2,..., M. In this circumstance, we have 6; = [1 + (—1)7*1]/2 and
xr = Mcos[jm/(M +1)] — kj, (128)
= A;sin[jn/(M +1)], (129)
and hence
sin[r/(M + 1)]
A = _— 130
7 sinjr /(M + 1)) (130)
ki = ki+\jcos[im/(M +1)] — A\ cos[m/(M + 1)], (131)
= k1 + M\ (sin[r/(M + 1)] cot[jm/(M + 1)] — cos[w/(M + 1)]) (132)
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where j = 1,2,..., M. Further, we find from (120 and (130 that

M sin|m A
r; = 2(—1)iH H(kj — k)7t <A1W) o

i#]

As Rp(z) is a rational function with real coefficients, it is clear that &* is a root of Rp(z) = 0 of
multiplicity M as well. This completes the proof.

Appendix B

In this appendix, we apply Hirota’s bilinear method to derive rogue wave solutions of the vector NLS
equation presented in Theorem based on the KP reduction technique. For convenience, we only
consider the case when 7, given in consists of M x M block matrices, i.e., K = M, as other cases
can be treated in a similar manner. In such case, we have I; = j(j =1,2,..., M) in .

We first transform the vector NLS equation into a set of bilinear equations

M M
D2+ "o | f-F = 0i0t9;9],
j=1 j=1

(134)
(iDy + D2 +2ik;D;) g; - f =0, j=1,2,--+, M,
under the non-zero boundary condition at +0o0 by the variable transformation
uj = pj&ei(kj”+wjt), i=12--- M, (135)

where w; = Zjle ojp; — k3, f is a real-valued function, g; is a complex-valued function, and D is the
Hirota’s bilinear operator [33] defined by

mppp (D O\ (0_ Y »
2ot o= (5 o) (5 ) Vs )

x/=x,t'=t

Next we define

M . n;
- 1 ( p— 1kj) ’ .

S pta\ gtik
N
§=pr+piy+ vaj + &o(p),
=1 ’

M
1
2
n=gqr—qy+ —v; +10(q),
]—;Hl’% ’

where n = (n1,no, ..., na) with n; being integers, p, ¢, v; are arbitrary complex constants, j = 1,2,..., M,
and &y(p),no(q) are arbitrary functions of p and ¢ respectively. Let A; and B; be differential operators
of order ¢ and j, respectively, defined by

A = LA, Bi@) = 5 1R@a)

where f1(p), f2(q) are arbitrary functions of p and ¢ respectively. Then it can be calculated that [45] the
determinant

T = det (m’.‘ , )
Ty psn e
where (i1,49, -+ ,in) and (j1,j2, -+ ,jn) are arbitrary sequences of indices, and the matrix element m?

ij
is defined as
my; = A Bym™, (136)
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would satisfy the bilinear equations
(137)

1 .
<2D37va _1> ™ ™= —Tn;Tn; _1» J :1727"' aMa
(D2 — Dy +2ik;Dy) oy, Ta =0, j=1,2,--+,M,

where
M
n;; =n-+1:xn;, n;= E djiey,
=1

e; is the standard unit vector in R™ and 05 is the Kronecker delta.
In what follows, we will establish the reductions from the bilinear equations (137)) in the KP hierarchy
to the bilinear equations (134)), thereby obtaining rogue wave solutions of the vector NLS equation .

This procedure consists of several steps.

i) Dimension reduction
Note that
M
<23x +> Ukpiavk> myy = AiB; (G (p) + Har(q)] m™, (138)
k=1
where
L ojp? L ojp?
= J 2 = J 1
Oulr) = Y 525+ o) = 2 (139)
This implies that
M i 1 J 1
n n l n
(2(% + Zo-kpiavk> m;; = Z ﬁ [(f10p)" Gu(p)] mi 5 + Z n {(f2aq) HM(Q)} m3; . (140)
k=1 u=0"" =0 "~
Then we can use the method introduced in [59] to find fi(p) and f2(g) such that
(f200)" " Har(q) = Har(q). (141)

