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Abstract

We present a class of periodic solutions of the non-chiral intermediate Heis-
enberg ferromagnet equation, which was recently introduced by the authors
together with Langmann as a classical, continuum limit of an Inozemtsev-type
spin chain. These exact analytic solutions are constructed via a spin-pole ansatz
written in terms of certain elliptic functions. The dynamical parameters in our
solutions solve an elliptic spin Calogero-Moser (CM) system subject to certain
constraints. In the course of our construction, we establish a novel Bicklund
transformation for this constrained elliptic spin CM system.
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A classic result in the theory of integrable systems [1, 2] states that the soliton dynam-
ics of the Korteweg—de Vries equation is governed by an (A-type) Calogero-Moser (CM)
system. This relation between two of the best-known integrable systems is but one instance
of a soliton-CM correspondence, whereby integrable partial differential equations (PDEs) are
linked to many-body systems of CM type. For many such PDEs?, including the Korteweg—de
Vries [1, 2], nonlinear Schrodinger [3], Benjamin-Ono [4], and intermediate long wave [5,
chapter 3] equations, this is accomplished by making an ansatz for the solution with time-
dependent poles in the complex plane and showing that the locations of these poles evolve
according to a (complexified) CM system. As such CM systems are exactly-solvable [6], this

process provides classes of exact analytic solutions to the PDE:s.

3 We mean PDE:s in a broad sense, which includes partial integro-differential equations.
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A complementary approach is to construct integrable systems with infinite degrees of free-
dom by taking continuum limits of CM systems. The long-range character of the interactions
in the CM system corresponds to nonlocal terms in the continuum description, resulting in par-
tial integro-differential equations of Benjamin-Ono type [7, chapter 4]. This concept was pion-
eered by Abanov et al [8], who showed that the continuum dynamics of the rational CM sys-
tem is described by Euler hydrodynamic equations that are equivalent to an integro-differential
variant of the nonlinear Schrodinger equation [9]. Recent studies have applied this idea to CM-
type systems with spin degrees of freedom, first introduced by Gibbons and Hermsen [10]; see
also [11]. The half-wave maps (HWM) equation was derived in [12—14] as a continuum limit
of a classical Haldane-Shastry spin chain [15, 16], a limiting case of the trigonometric spin CM
system [17]. Lax integrability and an infinite number of conservation laws were established for
the HWM equation in [18] and multi-soliton solutions were constructed in [19, 20]. Moreover,
the HWM equation admits a family of periodic solutions governed by a trigonometric spin CM
system [19]. Thus, the HWM equation is linked in two distinct ways to the trigonometric spin
CM system. In the present paper, we show that this twofold relation can be lifted to the elliptic
setting.

The non-chiral intermediate Heisenberg ferromagnet (ncIHF) equation is a generalization
of the HWM equation related to the elliptic spin CM system. Together with Langmann, we
introduced the ncIHF equation in [21] as a continuum limit of a classical Inozemtsev spin
chain [22]; the latter is simultaneously an elliptic generalization of the Haldane-Shastry spin
chain and a limiting case of the elliptic spin CM system. As discussed in [21], the ncIHF
equation forms a first step to extend the correspondence between PDEs, CM models and con-
formal field theory known in the scalar case to the spinful case; see [23] and references in
[21]. Moreover, the tunability of the interaction strength from weak to strong in the ncIHF
equation may make it a useful tool in the study of physical phenomena such as spin-wave
thermalization [24, 25] beyond the weak interaction regime and as a model for (topological)
magnonic systems [26, 27].

The ncIHF equation comes in two related variants: (i) an equation with periodic boundary
conditions and (ii) an equation posed on the real line, which may be obtained as an infinite-
period limit of the first. In this paper, we study the former, which we call the periodic ncIHF
equation. Basic integrability results for the ncIHF equation on the real line, where the analysis
is technically simpler, have already been obtained in [21]: the (aperiodic) ncIHF equation
admits a Lax pair, an infinite number of conservation laws, and multi-soliton solutions gov-
erned by the hyperbolic spin CM system. One major result of this paper is that the periodic
ncIHF equation admits a family of solutions, analogous to the multi-solitons of the (aperiodic)
ncIHF equation, governed by the elliptic spin CM system. These solutions describe the inter-
action of an arbitrary number N > 2 of periodic waves which interact elastically, as can be
seen by the explicit ansatz discussed in section 1.3 (i.e. collisions do not change the profile of
the solutions, because the ansatz has a fixed form). This ansatz accomplishes a reduction of the
periodic ncIHF equation (1.1) to the (complexified) elliptic spin CM system, which is known
to be exactly-solvable [28]. Our results give, in principle, exact analytic solutions to the ncIHF
equation: if an exact solution (satisfying certain initial conditions; see theorem 2) of the elliptic
spin CM system is known, our ansatz constructs an exact solution of the ncIHF equation. To
avoid misunderstanding, we emphasize that we do not write explicit solutions to the ncIHF
equation, which would require the machinery of [28], but rather, we prove a correspondence
between certain solutions of the two nonlinear systems in question.

The periodic ncIHF equation describes the time evolution of two coupled spin densities
propagating on the circle of circumference 2¢ > 0; these spin densities are represented by
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functions* u,v: R x R — C? of (x,7) € R x R satisfying u(x+ 2¢,¢) = u(x,), v(x +24,t) =
v(x,), and u(x, ) = v(x,)> = p? for some constant p € C. The periodic ncIHF equation reads

u, = +u/\TuX—u/\TVX,
V,:—v/\Tvx+v/\Tux, (1.1)

where T and T are integral operators which act componentwise on three-vectors and are defined
by

Y4
W = f Gl —xwtisyie)a',
—¢

L (1.2)
W= [ a6+t
—
where the dashed integral indicates a principal value prescription and
. . 40,10
Ci(z;4,10) = C(z&@—%z (z€C), (1.3)

with ((z;¢,10) the Weierstrass (-function with half-periods ¢ and i (6 > 0). The function
C1(z;4,19) is 2¢-periodic and satisfies

Jim ¢ (z:6:i6) = %coth (27;1>, Jim G (2 +i6:4416) = %tanh <27;z>. (1.4)
The ncIHF equation on the real line [21] is obtained in the ¢ — oo limit; it is given by (1.1)
with the £ — oo limit of the operators (1.2) obtained using (1.4). We refer to [29] for further
details on the relationship between the periodic and real-line versions of (1.2). Similarly, in
the limit § — oo, it can be shown that (1.1) reduces to two decoupled HWM equations related
by a parity transformation (u,v) — (—Pv,—Pu), where (Pf)(x,1) := f(—x, ). More generally,
the non-chirality of the ncIHF equation refers to the invariance of (1.1) under this same parity
transformation [21].

