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Ermakov-Painlevé IV coupled systems are introduced and associated Ermakov-type invariants isolated. These
invariants are used to obtain systematic reduction of the system in terms of the canonical Painlevé IV equa-
tion. The procedure is applied to a Ermakov-Painlevé IV symmetry reduction of a coupled derivative resonant
nonlinear Schrodinger triad incorporating de Broglie-Bohm potential terms.

1. Introduction

The six classical Painlevé equations arise in a wide range of physical applications and have a well-
established and fundamental role in modern soliton theory (see e.g. Conte [13] and Clarkson [12]
together with literature cited therein). On the other hand, Ermakov-type systems and their general-
isations likewise have extensive applications, notably in nonlinear optics [15,20,21,23,48,49, 62]
where, inportantly, they have been used to model the evolution of the size and shape of the light
spot and wave front in elliptical Gaussian beams [15,23].

Nonlinear coupled systems of Ermakov-Ray-Reid type have their origin in independent classical
studies of Ermakov [18] and Steen [61] and were originally introduced by Ray and Reid in [38,39].
The systems adopt the form

b+ ()0 = B(y/9) |

2
’ 11// (1.1
jt+olt)y=—Y
Vroly =5 Y0/v)
and admit a distinctive integral of motion, namely the invariant
1, . (12 =v/¢ w=9/y
s=5v-vér+ [ ezt [ wonaw . (1.2)

where, in the above, the dot indicates a derivative with respect to the independent variable ¢. Subse-
quently 2+1-dimensional versions of (1.1) were introduced in [47] while extensions to arbitrary
order and dimension which preserve the characteristic invariant were presented in [59]. Multi-
component Ermakov-Ray-Reid systems were introduced in a hydrodynamics context in [42] via
a symmetry reduction of a 2+1-dimensional multi-layer fluid model. Moreover, sequences of two-
component Ermakov-Ray-Reid systems were shown therein to be linked via Darboux transforma-
tions. Discretisation aspects of particular Ermakov-type equations have been investigated in [55,57].
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Stability and periodic properties of a Ermakov-Ray-Reid system arising out of such a two-layer
hydrodynamic model have been investigated by Athorne [4] while novel algebraic aspects underly-
ing the multi-component Ermakov-type systems introduced in [42] were uncovered in [5]. In recent
work [45], a Hamiltonian Ermakov-Ray-Reid system has been obtained in the context of a classi-
cal 2+1-dimensional rotating shallow water system with an underlying rigid circular paraboloidal
bottom topography. The Ermakov variables in that case have the physical interpretation that they
describe the time evolution of the semi-axes of the elliptical moving shoreline on the paraboloidal
basin. The route to the Ermakov-Ray-Reid system, interestingly involves application of extensions
of Ball-type moment of inertia theorems [7, 8] which, in turn, may be shown to have a Lie group
origin [30,40].

Ermakov-Ray-Reid systems have also been uncovered in magnetogasdynamics [43,53,60] and
remarkably, have been shown to admit pulsrodon-type phenomena analogous to those observed
in an elliptic warm core eddy context (Rogers [41], Rubino and Brandt [56]). Lyapunov stability
aspects of pulsrodons and their duals has been discussed by Holm [24]. The magneto-gasdynamics
pulsrodon describes a rotating, pulsating elliptic cylindrical plasma column bounded by a vacuum
state [53]. Ermakov-Ray-Reid structure has also recently been isolated in [53] in connection with
gas cloud evolution of a type originally investigated by Ovsiannikov [34] and Dyson [17] and sub-
sequently by Gaffet (see [19] and work cited therein). Connection with integrability has been made
in the 2+1-dimensional case by construction of a Lax pair [24].

In recent work by Desyatnik er al [16], the contribution of orbital angular momentum to the
suppression of the collapse of spiralling elliptic solitons in Kerr media has been investigated via a
variational approach. An analogous system modelled by a 2+1-dimensional NLS equation incorpo-
rating an harmonic trap was subsequently derived by Abdullaev et al [1] by means of a variational
approximation in the context of elliptic cloud evolution in a Bose-Einstein condensate. In [48] it has
been shown that the remarkable repeated occurrence of Hamiltonian Ermakov-Ray-Reid structure
in nonlinear optics extends to both the spiralling elliptic soliton system of [16] and to its general-
ization in the Bose-Einstein setting in [1].