(£10:)" Gar(p) = Gu (),
Choosing qo = p§ and using (141)) and the assumption that pg is a root of G}, (p) = 0 of multiplicity

M, the equation ([140|) reduces to

M
(28m + ngp%avk> m:} o
Pt P=P0,4=4q0
: 1 : 1
= G (po) Z mm?_u7j+HM(qo) Z ﬁmzr‘fj—l o (142)
n=0 ’ 1—0 : P=P0,9=q0
p=0(mod (M+1)) 1=0(mod (M+1))
Let N = Ny + Ny + -+ 4+ Ny, where Nj,j 1,2,---, M, are positive integers, and define the
determinant 7, by
(1,1] (1,2] (1,M]
Tn Tn 0 Tn
I[12,1] 7_1[12,2] o TI[]Q,M]
Tn = det . , (143)
(M) [M2) MM
where
) , 1<I,J<M,
P=p0,9=40,£0=E0,1,M0="0,J
(144)

(I,J] — . ) n
Tn ' = Mabi<i<N 1<G<Ny | M(M41)im1,(MA41)j—J

and m? . is given by (136]).
With (142), we can use similar argument as in [45] to show that the determinant 7, satisfies the
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ii)

iii)

iv)

dimensional reduction condition

M
(28:6 + Z Ukpzavk> Tn = N [gM(pO) + HM(CIO)] Tn- (145)

k=1

Therefore, we can use (145]) to eliminate the variables v;,j = 1,2,--- , M, from the higher dimen-
sional bilinear system ((137)). As a result of this, we have

M M
2 2 2
D; + E 0P | Tn*Tn = E 0P Tn; 1 Tny 1
=1

= (146)
(iDy + D2 + 2ik;Dy) Tny, - Ta =0, j=1,2,---, M,
where t = —iy.
Complex conjugate reduction
Impose the parameter constraint
5071 = 776,]7
and in view of py = ¢, we have [f1 (po)]” = f2 (qo)- It then follows that
Ta =T, (147)
Define
f:Tnoa gj:’rnj, j:172a"'7M7 (148)

then the complex conjugacy condition (147]) implies that f is real. Therefore, from (146]) and (147)),
we conclude that the functions f and g; satisfy the bilinear system (134)), thereby yielding rational
solutions to the vector NLS equation via the transformation ([135]).

Introduction of free parameters

We apply the method proposed in [59] to introduce free parameters in the following form

o1 = Z an,r In" U(p), (149)
n=1
where U(p) is defined by the relation
_ U
fl(p) - u,(p)7

and the a, 1’s are free complex constants.

Simplification of solutions

With the aid of the generator D of the differential operators (pap)k (q(’)q)l given as
D= Z Z kI (pap)k (qaq)l = exp (kpdp + Aqdy) = exp (KOmp + AOng) , (150)

we are able to simplify the solutions expressed by ([148]) using differential operators into the form of
Schur polynomials as presented in Theorem Since the computations are very similar to those
in the three-wave system by Yang and Yang [59], we omit the details.

Thus the proof of Theorem is completed.

Appendix C

In the first part of this appendix, we provide the values of Ny, Ny, N3, Ny that appear in Theorem 2.4 in
the following lemma.

Lemma 6.1. The values of Ny, No, N3, N, involved in Theorem are characterized as follows.
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e When m =1 mod 5, we have