The periodic ncIHF equation generalizes known integrable systems (the HWM and real-line
nclHF equations) and originates from another (the elliptic spin CM system) but a Lax pair for
it has not yet been established. While we regard the construction of such a Lax pair as an inter-
esting question for future work, the class of exact solutions presented in this paper provides
evidence for the integrability of the periodic ncIHF equation. The construction of these solu-
tions is more involved than that of analogous solutions for the ncIHF equation on the real
line [21] due to the presence of elliptic functions in both (1.2) and the spin-pole ansatz (1.19)
given below. More specifically, the structure of the pole ansatz must be generalized to include
a dynamical background vector ¢(r) and a constant angular velocity (complex) rotation R(7);
see (1.19)—(1.23) below for details and compare with the corresponding ansatz for the real-line
nclHF equation [21, equation (5.33)]. To overcome these complications and link the spin-pole
dynamics to an elliptic spin CM system, we establish a new Bécklund transformation for the
latter. More specifically, our results show that under certain conditions, the elliptic spin CM
system is equivalent to a first-order system of ordinary differential equations (ODEs); the proof
is based on standard existence and uniqueness theory for ODEs. The Bicklund transformation
is a key result of this paper; we believe it is also of independent interest for its striking differ-
ences from known Bécklund transformations in degenerate cases [21, 30-32]; namely, a new

41In this paper, we consider generally complex solutions of the periodic ncIHF equation. See remark 1.4 for a
discussion of this strategy.
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degree of freedom, corresponding to the dynamical background vector in the spin-pole ansatz,
is required to mediate the transformation between two solutions of spin CM systems.

In the remainder of this section, we focus on stating and describing our two main results, a
Bicklund transformation for the elliptic spin CM system and a class of exact solutions of the
periodic ncIHF equation, and describe the organization of the paper. Before proceeding, we
introduce notation used in this section and throughout the paper.

1.1. Notation

We use the shorthand notation ZkN ; for sums ZkN: k2> €tc. The components of a three-vector
s € C? are denoted by (s',s?,s%) and the dot and cross products of two-vectors s,t € C* are
defined as s-t=Y"_ 5% and s At = (27 — 5372, 531" — s'8 s'% — $1"), respectively. The
set of real vectors s € R? satisfying s? :=s-s = I, i.e. the two-sphere, is denoted by S%. We
write the zero vector as 0 = (0,0,0).

Dots above a variable indicate differentiation with respect to time while primes indicate
differentiation with respect to the argument of a function. Complex conjugation and matrix
transposition are denoted by * and T, respectively. We write the direct sum of two matrices A
and B as A @ B and the direct sum of a matrix A with itself as A®? := A@ A.

1.2. Bécklund transformation for an elliptic spin CM system

(Complexified) spin CM systems describe the time evolution of a system of N € Zx particles
carrying (complex) internal degrees of freedom and moving in the complex plane. We consider
the case where the internal degrees of freedom can be represented by complex three-vectors,
which is a special case of more general systems introduced by Gibbons and Hermsen [10] and
Wojciechowski [11] (see also [28]); see [32, section 2.2] for the precise relation. Each particle
is represented by a position a; = a;(t) € C and a spin vector s; = s;(f) € C*. We consider the
following elliptic spin CM system,

N

Gj=-2Y si-spiaj—ar) (j=1,....N), (1.5a)
ki
N

§=-2 siAsia(aj—a) (j=1,...,N), (1.5b)
k#j

where p(z) is, up to an additive constant, the Weierstrass p-function with half-periods ¢ and
id,

02(z;0,10) := p(z;f,ié)—l—% (ze C), (1.6)

and the spins {sj}jv:l must satisfy the constraints
st i=s;-8;=0 (j=1,...,N). (1.7)
It is easy to see that (1.7) is conserved in time; see section 3.1.1 for the proof.

Remark 1.1. Our definition of the elliptic spin CM system (1.5) differs from others in the
literature, e.g. [28, 31]. More specifically, we use the potential p,(z) in place of either
p(z) or p1(z) := p(z) + ((£) /¢, which differ from @, (z) by additive constants. However, by
multiplying each s; in (1.5) by an appropriate time-dependent complex rotation R = R(z) €
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SO(3;C), the potential p,(z) can be shifted to g,(z) + ¢ for any constant ¢ € C. A proof of
this claim can be found in appendix C.

Elliptic spin CM systems are known to be exactly-solvable [28], which gives, in principle,
exact analytic solutions of the periodic ncIHF equation via our main result, theorem 2, presen-
ted below. From our current perspective, the most important property of (1.5) is the existence
of a Bicklund transformation relating certain distinct solutions of the elliptic spin CM sys-
tem; later we will employ this Bicklund transformation to link the periodic ncIHF equation to
the elliptic spin CM system. A Bécklund transformation valid for the rational, trigonometric,
and hyperbolic Gibbons—Hermsen spin CM systems [10] was presented in [30]; see [31] for
a detailed proof. We now describe a Bicklund transformation for the elliptic spin CM sys-
tem (1.5) subjected to certain constraints which arise in our analysis of the periodic ncIHF
equation (1.1).

Consider a second elliptic spin CM system for M € Z3 particles described by positions
b; = b;(1) and spin vectors t; = t;(¢) € C?; the equations of motion read

M

bi=-2) "t tipj(bj—by) (j=1,....M), (1.8a)
k#j
M

t=-2> tiAtpa(b—bo) (j=1,....M), (1.8b)
k#j

and the constraints read
to=t-t=0 (j=1,....M). (1.9)

Under appropriate circumstances, solutions of (1.5) and (1.8) may be related via a system of
first-order differential equations involving also a vector ¢p = ¢(1) € C>,

N M
Sjilj = —Sj/\ (id)— ZSkCz(aj —ak) —I—Ztk@(aj —bk+i(5>> (]Z 1,...,N)7
k=1

k#j

. N (1.10)
tjbj = -l-tj/\ <i¢+ztk<2(bj_bk) — Zskgz(bj—ak—kié)) (]: 17...,M)
k#j k=1
and
NN LM oM
¢:Ezzsj/\sk%g(aj—ak)—EZthAtk%g(bj—bk), (1.11)
=1 kA =1k
where
i0; 4,10
Cz(z;é,ié):z((z;ﬂ,i&)—wz (ze Q) (1.12)

i6
(note that p,(z) = —(5(z)) and

3(2;4,10) == (a(2;4,10)* — pa(z;4,i6)  (z € C). (1.13)
The precise statement is as follows.

Theorem 1. Let N,M € Z> and T > 0. Suppose that ¢, {aj,sj}](":l, and {ijtj}j'u:l is a solu-
tion of the first-order system (1.5b), (1.8b), (1.10), (1.11) on the interval [0,7) such that the
following constraints hold at t =0,

ss=0 (j=1,....N), =0 (j=1,....M), (1.14)
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N M
s; - (i(i)—ZskCz(aj —a) +Ztk<2(a,—b,+15)> =0 (j=1,...,N),
k=1

e (1.15)

M N
tj' <1¢+Ztk<2(bl _bk) - ZSkCZ(bj _ak+i5)> =0 (J: 17"'3M)7

ki k=1
N M
dos—> =0 (1.16)
j=1 j=1

and the following conditions are satisfied on [0, T),
si#0 (j=1,...,N), t#0 (j=1,....M). (1.17)
Then, the second-order equations (1.5a) and (1.8a) hold on [0, ).

A proof of theorem 1 is given in section 4. Each of the constraints (1.14)—(1.16) corresponds
to a conserved quantity; if the constraints are satisfied at t =0, they also hold at future times
when the first-order equations (1.11), (1.10), (1.5b), and (1.8b) are satisfied; this fact is proven
for (1.14) and (1.15) in proposition 3.1 and for (1.16) in lemma 2.3.