The preceding attests to the established importance of Ermakov-Ray-Reid systems in a wide
range of physical applications. Like solitonic systems and their associated classical Painlevé equa-
tions which admit nonlinear superposition principles (permutability theorems) associated with
invariance under Bicklund transformations [22,50,52] it is known that Ermakov-Ray-Reid systems
also possess underlying nonlinear superposition laws albeit of another kind [38,39]. Moreover, just
as solitonic and associated Painlevé equations generically admit linear representations, Ermakov-
Ray-Reid systems also have been shown to have an underlying linear structure [6]. However, despite
these key common properties, the two areas of soliton and of Ermakov-Ray-Reid theory have gen-
erally proceeded independently. The only known hybrid solitonic-Ermakov system seems to be that
set down in [59] where, alignment of the integrable Ernst system of general relativity, with a 2+1-
dimensional Ermakov system was shown to lead to a composition of an integrable 2+1-dimensional
sinh Gordon system (see [25-27,51, 58]) and of a Ermakov-Ray-Reid system. However, recently
a hybrid Ermakov-Painlevé II system was derived as a reduction of a coupled N+1-dimensional
Manakov-type NLS system in [44]. Ermakov invariants admitted by the hybrid system were key
to its systematic reduction in terms of a single component Ermakov-Painlevé II equation which, in
turn, may be linked to the integrable Painlevé II equation. In terms of physical applications, the latter
equation has been shown to arise in the steady, two-ion reduction with valency relation v; 4+ v, =0
of the classical Nernst-Planck ion system descriptive of the migration of charged particles through
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material barriers [9,11,33,36,37]. The hybrid Ermakov-Painlevé II equation of [44] arises directly
in a pair of three-ion cases with valency ratios v| : v, : v3 = 1: —2: —1 as previously isolated by
Conte et al in [14]. It adopts the form

4

(y—2)*, (1.3)

X
Qxx+§§z+eg3: 3

403
(e==1)

where Q is connected to the electric field E by a relation of the type E ~ €,/Q. The nonlinear
equation (1.3) is, in turn, connected to the classical Painlevé II equation

O =20° +x0+7 , (1.4)
via the relation
€ €
=—|y—=-2QQ 1.5
©=55 1773 2 (15

(c.f. Gromak [22]).
In [44], a two-component ‘resonant’ nonlinear Schrodinger system
i D+ V2O —s[VD|/|@]] D+V [P+ |P?] D=0,
iV AV s [ VY|P ] P+V[|®P+|PP?]|P=0 (1.6)
(V2:=092/0x3+---+9%/dx% )
was investigated which incorporates de-Broglie-Bohm-type potential terms in V?|®|/|®| and
V2|®|/|¥|. Wave packet representations were introduced into (1.6) which resulted in a symme-

try reduction to a novel coupled Ermakov Painlevé II system for the amplitudes |®|, |¥| in the
form

1 (7)1
Bl +[er+eng 1190+ e (19 + 197 10l = 1= (5 ) g .

1 () 1
2 2 = — | — e
[¥leg +[ertend | [¥|+em (191 +[¥]7) W] = 7— ( N) Eds

where & = Az+uz?> +x, +---+xy and .#, ¥ are appropriate invariants.
The pair (1.7) constitutes a particular Ermakov-Ray-Reid system and admits the characteristic

invariant & where
2 . { 2
N

and this, together with a (non-local) Hamiltonian may be used to obtain reduction of the system (1.7)
in terms of the canonical single component Ermakov-Painlevé II equation in Q = +/|®|? + [P|?,

2

d =& (1.8)

v

¥

(o)