(N070a050)7 0< Np < [%]
([%].No - [%],0,0), (Bl +1<No<2[%]
=4 (0, N, N N = 4 ([2].12] Mo —2(2]), 2[2] +1< Ny <3[2]
(] [2]. 18], Mo =3[5]), 3[5]+1<No<4[g]
(m—l—No,m—l—N(),m—l—No,m—l—No), 4[%]+1§N0§m—1
(07N07070)7 0 < NO < I:%:I
(0, 5], No — [5],0), (5] +1<No<2[5]
=35 (V0 Vo, Ny, ) = 4 (0. [2] L [2] N — 2 [2]). 2[2] +1< N <3 (2]
(Bl -LI5]-LIE] -LNo=3[g]-1), 3[5]+1<No<d4][g]+1
(m—1—No,m—1—No,m—1—No,m—No), 4[Z]+2<Ng<m-—1
(0707N070)7 0 S NO S [%]
(0,0, 5], No - [%]), (5] +1<No<2[3]
I=2:(Ny,Na, N3, Ny) = ¢ ([2] —1,[2] —1,Ny —2[2] - 1,0), 2[2]+1<No<3[2]+1
(Bl-LE -1 N-3[8]-1), 3[g]+2<No<4[g]+1
(m—l—NO,m—1—N07m—N0,m—N0), 4[%]+2§N0§m—1
(0,0,0, No), 0<Np < [#]
([5] =1 No = [5] - 1,0,0), (3] +1<No<2[5]+1
=1 (N N N ) = (2] -1, [2] No—2[2] - 1), 2[2] 425 Ny<3[2] 41
(Bl-n51 08l No-3[8]-1),  3[F]+2<No<4[g]+1
(m—l—No,m—No,m—No,m—No), 4[%]+2§N0§m—1
e When m =2 mod 5, we have
(N0707070)7 0< NO < [%]
([%],0,No - [5],0), (5] +1<No<2[3]
= 0 (N0, N, N N = § (Vo —2 (2] — 1. 2.0, [2]) 2[2] +1< N <3[2]
(5] (5], No=3[5] - L.[%]), 3[5] +1<No<d[g]
(m—1-—Ng,m—1—Ng,m—1—No,m—1-No), 4[2]+1<Ny<m—1
(O7N0a050)7 0 S NO S I:%:I
(0, [5],0.No = [5]), (3] Fi=No<2[%]+1
=31 (N0, N Vo N = § (Na—2 2] — 1, 2] .0,[2] +1). 2[2] +2< Np < 3[2] +1
(] [%] . No=3[8] -1 [8] +1), 3[g]+2<No<4[g]+1
(m—l—No,m—1—N0,m—1—N0,m—N0), 4[%]+2§N0§m—1
(0707N050)7 0< Np < [%]
(No = [5] = 1,0,0, [%]), (Bl +1<No<2[%]+1
=2 (80N Vo N9 = § ([2].0. N —2[2] — 1,[2]). 2[2] +2< Np < 3[2] +1
(Bl -Ll5]-LN-3[5]-2[5]), 3[g]+2sNo<d[g]+2
(m—l—No,m—1—N07m—No,m—N0), 4[%]+3§N0§m—1
(0,0,0, Ng) , 0<No < [2]+1
(No = [5] = 1,0,0, [] +1), (Bl +2<No<2[%]+1
I=1:(Ny,No,Ng, Ny) = ([%] .0, No =2 [F] =1, [%] +1), 2[2]+2< Np<3[2] +1
(gl -5l NMo-3[g]-2[%]), 3[5]+2<sNo<4[g]+2
(m—l—N(),m—No,m—No,m—No), 4[%]+3§N0§m—1
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e When m =3 mod 5, we have