Remark 1.2. The terms i appearing in arguments of functions in (1.10) and (1.15) can be
removed by the transformation
aj—a;j—ié/2 (j=1,...,N), bj—bj+ié/2 (j=1,....M), (1.18)

using the fact that (,(z) is 2id-periodic (A.4). The transformation (1.18) leaves (1.5), (1.8),
(1.11), (1.14), and (1.16) unchanged. We will use theorem 1 in the proof of theorem 2 below;
for this application, it is convenient to have the terms i in place.

1.3. A class of elliptic solutions of the periodic nclHF equation

We construct solutions of the periodic ncIHF equation with dynamics governed by a pair of
elliptic spin CM systems, which are related to each other through the Bicklund transformation
of theorem 1. To do this, we make the following ansatz for solutions of the periodic ncIHF

equation,
ll(x, t) o R(I)UO(X, l‘)
( v(x.1) )‘( R(1)vo(x,1) ) (1.19)
where
o (x, 1) o 1 . al _ G(x—ai(t) +16/2)
( Vo(x,1) ) = ¢(t)< 1 )Jrl;S](t)( Cz(x—aj-(t)—id/Z) )
=
M
N [ = bi(n) —i6/2)
with ¢(t),s;(),t;(t) € C* and a;(1),b;(r) € C and where
R(1) := e0(S+T) (121)
is an SO(3;C)-valued matrix determined by the value of the real parameter
™
0 205 (1.22)
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and of the constant s0(3; C)-valued matrices (see remark 1.3 below)

N 0 =5 s 0 50 £
=) sfz(t) 0 =50 |, T=> | 50 0 —i(
=1\ =570 si(0) 0 =1\ -5 1) 0

(1.23)

We show that the quantities @, {a;,s;}/_,, and {b;,t;}?L, must satisfy the assumptions of
theorem 1. In this case, the ansatz (1.19) will satisfy u(x,?)?> = v(x,t)?> = p?, for some con-
stant p € C, provided certain constraints on the initial values of the parameters are fulfilled.
theorem 1 and standard results concerning the existence and uniqueness of solutions to sys-
tems of ODEs allow us to formulate our result as a relation between (i) certain solutions of the
elliptic spin CM systems (1.5), (1.8) and background dynamics (1.11) and (ii) a class of solu-
tions of the periodic ncIHF equation satisfying u(x,7)> = v(x,)> = p?. The precise statement
is now given, followed by several remarks.

Theorem 2. For NM € Z> and T > 0, let ¢, {a],sj}J 1» and {b;,t;}}L, be a solution of the
system of equations (1.5), (1.8), and (1.11) on the interval [0,7) with initial conditions that

satisfy (1.10), (1.14)—(1.16), and

) 5 1 N N 1 M M
Q" =p +§Zzsj'sk%2(flj—ak QZZ “tion( b —by)
J=1 kA J=1 ki
N M
=D s tisa(a; — b +16) (1.24)
j=1 k=1

for some constant p € C at t = 0. Moreover, suppose that the conditions (1.17),

) 38 34 )

= <Imai(r) < — (j=1,...,N), ——<Imb(t) < —= (j=1,....M), (1.25)
2 2 2 2

and

) £al) (1<j<k<N), b #b() (1<j<k<M), (126

hold fort € [0,7). Then, for all t € [0,7) such that the functions w(x,t) and v(x,t) in (1.19) are
differentiable with respect to x and t for all x € [—£,£), (1.19) provides an exact solution of the
periodic ncIHF equation (1.1) satisfying u(x,t)* = v(x,1)? = p*.

Remark 1.3. We show in lemma 2.3 that S := ZJ’.VZI sjand T := ZJMZI t; are conserved quant-
ities of the elliptic spin CM system and hence the matrices S and T in (1.23) are conserved
in time. The constancy of S and T guarantees that the ansatz (1.19) is 2¢-periodic in x. The
function ¢,(z) is 2¢-quasi-periodic (A.3) and hence u(x + 2¢) — u(x) and v(x + 2¢) — v(x) are
proportional to S — T, i.e. the left hand side of (1.16). Thus, if (1.16) is satisfied at t =0, as
required in theorem 2 then it holds for 7 € [0, 7). The constraint (1.16) is also required for
u(x,1)? = v(x,1)?> = p?; see proposition 2.1.

Remark 1.4. We emphasize that the solutions in theorem 2 are generically complex-valued, i.e.
u(x,1),v(x,t) € C3 and satisfy u(x,#)? = v(x,t)?> = p? for some constant p € C. Real-valued
solutions of unit length are described by the consistent reduction M =N, p=1, ¢* = ¢, b; =
ar, and t; =s; of the theorem, which is given as corollary 2.1 in section 5, where examples
of such solutlons are presented. We have chosen our approach because (i) the proofs in the
generic, complex case are no more difficult than in the real case and (ii) at least one interesting
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class of solutions, considered in section 5.1, is necessarily complex: in the case N =M =1 of
theorem 2, which contains one-soliton, traveling wave solutions in the analogous real-line case
[21, section 6.1], there is no solution of the constraints (1.14) and (1.16) satisfying s7 = t;; all
solutions obtained under these conditions from theorem 2 are complex.

Remark 1.5. Itis natural to ask to what the extent the conditions (1.17) and (1.25)—(1.26) limit
the maximal interval of existence for our constructed solutions. In the broader context of pole
ansatz solutions of integrable PDEs, we mention some results in this direction. It is well-known
complexified (spinless) CM particles (which are special cases of corresponding sCM particles)
may collide [33] in finite time; see [34] for an explicit example. For this reason, we expect that
violations of (1.26) in finite time may occur in theorem 2. The necessity of (analogs of) the
constraints (1.25) and (1.17) in related systems is a subject of current research; see [34, 35] and
arecent thesis by Ottosson [36]. In section 5.3, we exhibit a solution that appears (numerically)
to exist for ¢ € [0,00).

14. Plan of the paper

We prove theorem 2 by establishing a sequence of intermediate results including theorem 1. In
section 2, we derive constraints on the parameters in (1.20) and we show that the parameters
satisfy the first-order system of ODEs of theorem 1. We show that this system of ODEs pre-
serves the constraints (1.14)—(1.16) and (1.24) in section 3. In section 4, we prove the Biacklund
transformation, theorem 1, in the course of proving theorem 2. Examples of solutions of the
ncIHF equation from theorem 2 are constructed in section 5. Appendix A contains identities
for the special functions used in the paper. Appendix B contains a proof of lemma 4.1 and
Appendix C contains a formal statement and proof of the claim in remark 1.1.

2. Constraints and first-order dynamics

We derive conditions under which the ansatz (1.19) satisfies (i) u(x,7)> = v(x,1)*> = p* and (ii)
solves (1.1). The first requirement yields a number of nonlinear constraints on the parameters
appearing in (1.19)—(1.20), which are obtained in section 2.1. In section 2.2, we show that
when the ansatz (1.19)—(1.20) is subjected to one of these constraints and inserted into (1.1),
the latter is reduced to a system of first-order ODEs.