2
(10l ol el; 4+ [ ()
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namely
3_ éa
Qé§+[C[+CH§]Q+CHIQ —@ . (1.9)
If we now set cIZI = 2 and cy; = 2¢€ together with
1 £
E=—(y—2)*<0 1.10
2 r=3) < (1.10)

then w as given by (1.5) is governed by the integrable Painlevé II equation. The integrals of motion
involving .#, ¥ may be exploited to systematically construct the original wave packet representa-
tions. It is interesting to observe that the Ermakov invariant (1.8) together with the constraint (1.10)
requires that the parameter s > 1. This corresponds to the ‘resonant’ situation when the de Broglie-
Bohm potentials cannot be removed by the procedure described in [29, 35]. The 1+1-dimensional
resonant NLS reduction with s > 1 is of particular physical interest since then novel solitonic fission
and fusion phenomena are admitted (see e.g. [36] and literature cited therein).

The object of the present paper which introduces the notion of hybrid Ermakov-Painlevé IV
systems is to exploit underlying Ermakov invariants therein to obtain reduction in terms of a single
canonical Painlevé IV equation. The procedure is motivated by the occurrence of such a Ermakov-
Painlevé IV system as a symmetry reduction of an N-component derivative nonlinear Schrédinger
system. In terms of physical applications, two-component derivative NLS systems were originally
derived by Morris and Dodd [32] in a study of the modulational stability of circularly polarized
long Alfvén waves. Alfvén solitonic phenomena in such coupled derivative NLS systems in plasma
physics have subsequently been investigated by Xu et al in [63] while Darboux transformations
for two-component derivative NLS systems have been constructed by Ling and Liu [31]. Resonant
derivative NLS equations have been recently derived in the context of Chern-Simons theory by Lee
and Pashaev in [28].

2. Ermakov-Painlevé IV Reduction of a Derivative Nonlinear Schrodinger System

Here, we consider an N-component coupled ‘resonant’ derivative nonlinear Schrodinger system

i Py —Vi[ (|12 +[ D2+ + | Py]?) D1 x— EPrix =5 ([P1]ue/|P1]) D1,

[ Dy — Vi [ (| @1 +[Pof> + - +[DN]* ) P |y — ePor =5 (| D2 u/|P2] ) P2,
2.1

i Py — Vi [ (@12 + [P+ + [ Py]?) Pu |x — EPNx = 5 (| P/ |Pw]| ) Pw

which incorporates de Broglie-Bohm type potential terms. It is noted that, recently, Lee and Pashaev
[28] derived a single component resonant derivative nonlinear Schrédinger equation via a reduction
of a Chern-Simons system.

Wave packet representations are now introduced into the system (2.1) according to

;= (21 )*1/40-1.(5)61'0!(@ . i=1,--N 2.2)

where § = x/ (2t)1/ 2. In the single component case, in the absence of a de Broglie-Bohm potential,
such an ansatz is known to lead to an integrable Painlevé IV reduction in a gauge-equivalent NLS
equation (Ablowitz, Ramani and Segur [2, 3]).
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Insertion of the representations (2.2) into the derivative NLS-type system (2.1) produces a non-
linear coupled system in the o; and o, namely

(e+s5)6)—€ed’o; —vaoy[ ol +05+ - +05|=ao{ ,
8[20661+(5561]+2V61[0161+6262+"‘+GN6N]+V61[612+622+"'+G]%]
. 9]
= —001 — —
{6 5
(e+s5)6—€d’0, —vao,[ 6]+ 05+ -+ 05 | = a0l ,

€263 + 6.02] +2V02[ 0161 + 0262+ -+ + ONOy | + V| 07 + 05 + -+ 07 |

(e+s)6y—ea’oy —vaoy[ o +05+--+0F | =aong

€26y + oN] +2VON| 0161 + 0262+ + ONOy |+ VON| 07 + 05 + -+ 07 |
ON

:_CGN—7

where, in the present context, the dot indicates a derivative with respect to {. The relations (2.3),,
(2.3)4, ... (2.3)2n together show that

€[20( 0161+ 0262+ +0ONON )+ (O} + 05+ +05) ]

+3v( 6} 405+ + 0y )( 6161 + 02624+ + OOy ) 2.4

. . , 1
= ¢ olol+ozcz+---+oNoN)—§ (6?1 +03+-+03)
whence, one obtains the integral of motion