(N07010a0)7 0 é NO S [L;]
([%].0,0.No — [%]), [B]+1=No<2[%]+1
=4 (3, N, N, V) = 4 (2] N0 —2[2] 1,0, [2]) 2[2] +2< Ny <3[2] +1
(5] Mo =3[5] -2.[%].[5]) 3[5]+2< Nosdfg] +2
(m—1—No,m—1—No,m—1-No,m—1-Ng), 4[2]+3<No<m-—1
(07N0a050)7 0 S NO S I:%:I
(Mo = [5] - 1,0,[%].0), (3] ri=No<2[%]+1
l:3:(N1aN27N3?N4): ([%]707[%];]\7072[% 71)a 2[%]+2§N0§3[%}+2
(2] No—3[%]-2.[%]. [3]+1). 3[F]+3<No<d[g]+2
(m—l—N07m—1—N0,m—1—N0,m—N0), 4[%]+3§N0§m—1
(0707N050)7 OSNOS[%:I—Fl
(Vo [2] - 1,0,[2] + L), 2] 4z<No<2[2] 41
I =2:(Ny,Ng, N3, Ny) = < ([2],0,[2] +1,No—2[2] - 1), 2[2]+2< Np <3[2]+1
(2] No—-3[g] -2 (8] +L[5]+1), 3[g]+2<No<4[g]+2
(m—l—No,m—l—No,m No,m—No), 4[%]+3§N0§m—1
(07070aN0)7 OSNOSI:%:I+1
(0,No — [2] = 1,0,[2] +1), (Bl +2<No<2[%]+1
L= L (N Mo, Ny, ) = ([2] Mo 2[2] - 2.0, 2], 2 2] +2.< No <3[%] +2
(Bl -LNo=3[g] =3, [5].[%]), 3[F]+3<No<4[g]+3
(m—l—No,m—No,m—No,m—No), 4[%]+4§N0§m—1
e When m =4 mod 5, we have
(NOaOaOaO)v 0 S NO S [%]
(Mo - [5] -1, [%],0,0), (3] +i=No<2[%]+1
= (N, Ny, N, N = 3 (Vo 2(2] 2, [2],[2].0) 2[2] 425 Ny <3[2] +2
(No-3[%]=3.[2].[%].[%]) B[F]+3<No<d[g]+3
(m—1-Ng,m—1—No,m—1—No,m—1-No), 4[2]+3<Ny<m-—1
(OvNOaO;O), OSN()S[%]—i—l
(No - [2] -1, [] +1,0,0,), (Bl +2<No<2[g]+1
1 =3:(N1,Ng, N3, Ng) = ¢ (No—2[2] —2,[2],[2] +1,0), 2[2] +2< No<3[2] +2
(Vo =3[5] =3 [5].[5]. [8] +1). 3[5]+3<No<d[g]+2
(mflfNo,mflfNo,mf17N0,TTL*N0), 4[%]+3§N0§m71
(OvovNO;O)v OSN()S[%]—F]_
(0,No - [%] = 1. [3] + 1,0), (Bl +2<No<2[%]+2
=2 (NN N N = § (Vo —2(2] -2, (2] 41 [2]410),  2[2] 43N <3[2] 42
(No=3[5] =3 [5]. [g]+L[5]+1), 3[g]+3=No<4[5]+3
(mf17N0,m717N0,m7N0,m7N0), 4[%]+4§N0§m71
(070707N0)7 OSNOS[%}"’_]-
(0,0, No = [B] - 1. [B] +1), (3] +2=No<2[%]+2
I=1: (N1, Ny, Ny, No) = € (0, No —2[2] =2, [%] + 1,[F] +1), 2[2] +3<No<3[%] +3
(No=3[5] =3 [g]+ L[5+ L[g]+1), 3[5]+4<No<4[7]+3
(m —1 — No,m — Ny,m — Ng,m — Np), 4[2]+4<No<m—1.

In the second part of this appendex, we will prove Theorems [2.3] and [2-4] for root structures of the

generalized Wronskian-Hermite polynomials WI[Vm’k’l .

I We only provide the proof for £k = 5, [ = 4 and

43



m=1,2,3,4 mod 5, as other cases can be proved in a similar manner.

Firstly, we define a new class of special Schur polynomials S ][»m] (z;a) and the polynomials WJ[Vm’5’4] (z;a)
as

SosiMza)e = explee+ac™], (151)
j=0
S%mi (z;a) S%mj (z;a) - S[L.,[)n_l]]N (z;a)
— S (za S (2 a o ST (za
WJ[Vm’5’4](z;a) _ CKIn,sA} A EH) s (#10) . 10 N( ) 7 (152)
S (za) S (za) o SiH(za)

where a is a parameter, 0%5,4} is a constant defined in , and Sj[-m](z; a) = 0 when j < 0. Compared
with the generalized Wronskian-Hermite polynomials Wj[\,m’k’”, the polynomials W\j[vm’SA] (z; @) have a new

parameter a. Note that the polynomials S [m]

i (2;a) are related to p[m](z) by

J

(ml .\ _ d/m [ml s s _ o —1/m
S (z3a) =aMpi " (2), Z=a z. (153)

In addition, we have
W (25 a) = a?NNED/myy el 2 (154)