To prove results in this section, we employ certain notation developed in [21]. Given
C-valued functions f;, g;, j = 1,2, we form two-vectors and define the following product,

oo (8 _( ha
(fz> <gz>'<f2g2)' 2.1)

Similarly, we can combine pairs of three-vectors a;,b; € C3, Jj = 1,2, and define analogs of the
dot and wedge products,

a; b; _( a;-by a; b, [ ajAb,
<a2>®<l32>_<32'b2>7 (32)®<b2)_<az/\b2>‘ (2.2)
By defining

V) = ( o) > (2.3)

v(x,1)
and using (2.2) we may write the periodic ncIHF equation (1.1) as

U, =UoTU,, 24
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T —-T u, Tllx—TVx
T:(T —T)’ T'(Vx>'_>(7"ux—Tvx> 25

with 7 and 7 as defined in (1.2).
It is also useful to write the ansatz (1.19) using this two-vector notation. We define

where

®2 . _ (1 [ G(z+xid/2)
R¥ :=R®R, E.—( ) >, Ai(z).—< &z Ti6/2) > (z€ C), (2.6)
so that (1.19) can be written as
U(x,7) = R%Uy(x,1), 2.7)
where
Uo(x,1 (t)E + Zr,s, ,(x—a(t)), (2.8)

using also the shorthand notation

(aj,Sj,+) j:1,...,N,
a;,s;,ri) = N:=N+M. 2.9
(/ ] /) {(b],tj, ) ]:N+17,N, ( )

2.1. Constraints

The following proposition establishes the conditions required for each component function in
the ansatz (1.19) to have constant length.

Proposition 2.1. The functions u(x,t) and v(x,t) in (1.19) satisfy a(x,t)> = v(x,1)> = p? if
and only if the parameters ¢, {a,,sj}J , and {bj,ti}?”:, satisfy the conditions (1.14)—(1.16)
and (1.24). '

Proof. Using (2.2), (2.7)—(2.8), and the invariance of the dot product under orthogonal
transformations,

(Rx)-(Ry) =x"y, (2.10)
we compute

N N N
U@U:U()@Uo:¢)2E+2i¢~erSJA,f(x—aj ZZr 1S - SkAy (x — aj) o Ay (x — ay).
j=1 j=1 k=1

@2.11)

To proceed, we need the identities (recall that ’ indicates a derivative with respect to the argu-
ment of the function)

Ay (x—aj) oA, (x—a) = fAr/j (x —aj) + K, (x — a;) (2.12)
and
Ay (x—aj) 0 An (x — ar) = Ga(a; — ax) (A, (x — @) — Ay, (x — ay)

+%(Kr,(x—aj)+l(,.k(x—ak))+;%2( _G)E+ 3C(i5)E

2i6
2.13)
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where

aj:=a;—ir0/2 (j=1,...,N) (2.14)
and

K+(2) ::< Zgiii% ) (z€ Q). (2.15)

The identities (2.12) and (2.13) follow from the elliptic identities (A.1) and (A.2), respectively
together with the definitions of E, A (z) (2.6) and K4 (z) (2.15). We evaluate the double sum
in (2.11) using (2.12) for j =k and (2.13) for j £ k:

N N N
U®U=Csz—l-Zid)-ersjA,f(x—aj)—&-Zszr’/(x—aj Z Ky (x — )
Jj=1 j=1 j=1
—ZZws] $kGa(@) — @) (A, (¥ — @) — Ap, (x — @)
Jj=1 ksﬁj
—*ZZWSJ 8 (K, (x — ) + Ky, (x — @) + 302(@ — @) E)
j=1 k#]
~3¢(id)
Cl ZZWSJ SiE. (2.16)
Jj=1 k#j

Next, we recall that the functions (,(z) and 1, (z) appearing in A (z) and K4 (z) are odd and
even, respectively, see (A.5). Using this symmetry to rewrite the double sums in the second
and third lines of (2.16) and collecting terms, we find

N N N
UoU=¢’E+2ip- Y rsA(x—a)+ Y sA](x—a) =Y _s/K, (x—a)
Jj=1 j=1 j:l
_2ZZr,rksj skCa(aj — ak)Ay, (x — a;) Zerrksj ey, (x — aj)
j=1 k#} j=1 k;é]
_*ZZVJ’%SJ ks (aj — ax)E — i8S - Sk
J=1 k#j j=1 k;é]
1 N N
2 N
- <¢ _Ezzrjrksijk%Z(aj_ K) — 215 Zerrksj sk>
J=1k# J=1 k#j
N N
+2) rse <l¢ > sl — i > )= > SA] (x—a))
J=1 k#£j j=1
N
Z (S —Zrﬂksj'Sk)Kr,(x—a;)- (2.17)
j=1 k#j
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We set (2.17) equal to p?E and note that E, {A,,(x — aj)}j/\il, {A%(x — aj) j/il, and {K, (x —
a;) }]/\;1 are linearly independent as a consequence of (1.25) and (1.26). The terms proportional
to A/ (x —a;) and A, (x — a;) give the conditions

=0 (j=1,....\V), (2.18)

and

N
Sj' <¢)+iZFkSkC2(Elj—Zlk)> =0 (j: l,...,./\[)7 (219)
k#j

respectively. By inserting (2.18) into the sum in K|, (x — ;) in (2.17), we obtain

N
> rsi=0, (2.20)
j=1

and by inserting (2.20) into the sum proportional to E in (2.17), we obtain

¢2—1§:§:ws-.s (a; — ax) = p* (2.21)
) iTkSj - S\ aj k) =P - .

J=1 k#j

The constraints (2.18)—(2.21) are seen to be equivalent to (1.14)—(1.16) and (1.24) after recall-
ing the notation (2.9) and (2.14). O

2.2. First-order dynamics

The following proposition describes conditions, in the form of a system of ODEs, when the
ansatz (1.19) solves the periodic ncIHF equation (1.1) (without the requirement that u(x, t)2 =
v(x,1)? = p?).

Proposition 2.2. Suppose that ¢, {aj,sj};»v:], and {bj,tj-}~j1-”:1 is a solution of the system of
equations (1.5b), (1.8D), and (1.10), (1.11) on an interval [0,7) with inifial conditions that
satisfy (1.16) at t = 0. Moreover, suppose that (1.25) and (1.26) hold for all t € [0, 7). Then,
Jort € [0,7) such that the functions w(x,t),v(x,t) in (1.19) are differentiable with respect to x
and tfor all x € [—£,£), (1.19) provides an exact solution of the periodic ncIHF equation (1.1).