3v

¢

6Ty + 7 212V+ZN§:J (2.5)
so that
1 3v 4
{=— [ F-—""32_2% 2.6
o=l 4 R (2.6)

where Ly = 67 + 67 + -+ + OF.
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Substitution of ¢ as given by (2.6) into (2.3) now produces a ‘Ermakov-Painlevé IV’ system,
here termed of Type I, namely

3v2
4e(e+s)oigc+| - (o +03 440y ) +20v(of + 07+ + oy )+ ¢ —7]on

4]261
(of+03+--+0y )?

3v?
4e(e+s)oyc+[ - (0 +03 4 F 0y ) +20v(of + 07+ + 05 )+ {2 —7]o

9

. 4f262
(of+05+---+05 )%
2.7)
v L, 212 2, 2 2 2
48(8+S)GNCC+[T (0f+0;+-+0y ) +20v( 07+ 05+ +0y )+ —7]oy
. 4fZGN
(of+05+---+o05 )
where Y= —2v.#. This system admits the constant Wronskian invariants
0it0j— 00 =Wij , i#j, i,j=1,---N (2.8)
as well as the (non-local) Hamiltonian
2 2 2 Vi, 2 4.9°
4e(€+5)( Ojp + 0+ + Oy )+Z 2N+2v/CZNdEN+/( ¢ —y)dZNJrZ— =2 .
N
2.9)
On use of the identity
(6f + 05 +---+o5)(07, + 05, +---+05,)
—[(o1¢02 — 01625)2 +(01¢03 — 6163¢)2 + -+ (Oy_1g0N — GN—IGNC)Z] (2.10)
= (GIGIC +6262C + - +GNGN§)2
it is seen that
1
4e(e+5)[ (01702 — 010y)* + (0103 — 01 03¢ )2+---+(GN,1§GN—GN,1GN§)2+Z ]
2 2
% 4.9
zzN[z,%ﬂ—Iz;v—zv/gszzN—/(gz—y)dzN—ﬁ]
(2.11)
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whence, in view of the Wronskian invariant relations (2.8),

2
Sy [2%—"? zfv—zv/gszzN—/(cz—y)dzN]—48( E+5)SH2 — 457

(2.12)

Accordingly,

Svee = 5 The/T —;[ﬁfﬁﬁvgzﬂz(gz— )z ]+i[2W2+L2]
N NN T ge(ets) 2 N N TI=N i ’

XN K 8(8 +S)
(2.13)
so that, with the scalings
Yh=u"'Sy , d&*=Ad¢ (2.14)
where
PENS e(e+s)<0
e(e+s) (2.15)
Auv=1,
reduction is obtained to the standard Painlevé IV equation
* 1 *2 * 3 *3 *yk2 *2 6* * B*
NC*C*:EZNC/ZN—FE N +H48EN +2( 8 — )ZN—'—a (2.16)
where
B* =2v [ 2#2 + 4 ], 8 =y/A%. (2.17)
Yoeg(e+s)

Importantly, in the present context, any solution Xy, of this canonical Painlevé IV equation delivers

a solution Q = 21*\,1/ ? of the Ermakov-Painlevé I'V-type equation

3 4
Qpp— [ Q' +20°Q7+ (726" Q= o5 (2.18)
where
I
_ 2
W =v [27/,/+8(8+s)] . (2.19)

It is observed that, for a specified solution X} of the Painlevé IV equation (2.17), substitution
into the system (2.7) produces reduction to N copies of a now explicit second order linear equation.
However, the presence of Painlevé IV transcendents in the potential of the latter makes it, in gen-
eral, intractable as it stands. Accordingly, here an alternative approach is adopted wherein admitted
Ermakov invariants are exploited to obtain explicit solution involving a single quadrature. Thus, a
sequence of Ermakov invariants may now be constructed. In this connection, (2.7); may be written
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as, on setting u = 1,