From and , we find that each term in the polynomial W][\,m] (2;a) is a constant multiple of a®z"
and k +ms = 2N(N + 1). This indicates that when the power of a is larger, the power of z is lower.
Thus, to find the lowest order of z, it suffices to find the highest order of a. To this end, we rewrite the
polynomials S ]Lm] (z;a) as

[3/m] n
(m] /. _ a j—nm

and substitute (I55) into the determinant (152]). Note that coefficients of each a®z* in each row are
proportional to each other, thus we can ignore them. In particular, for m = 5r + 1, where r is positive
integer, we get

214 23
257"71 257”72
az®+ - az? + ..
az5r72 + 257"72+m az5r73 _|_Z5T73+m
a222+a22+m+“. (1221 +CLZl+m+'~~
Tr7[m,5,4] . :
wiro 4 (2a) ~ e _ _ _ . 156
N ( ’ ) N a2z5r 3_|_az57“ 3+m+._. a225r 4_|_az5r 4+m_|__._ ( )
a3zl 4 g2 a320 4 q2,m 4 ...
a3z5r—4 + a225r—4+m + .- a325r—5 + a225r—5+m + ...
a*20 +ad2m 4 .- a2’
a4z5r + a3z5r+m + .. a4z5r—1 + a3z5r—1+m + .

Next, we perform row operations to (156[), which consist of several steps.

1. Note that the coefficients of the highest order terms in a in the first column of (156 are periodic
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and one period is given by

4. 5=l 3. . 5r—2. 2 5r—=3. 1 5r—4. 0 57 (157)

According to this periodicity, we divide the determinants into [N/m] block matrices of size
m X N and one Ny x N block matrix, where Ny = N mod m. In addition, we divide the first
column in each block into five parts, which have distinct initial powers in z, and the difference of
the powers in z of consecutive terms in each part is 5. We denote the number of parts starting with
power j by Ns_;,j =1,...,4.

2. We are only concerned with the first column of , since other columns have similar structures.
According to the above discussions, we may use each part of the first block to cancel the highest
order terms in a of the corresponding parts for the subsequent blocks. After the first round row
operations, the coeflicients of the highest order terms in a in the first column of the second block
become

4+m ZST—I-{-m; 3+m | 257"—2+m; 24+m | Z57‘—3+1’TL; Zl-i—m . ZST—4+m; Zm . Z57‘-i—7n7 (158)

z z z

and from the third to the last blocks, the corresponding coefficients change to z*t™ from 2*. In
the second round, we can use the second block to cancel the highest order terms in a of the blocks
below. Then we continue this process until the last block. At the end of these operations, we can
exchange the rows in each block such that the highest order terms in a of the first column are

0o 1 2 5r., .m Zm+l

. m+2
By R,R R 5R, y & P

Zm+5r; L ka

: ka-&-l’ an%-i—Q7 . ,ka+5r; .

) )

and the determinant (156)) becomes

plmsal < L(N-No)x(N-No) O —No)x Ny )
NN My x (N=No) WiNox No

where L(n_ ny)x(N—N,) is @ lower triangular matrix whose diagonal entries are all 1.

3. Therefore, to calculate the lowest power of z of W][Vm’5’4](z; a), it suffices to compute the power of
the reduced Ny x Ny determinant Wy, «n, and the final result is I' as given in .

Next, we derive the factorization of W][\,m’5’4] (z) provided in Theorem Since the multiplicity of

the zero root of W][\,m’s’4](z) is T', we can write

Wi H(z) = gl (2), (159)

Note that

pgm] (wz) = wjpgm] (2), (160)

where w is any of the m-th root of 1, i.e., w™ = 1. From ([159)) and (160}, we immediately have
WI[Vm,5,4] (wz) _ wQN(N+1)W1[Vm,5,4] (Z)
and
dv (wz) = NG ),
Since 2N (N + 1) — T is a multiple of m, we have w?VN+D=I = 1 and hence
av(w2) = 0y (2).
This completes the proof.

Remark 8. We note that the row operations performed above are similar to those in the proof of rogue
patterns in the inner region. For some special cases, such as m = 4r 4 2 in the three-components NLS
equation, the proof needs some modifications similar to the proof of Theorem
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