Proof. By inserting (1.19) into (1.1), we obtain

U, =R"U, + R®U,,. (2.22)

Furthermore, using also the fact that the cross product transforms under orthogonal
transformations as

(Rx) A (Ry) =R(xAYy), (2.23)
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in (2.2), we have that
UnTU, = R®* (U TUy,,). (2.24)

By inserting (2.22) and (2.24) into (2.4) and then left-multiplying by (R_l)@z, we see that
the ncIHF equation with the ansatz (2.7) gives

(R™'R)®*Uy + Uy, = Up0 T U, (2.25)
We compute each term in (2.25). First, using (1.21),
(R™'R)®2Uy = (e S+ (45(S 4 T))e S+ P2y, = 4o(S + T) 22U, (2.26)

Using the definitions of S and T (1.23), we see that (2.26) can be written using the ® operation,

N M N N
(R_IR)EBZUQ =% (ZS/ + Zt]) EoU,y = Y0 (ZSjE>@UO = —’}/()Uo@ <ZS,E> .
=1 =1 =1

j=1
(2.27)

Next, from (2.8),

N
Uos = GE+iY (34, (x— @) =i, (x— @), (2.28)

=1

using that flj = a;. We compute the remaining term in (2.25) in several steps. To determine
TUp,x, we use the fact that 7 has the following action onA,'j (x—a;)j=1,...,N)when (1.25)

holds® [37, lemma 3.1],

(TAL (- = a)(x) = —irAl (x— ) + (1 + 1) < h > “ivo(1—ry) ( ; ) . (2.29)
0

Differentiating (2.8) with respect to x gives
N
Up =i risiAl (x—a)) (2.30)
j=1
and hence (2.29) implies

N N N 1 N
TUp, = injszAr’j(x—aj) = ZsjAr’j(x—aj) —WOersj ( 1 > — VoszE. (2.31)
=1 =1 =1 j=1

However, the second sum vanishes by (2.20) and we are left with

N N
TUor =Y _sAl(x—a;) =7 > _siE. (2.32)
j=1 j=1

3 Note that our conventions (for 7~ and A (z)) differ from those (for 7~ and A (z)) in [37]. We have modified the
statement of [37, lemma 3.1] accordingly to meet our present needs.
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We now compute Uy® 7 Uy, by combining (2.7) with (2.31):

N N
U T Upx = ¢E®ZSJ (x—aq; +1ersj (X —a @ZskA,k X —ay)
j=1 j=1 k=1

N
—vUp® (Z SjE)

N N
—Zd)/\sj (x—a;) iZersj/\skA,j(x—aj)oAr’k(x—ak)

J=1 k#j

—v%Up® (Z SjE) . (2.33)
=1

Differentiating (2.13) with respect to a; gives

Ay(x—aj) oA} (x —ar) = —p2(@ — ar) (A, (x — @) — A (x —ar)) — (@ — @) Ay (x — a)

1
=0 (a; — ay)E; (2.34)

1
+ 3K —a) + 5

2

inserting this identity into (2.33), we have

U TUp, = Z¢/\s] (x—a —1Zers]/\skm i —ar) (A, (x — aj) — Ay (x — ax))

J=1 J=1 kA
N N .
—iy D s AsiG(@ — a A, (x —ar) ZZr,s,AskK X —ay)
=1 ki 24 =
LN N %
+ E Z;;rjsj A\ Sk%z(glj — Zlk)E— YoUo® <ZlSjE> . (2.35)
J= ] j=

Next, since A is antisymmetric and p;(z) is an even function (A.5), we can rewrite the double
sum in the first line of (2.35) according to

N N
Z Z ris; A sk (a; — ax) (A, (x — aj) — Ay, (x — ay))

=1 kA
1 N N
=3 DD (g ri)s Asepa(@ — aw) (A (x— ;) — Ay (x— ay))
j=1 k;éj
N
ZZ rj 4 118 A s (@ — ar)A,, (x — ). (2.36)
=1 i

Hence, inserting this and swapping some indices j <+ k (using the antisymmetry of A and the
fact that (> (z) is an odd function (A.5)) in (2.35), we obtain
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N N N
UpdTUso =Y dASA] (x—a) =1 > > (rj+1)s; Asega(@; — @Ay, (x — a))

j=1 J=1 kA
N N i N N
— iZZrij AsiGa(a; — ak)A,,.(x— a;) — 3 ZZVij /\SkKr/j (x—a;)
J'_l k#j J=1 k#j
. N
+= ZZr]s]/\sk%Z i — ax) E —1Uo® (Zs, ) (2.37)
J L k#j j=1

which may be rearranged to

N
i . . -
U T Uy, = 3 E E 7i8; A\ Sgoer (G — ag)E — 1 E E (rj+1)s; Asiga (@ — ax)A, (x — aj)

=1 kA =1 k#

N N
_ ZSj A <¢ +inksk§2(sz — Elk)>A’{j(x — aj)
N
Z 7y <Zrksk> (x—a;) —730Uo® (ZSjE> : (2.38)
J 1 j=1

where we have used s; A s; = 0 to rewrite the first sum in the final line.

Insertlng (2.28) and (2.38) into (2.4) and using the linear independence of E, {A (x—
aj)}j 1 {A)(x— aj)}j\i], and {K; (x— aj)}j\il as a consequence of (1.25) and (1. 26) we
obtain the equatlons of motion

. N N
1 ~ ~
= zzz(’j“k)swsk%z’(aj —ay), (2.39)
pry=y
N
éj = —Z(l =+ rjrk)sj /\Skpz(glj — Elk) (] =1,... 7./\/')7 (2.40)
o
ajsj = —r;8; \ <1¢ ZVkSkCz aj — ay ) (j=1,....N) (2.41)
k#j

and the constraint (2.20). Equations (2.39)—(2.41) are equivalent to (1.11), (1.5b) and (1.8b),
and (1.10), respectively via the notation (2.9) and (2.14). To prove the proposition, it remains
to show that the total spins

N
S:=>s, T:=> (2.42)
j=1

are conserved in time. This guarantees (i) that the matrices S and T defined in (1.23) are
constant, so that (2.26) is valid and (ii) that if (2.20), equivalent to (1.16), is satisfied at t =0,
it holds on [0, 7) when the variables {a;, sj} v, evolve according to (2.39)—(2.41).

Lemma 2.3. The total spins defined in (2.42) are conserved by the equations of motion (1.5b)
and (1.8b).
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Proof. We differentiate S in (2.42) with respect to ¢ and insert (1.5b) to find

) N N N
S= ZS] = —ZZZSj/\SkQQ(aj —Clk).
=1

=1 kA

The sum vanishes because g5 (z) is an even function (A.5) and hence the summand is antisym-
metric under the interchange of j and k. The proof for T is similar.

Because S and T are conserved quantities, so is their difference and hence, (1.16) holds on
[0,7) if it is satisfied at t = 0. O

3. Conserved quantities

This section is devoted to proving that the constraints in proposition 2.1 correspond to con-
served quantities of the ODE system of proposition 2.2, i.e. if the constraints are satisfied at
t =0, as required by theorem 2, they hold at all future times. We note that the constancy of the
total spins appearing in the constraint (1.16) was already proved in lemma 2.3.

We prove the following.

Proposition 3.1. Under the assumptions of proposition 2.2, the following quantities are
conserved:

Pi:=s; (j=1,...,N), Pyyi=t (j=1,....M), (3.1

N M
Qj:=s;- <id)— Zsk@(aj — ) +Ztk(2(aj—bk+i6)> (j=1,...,N),
k=1

k)

7 N 3.2)
Ontj =t <i¢ + ZtkCz(bj —by) — ZSkCz(bj —a +i5)> (J=1....M),
ktj k=1
1 N N 1 M M
R:=¢’ - 3 ZZSj s (a4 —a) = 5 Zztj oo (b — bi)
J=1 k#j J=1 k#j
N M
+ZZSj~Sk%2(aj—bk+i5). 3.3)
=1 k=1

3.1 Proof of proposition 3.1

We prove the proposition in three parts corresponding to the quantities (3.1)—(3.3).