Glgg+%(;m[3:294+2CvQ+C2—y]G:£(£jjs€;Q‘ : (2.20)
while (2.13) yields
Q¢¢+¥[3—"294+2§v9+c2—ym=i[2%?+ 7 ] . (2.21)
de(e+s) " 4 Q3 I g(e+s)
The pair (2.20), (2.21) constitute a Ermakov-Ray-Reid system with invariant
%(clgg—golg)%r% [Z%f](%)zzfl . (2.22)

In a similar manner, the pairs (2.7),, (2.21), (2.7)3, (2.21) ..... (2.7)n, (2.21) constitute Ermakov-
Ray-Reid systems which, in turn, admit the invariants

1 1 022
- (6:Qr — Q0yp )2 727/2(—);%
5 (029 =Qoy )"+ 5 [EF5]( 5 2
........................... (2.23)
1 2 1 2 ON 2
5 (V@ = Qoo )24 2 (277 ] <§) s
Itis seen that % >0, i=1,---N. )
On introduction of the new independent variable { according to
df =Q72d¢ =x,'d¢ (2.24)
and of new dependent variables
o .
U,:a’, i=1,---,N, (2.25)
the Ermakov invariant relations (2.22), (2.23) are seen to yield
2., _
U= ~sin(EV#F L+HK;) (2.26)

W*

where 7" = ZV/UZ, YU? = 1 and the K; are arbitrary constants of integration.
Thus, in summary, a solution set {c;,i = 1,--- N} of the Ermakov-Painlevé IV system (2.7)

may be generated via a seed solution Xy of the integrable Painlevé IV equation (2.13) according to
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the relations

c; = <;{"ZN> sin(=vV#* £ +K)) (2.27)
where
= / rld¢ (2.28)

Addition of the Ermakov invariant relations (2.22)—(2.23) and application of the identity (2.10)
together establish a connection between the invariants, namely

SHi;=I1+ I+ + Iy (2.29)

It is interesting to observe that reduction in the present context to the canonical Painlevé IV
equation requires that £(€ +s) < 0 so that, in the standard case with € = —1 then s > 1. This
corresponds to the situation when resonant solitonic behaviour may be observed in the derivative
nonlinear Schrédinger equation incorporating de Broglie Bohm quantum potential terms [28].

3. A Type II Ermakov-Painlevé IV Triad

Here, a second kind of hybrid Ermakov-Painlevé IV system is introduced, namely the triad

3
uxx—[z(u2+v2+w2 )2+2x(u2+v2+w2)+x2—6]u:2ﬁ3 )
u
3 0 0 o 2.2 4,2 2 B
vxx—[z(u +vi 4w ) 4+ 2x (ut v +w* ) +x —5]v=2—‘}3, (3.1)
w —[§(u2+v2+w2)2—1—2)c(u2—1—vz+wz)+x2—5]w:i
R 2w3
It is again noted that the single component Ermakov-Painlevé IV equation
3 o4 2, .2 B
Qu—[-Q"+2xQ +x" -6 | Q (3.2)

4 203

on insertion of @ = Q2, leads to the canonical Painlevé IV equation (see e.g. [12, 13] and literature
cited therein), namely

o= 13 a2 (Po8) 0 B (33)
20 2 w

It is noted that a coupled nonlinear system of the type (3.1) is readily derived as a symmetry reduc-
tion of an overarching appropriately x-modulated coupled NLS triad. In terms of applications, in
Bassom et al [10], the avatar (3.2) of Painlevé IV was investigated with parameter § = 0 in con-
nection with solutions Q (¢ : x) constrained by the boundary condition (ee) = 0. Bound state solu-
tions were obtained via an integral equation formulation which, importantly, decay exponentially as
X — oo,
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Here, the Ermakov-Painlevé IV system (3.1) is seen to admit a triad of characteristic Ermakov
invariants, namely

s+ 1) (2 1=

v

(oaw w24 5 1) 4 (M) )= (3.4)

2 w \Y

w2 u\2
(war—ow P45 () 4 (4) )=
Moreover, the system (3.1) admits the (non-local) Hamiltonian