3.1.1. Conservation of P;.  Using the notation (2.9), we write (3.1) as
Pi=s’ (j=1,....N). (3.4)

Differentiating this with respect to time and inserting (2.40), we have

M=

Pi=s;-§=—) (L+rn)s;-(s; Ase)pa(a;— ar)

»
Il
-

I
M=

(L+rre)s - (s; Asj)pa(a; — ax) =0, (3.5)

~
Il
-
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where we have used the invariance of the vector triple product under cyclic permutations,

x-(yAz)=1z-(XA\y)=y (ZAX). (3.6)

3.1.2. Conservation of Q.. We write (3.2) as

Oi=s;m; (j=1,...,N), (3.7)
where
N
mjizi¢—zi’ksk§2(5j—&k) (j=1,....N), (3.8)
k#j

with the shorthand notation (2.9) and (2.14).
Differentiating (3.7) with respect to time and inserting (2.40) and (2.41), we find

Qj=s;-m;+s;-m

N
== (L4 rm) (s Ase) - mya (@ — a)
k#j
) N N
+ Sj - <1qb — Zrkékcz(&j — Elk) + Z VkSk(dj — élk)pz(aj — Elk)>
k#j k#j
N
== (L4 rm) (s Ase) - mya (@ — a)
k#j
) N N
+iSj . ¢ - erk(l + rkrl)sj . (Sk A S[)Cz(glj - Zlk)pz(&k - Ell)
I 1k
N
+ Zrk(—rj(sj A mj) <8k + (s Amy) - Sj)pz(flj — ). 3.9
k#j

We use (3.6) again to reorder triple products,

N
Q== ((1+rromy- (s Ase) + ryre(sy Amy) - s — (s Amy) - ;) 0 (@ — @)
ki
NN
s d— Y > (re+r)si- (s As) (@ — @) o2 (@ — @)
kAj £k
N
== (s As) - (my —my) o2 (@ — )
ki
NN
+ iSj . ¢) — ZZ(Vk + rl)sj . (Sk A Sl>C2(C~lj — sz)pz(&k — le) (3.10)
kA 17k

To proceed, we rewrite the quantity (m; —my)p>(a; — ax) in a convenient way. By the
definition of m; (3.8),
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N N
(m; —my) oo (@ — ax) = — (Z risiGa(a; — ar) — Z 181G (ax — 51)) o2(a; — ax)

I#] I#k
_(rksk+r/5j)<2(~' — ax)pa(a; — ax)
- Zrzsl (@ —ar) — Galax —a) ) 2 (a; — a), (3.11)
1),k

where we have used the fact that (;(z) is an odd function (A.5) in the second step. To proceed,
we use the identities (recall that ’ indicates a derivative with respect to the argument of the
function)

GR9(E) =~ (94(2) + () (.12
and

(G@—a) — Gla—ar)) 2@ — ax) = — (Galay — ax) — CGa(ay — ar)) p2(ax — ar)
1 . -
—5( sy (a; — ag) — s (ax — ay)) . (3.13)
The first identity (3.12) is obtained by differentiating (A.1) with respect to z and the second
identity (3.13) is obtained by differentiating (A.2) with respect to a and setting z = a;, a = a,

and b = a;.
Inserting (3.12) and (3.13) into (3.11) and simplifying gives

I 1 .. 1 I
(mj —my) o (@ — ) = —5 (risi + 18)) 3 (@ — @) — i(rksk + 1j8j) 2 (@ — ax)

- ZVISI G(a — ar) — G(a; — ar)) pa(a — a)

l;éjk
1 N

- *Z”lsl%z '—ak ) Zrzsl%z( k—al)
1]k l#fk

1 - -
—5 (nse+18) 02(a; — ax) Z ris1(C(a — a) — G (a; — ar)) o2 (ax — )

I1#£j,k
1Y 1 &
— 5 Z VlS1%2/ (sz — Elk) — E Z I’]Sl%zl (ﬁk — &l)
I=1 I,k
1 N
=5 s+ 1) 3@ —ax) — > risi(G(@ — ) — Q@ — an)) o2 (@ — )
I1#£j,k
|
~5 > nsie (@ — a), (3.14)
1],k

where we have used lemma 2.3 in the final step to replace Zﬁl r;8; by 0.
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Inserting (3.14) into (3.10) gives
. 1Y
0i=5 D (nse+158)) - (8 As) 95 (@ — @)
kA

N N
+ Z E 1Sy - (Sj A Sk) (Cz (Elj — Zlk) — CQ (Elj — &1)@2 (Elk — Zl[)
k#j 17k

1 N N
+ 5 Z Z 1Sy (Sj /\Sk)%z/(aj - Zlk)
k#j I#£j.k
) N N
tisj =D ) (et r)si- (e As) (@ — @) pa(ar — a). (3.15)
k£j £k

The sum in the first line of (3.15) vanishes as a consequence of (3.6). The double sum in the
second line of (3.15) may be symmetrized,

N N
SN nsie (s Ase) (Gla — a) — G(a; — @) pa(a — a)
KA 127k
(NN
= E Z Z(}’k + rl)sl . (Sj A\ Sk) (Cg(glj — &k) — CZ(EIJ‘ — le))pg(glk — Ell), (316)
KA 17,k

(using (3.6), the antisymmetry of A, and the fact that p(z) is an even function (A.5)) and the
final double sum in (3.15) may be rewritten as

N N
Z E(Vk +11)s; - (sk As1)Ga(@; — aw) a2 (ar — ar)
It Ik
N
= (re+7)s (5 A8) (@ — i) (@ — @)
k#j

N N
DD (et r)s - (e As) (@ — @)@ — a)
KA 1k

N N
= % Z Z(r" +11)8; - (se A1) (Ga@; — a) — G (@ — an)) oo (ax — @), (3.17)
k#j I#j,k

where we have useds; - (s, A's;) = 0 and, similarly as in (3.16), symmetrized the double sum in
the final step. Hence, using (3.6), we see that (3.16) and (3.17) are equal, leading to cancellation
in (3.15). We are left with

N N
. 1 - - . H
Q= 3 Z Z ris; - (8j Asi) s (ax — ap) +is; - @
k#j 1)k
1 N N 1 N N
=12 Z Z(rk +r1)s; - (8j Ask) sy (ax — ag) — 1 Z Z(rk +r7)s; - (Sk ASp) 30y (ax — ax),
kAj 1],k k=1 I£k

(3.18)
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where we have symmetrized the double sum (using (3.6), the antisymmetry of A, and the fact
that ¢ (z) is an odd function (A.5)) and inserted (1.11) in the second step. Noting that all terms
proportional to s; - (s; A's;) with j =k and j = [ are zero in the second double sum in (3.18) and
using (3.6), we see that Qj =0.

3.1.3. Conservation of R.  We write
R=R;+R>, (3.19)

where

N N
1 - -
R, := ¢?, Ry:=—p*— 3 g E ririS; - Sk (a; — ag). (3.20)
=1 k7

By differentiating R; with respect to ¢ and inserting (2.39) and

N
¢=—imj—izrkskc2(aj—ak) G=1,....N), (3.21)
ki

which follows from (3.8), we compute

LN N
Ri=2¢ ¢= %ZZ(’j+rk)¢' (8 Ask) 505 (a; — )

J=1 k#j

i N N N
= EZ ’j(—imk—iZnle(&k—a,)) '(Sj/\sk)%zl(aj—flk)

=1 ki 1]

LN N N
+ Zrk<imjiZVISzCz(&jﬁz)> (87 A se) 223 (@ — aw)

#i I#k

.
Il

-

~

N N
1 o
=5 > > (i + remy) - (s A si) 543 (@ — i)

N N N
1 - . L L
ts5 Z Z Z s; - (s Ast) (ririGa(ax — ar) + renCa (@ — ar) ) s (a; — a) (3.22)
J=1 k#j I#j .k
where we have used (3.6) in the last step. )
By differentiating R, with respect to 7, using a; = g; for j = 1,..., NV, and inserting (2.40)
and (2.41) in the form

C.(ij:—Iij/\mj (j=1,...,N), (3.23)

we compute

N N
. 1 . . - . . .
Ry=—2 > > rire((8 - se 88302 (@ — ) + 8- 8e(& — ) 3 (0 — )
=1 kA

1 N N N
- 5 ZZ { Z(rjl’k + rkrl)(sj A Sl) . Skpz(aj — &l)
=1 kA i
N
+ Z(Vj}’k + rjrl)sj . (Sk /\Sl)pz(glk — Ell)}%z(&j — Elk)
I#k
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(re(sy Amy) - si0) — 1y + (se Am) ) 523 (@ — )

ol
=
M=

\
[
.

&

1
=
M=
M=

(Sj /\Sk) ~Sl((rjrk+rkr1)pz(&j —le) — (rjrk—l—rjrl)pz(&k —&1))%2(211‘ —Zlk)

\
i
L
-
&
&
By

_“M; .
M=

~.
i
L
-

&

(Sj/\Sk) (rjm]Jrr]mk)%Q( 7511() (324)

where we have again used (3.6) in the last step. Hence, differentiating (3.19) with respect to ¢
and inserting (3.22) and (3.24), we see that the terms in m;, m; cancel and we are left with

N N N

R:R1+R2 ZZZSJ Sk/\Sl r]rl@(ak—al)—l-rkrlcz( —[11))%2/([1_,-—[1]()
J L k#j I#j.k
N N N

_*ZZZ sj As) - si{ (rre -+ rern) 2 (a; — ar)

J=1 k#j £,k

— (4 rir) 2@ — ay) } s (a; — ay)

l\) \

#MZ

2

N
Z Sk N S[ erlaglk (CZ(Zlk - Zl/)%z (&j — ék))
i 1),k

+ rkrlaa. (C (Zl - &1)%2(&J — sz))
rjrkaal (C ( ) CZ( k—&l))%z(&j—&k)}.
(3.25)

By permuting indices k <> [ and j <+ [ in the first and second terms in the summand, respect-
ively, we find that

riris; - (sk A s1)0a,8(ay, ax, ar), (3.26)

1258

wMZ
*H\MZ

where

glaj,ar,ar) = Glax — ar)r(a; — ar) — G(a; — ar) 7o (ax — ar)
+(Q(@ — @) — Glax —ar)) s (a; — a). (3.27)
The function g(d;, ax, ;) is a meromorphic function of @; with no poles in the parallelogram IT
defined by vertices at (0,0), (2¢,0), (0,—2id), and (2¢,—2i4). It follows from (A.3) and (A.4)
that g(a;,ax, a; + 2i6) = g(a;,a;,a;) and
2
(s02(aj — ay) — 0 (ax — ;) + (%) (G(@j—ay) =G (ax —ay)).
(3.28)

g(aj,ax,a;+20) = g(a;,ar, a;) —

S

By adding certain terms to g(&;,ax,a;), we obtain a function g(a;,ax,a;) which is doubly-
periodic with respect to @; and has no poles a; € II and thus, by Liouville’s theorem, is a
constant function of ;. Let

g(&j,dk,&l) = g(&j,&k,&k) — ]’l( — 611) +l’l( ay — CZ[) (329)
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where

h(z) := ((z) (502(z) — 2(0)) — % (Cz(z)3 + 3C(ii65) G(2)+ ;pé(z)) . (3.30)

The function A(z) is seen to be regular at z= 0 using the Laurent series

G(2) = % - C(ii;)z—k 0(2%), o(z) = le - C(ii;)

+0(z%) (3.31)

as 7 — 0; the series in (3.31) follow from those for ((z) and p(z) [38, chapter 23.9] and the
definitions of ((z) (1.12) and g, (z) (1.6). Hence the functions h(a; — a;) and h(ay — a;) are
regular for a; € II. Moreover, A(z) is 2id-periodic and satisfies the identity

h(&j —a— 26) - h(ak —a;— 26) = h(aj - ‘le) - h(&k - le) - g(%z(aj — le) — %2([1]( — le))

2
+ (g) (G(aj— @) = Gl —ar)), (3.32)

by (3.30) with (A.3) and (A.4).

The function §(a;, a, a;) (3.29) is thus analytic in @; when @, € II. Using (3.28) and (3.32), it
follows that g(a;, dax, a; + 2¢) = g(a;, ax, a; + 2i8) = g(a;, ax,a;). Hence g(a;,dx, a;) is constant
with respect to a;.

Inserting (3.29) into (3.26) gives

N N N

. 1 I
R= —EZZ Z TiTgS; - (sk/\sl)ag,,g(aj,ak,al)
J=1 kA )k
1 N N N
-5 SN rinis (se A1) 05 (h(@; — @) — h(a — a)). (3.33)
J=1 kA 1Ak

The sum in the first line vanishes because 0x8(@j,ar,a;) = 0. The second sum vanishes
by (2.20) and (2.18). We conclude that R = 0.

4. Backlund transformation

We prove the Bicklund transformation between the elliptic spin CM systems (1.5) and (1.8)
stated in theorem 1 in section 4.1. Building on this result and using the results of sections 2
and 3, we prove theorem 2 in section 4.2.

4.1. Proof of theorem 1
This proof consists in deriving the deriving second-order equations

N
dj=—> (1+rr)s-sps(aj—ar) (j=1,....N), (4.1)
k)
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equivalent to (1.5a), (1.8a), via the notation (2.9), as a consequence of the first-order
equations (1.11), (1.5b), (1.8b), and (1.10) in the form (2.39), (2.40), and (2.41). We will use
that the constraints (1.14)—(1.16) hold on [0, 7) by proposition 3.1 and lemma 2.3.