1 B .1 1 1
u§+v§+w§—123—2/x2d2—/(x2—y)d2+5[;+§+ﬁ]:2jf (3.5)
where ¥ := u? +1? +w?.
The identity

(P +V+w? ) (224w ) — [ (v — v )2+ (vew —wov )2+ (wyst — u,w )? ]
(3.6)
= (Ut +vvy +ww, )2
is now employed, whence the Ermakov invariant relations (3.4) together with the Hamiltonian (3.5)
show that
B 1 1 1

1 3 2
L[240+ T +2/x2d2+/(x —Y)AE-T (5t s)

O R O R ORT IO RIS

_L(dzy
4 \dx

that is,
1 & 1[de\?
(2 -3 2/ Ydy / Zoy)dE] - === — 3.8
(27604 5242 [x8di+ [ (P —y)dE] -5 = (- (33)
where
E=2(+En+Em)+3B . (3.9
Equation (3.8), in turn, leads to a Painlevé IV equation
2 3 &
Zxx:i+523+4x22+2(x2—}/)2+§ (3.10)

in ¥ which, in terms of A = X!/2, produces the associated Ermakov-Painlevé IV equation

3 &
Ay —[ZA4+2xA2+x2—}/]A:W : (3.11)

Importantly, the latter together with each of the constituent nonlinear equations in the triad (3.1)
taken in turn, constitute Ermakov-Ray-Reid systems. These pairs admit an additional triad of
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Ermakov invariant relations, namely

2

(MXA—AXM)Z—I—;[C?(Z)z—FB([;) ]:RI s 3.12)
2

(va—Axv)z—l—% [5(1)2443(/:) =Ry , (3.13)
2

(WA — Agw )2+% [5’(%)2443 (3) ] =Ry . (3.14)

On introduction of the new independent variable X according to
dx = A"2dx , (3.15)
and new dependent variables U, V, W via
u\?2 V2 wh 2
Uz(—) : Vz(—) : Wz(—) 3.16
A A A (3.16)

it is seen that (3.12)—(3.14) yield

dUl/z/dx—i\/RI—; [ U+ BU!] (3.17)
dVl/z/dx:i\/RH—; [V +BV-T] (3.18)
together with
1
dW]/Z/dx:i\/RIH—Z [EW +BW-1] . (3.19)

However, it is observed that once U,V have been calculated via (3.17) and (3.18) respectively then
W may be determined immediately by the relation

U+V+W=1. (3.20)

The equations (3.17) and (3.18) show that, if & > 0, then

1 &
U=~ [Ri+/Ri - p& sin(i\ﬁﬂKI)} (3.21)

and

1 &
V:E []RH—H/]R%I—B@“’ sin(i\/:X—FKu)] (3.22)

where K; and Ky are constants of integration and it is required that R? > & and R} > B&. The
residual quantity W is then given via the relation (3.20). Moreover, addition of the integrals of
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motion (3.12)—(3.14) together with the identity (3.6) and the Ermakov invariant relations (3.4) is
seen to impose the constraint

& 3
&+&I+&II+2+5—RI+RH+RHI (3.23)
whence, on use of the relation (3.9),
E =Ri+Ry+Ryy . (3.24)

In summary, solution sets {u,v,w} of the Ermakov-Painlevé IV system (3.1) are generated in
terms of seed solutions X of the canonical integrable Painlevé IV equation (3.10) via the relations

1 &

u:i\/g, [Ri+ R} —B&sin( £/ T3 +Ki) ] X, (3.25)
1 &

v:j:\/éa [Rar+ /R — B sin( £/ 28+ K )| 2 (3.26)

(&>o0)

while
w=+VEZ—u?—? (3.27)

and X is obtained in terms of x by integration of the relation (3.15), namely
d¥=x"ldx . (3.28)

It is remarked that seed solutions X of Painlevé IV may be generated, in particular, via the applica-
tion of established Bicklund transformations (Gromak [22]).

In summary, it has been established that novel hybrid Ermakov-Painlevé IV systems of two types
may be introduced, both of which are amenable to algorithmic solution in terms of the canonical
Painlevé IV equation via the systematic application of Ermakov invariants.
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