Recalling the definition of m; (3.8), (2.41) can be written as

ajsj=—riiAm; (j=1,....N). 4.2)
Differentiating (4.2) with respect to ¢ and rearranging gives

ajsj = —a;$; — ri$; Am; — rjs; A, (4.3)
We compute the terms on the right hand side of (4.3). Using (2.40) and then (2.41),

N N
—ags— s Amy =Y (14 rre)ags; Asea(a; —ag) + > ri(1+rr) (sp Ase) Amygs (a; — ax)
ki ki
N
== r(1+r5m) (s Amy) Asegn (g — ar)
ki
N
+er(1+rjrk)(sj/\sk) /\mjgoz(a_,'fak). (44)
ki

To simplify, we use rj2 = 1, the standard vector identities
(xAy)Az=—(y-2)x+(x-2)y, XA(yAz)=(x-2)y—(x-y)z, (45)
and (1.15) in the form m; - s; = 0. Hence,

N
—as; — & Ay = — > (r + 1) (s - i )myga (a; — ). (4.6)
ki

To compute the remaining term in (4.3), we first differentiate (3.8) with respect to ¢ to find

N N
=i — Y nsCad — an) + > resen (@ — ) (4 — i) (4.7)
k#j k#j

where we have used that 21j = a;. Taking the cross product with —7;s; and using (2.40) gives

N N
—7;S; N fl’lj = —ierj AN ¢ + Z FiriS; A SkCZ(Ezj — Zlk) — Z TiT%S; A Skpz(glj — Zlk)(aj — ak)
k#j k#j

N N
= —insi A= Y ri(retr)s A sk As) (@ — @) (a — @)

[
N
= rim((@g)) Ase— s A (awse)) 92(@; — @) (4.8)
e
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The double sum in (4.8) can be rewritten as

N N
DO rilrnc s A (s As)G(@ — ) pa (a — a)
it Ik

N
= ri(r+r)si A (s A8 G — ) pa (d — @)
ki
N N
+ Z Z ri(re 4 11)8; A (s Asi) (@) — aw) 2 (ar — ay)
kj 1],k
N
= (1478 A (s As)Ca(@ — ) o2 (@ — )
k#j
N N
+ Z Z rj(rk + V])Sj A (Sk A S[) (CZ(&j - Zlk) - Cz(fij - le))pz(&k - ZZ[), 4.9)
I 1,k

using r]2 =1 and the parity properties of p,(z) and (3(z) (A.5) in the second step. Then, the
second identity in (4.5) and the constraint (1.14) yield

N N
Z Z ri(ric+11)si A (se Asi) G (@ — an) 2 (ax — ay)
kA £k

N

= =Y (L4 rm) (8- 8)8C (@ — aw) o2 (@ — &)
=

N N
+ ;;rj(m + I"]) ((Sj . S[)Sk — (Sj . Sk)S[) (Cz(glj — Elk) — Cz(flj — Ell)) pz(ak — Ell) (410)

We simplify the remaining sum in (4.8) using (2.41), 77 = r{ = 1, and (4.5):

rjrk((c'zjsj) NS — S; AN (élksk)) = —rk(sj AN mj) NS+ TjS; AN (Sk A mk)
= rk(mj . Sk)Sj — }"k(Sj . sk)mj + Vj(Sj . mk)sk — Vj(Sj . sk)mk.
@.11)
By using (4.10) and (4.11) in (4.8), we arrive at

N
—r8; A lhj = —irjs; A b+ Z(l + rjrk)(sj . Sk)SjCZ(glj — Zlk)pz(&k — Elj)
k#j

N N
- Z Z ri(rc+ 1) ((s - s0)se — (s - s6)st) (G(a5 — ax) — G(a@ — an)) o (G — @)

k#j 1),k

%
= (re(my - s)s; — ri(s; - s my + r5(sj - myp)se — r5(s; - se)my) 92(@ — i)
KA

4.12)
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Then inserting (4.6) and (4.12) into (4.3), we get

N
sy = —irjsi A+ > (1417 (8- 808G (@) — ) o2 — @)
ey
N N '
- Z Z ri(ric+ ) (s st)se— (85 -se)s1) (G — ax) — G(@ — @) ) o2 (ax — an)
k#j 17k
N
— Z (rk(mj . Sk>Sj + rj(sj . mk)sk — rj(sj . sk)mk) @2(&1‘ — Zlk),
P
j .
=i A+ Y (141 (s - s)8iC (@ — ar) o2 (ax — &)
v
N N '
- Z Z ri(ric+ ) (s st)se — (85 - se)st) (G — ax) — G (@ — @) ) o2 (ax — a)
k#j 17k

N
= (re((my — my) - se)s; — ri(s; - (m; — my) )i+ ri(s; - si) (my; —my)) 92 — @),
oy
(4.13)

using (1.15) in the form s; - m; = s; - m; = 0 in the second step.

The remainder of the proof consists of using known expressions for (m; — my) o, (a; — ax)
(3.14) and d) (2.39) and elliptic function identities to show that (4.13) becomes (4.1).

We insert (3.14) (which was derived under the assumption (1.16)) into (4.13) to obtain, after
combining some terms,

N
s = —irsi A+ > (1+1m)(sj - 51)8,C (@ — ) pa (@ — @)
k#j
1 N
=3 2 (L rn)(si - se)s02(a; — ax)
o
N N
+ E Z reri(se- 8)8j (G (@ — ax) — Q@ — an) ) o2 (@ — ay)
k#j I#jk
1 N N N N
+ 5 Z Z V]J‘[(S[ . Sk)Sj%zl(Zlk — Zl[) — Z Z Vj}’[((Sj . S[)Sk — (Sj . Sk)S[) %ZI(ZZk — le)
k#j 1#£j .k k#j 1)k

(4.14)

Since p(z) is an even function (A.5), the double sum in the third line of (4.14) is antisymmetric
under the interchange of k and [ and hence vanishes. The first double sum in the fourth line
of (4.14) similarly vanishes by symmetry, because »;(z) is an odd function (A.5). We again
use the identity (3.12), leading to, after some rearrangement,

N N

. . : . 1 L
sy = —irsi A — > (14 1) (s s1)si905 (& — @) — 3 D (L rm)(sj - 81853 (& — )
ki ki
L NN
— 5 Z Z rjrl((sj : Sl)Sk - (S, : Sk)Sz) %2%2/(511( — le). (4.15)
K 1.k
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The second identity in (4.5) and
N N

N N
Z Z Vj}’[ Sj S[)Sk — (Sj Sk)Sl) %2 ak — a/ ZZ Sj S[ (Sj . Sk)S/) %2/(&/C — ZZ[)
k=1 ;é

k#j I#£jk

,Z L+ 1) (s; - s)si00 (G — @) (4.16)

KA
lead to
N N N
djsj = —ir;sj A — Z (14 rjre) (sj - sk)sj (@ — ax) Z Z riris; A (g Asp) sz (ax — ap).
K 2D Ik

(4.17)
Symmetrizing the double sum (using the antisymmetry of A and the fact that s¢)(z) is an odd
function (A.5)) and inserting (2.39) gives

N
disi=— Y _(1+77)(sj 81803 (a — ). (4.18)
k#j

By the assumption (1.17), we may cancel s; from each side of (4.18); we obtain the result (4.1)
after observing that a; — a; = a; — ay for r; = ry.

4.2. Proof of theorem 2

We first show that the assumptions of the theorem imply those of proposition 2.2.
By assumption, ¢, {aj,sj}j.vzl, and {b;,t;}/_, in the statement of the theorem is a solution
of the following initial value problem (IVP) for some choice of initial conditions.

Initial value problem 1 Find ¢, {a;,s;}\_,, and {b;,t;}}L, such that

e (1.5),(1.8), and (1.11) hold on a subset of [0,T) containing t =0
e the initial conditions

aj(O) = aj’o, Sj(O) = Sj’o (] = 1,. . ,N), (419)
b](o):b],oﬁ tl(o):t/,o (J: 177M)7

and
G(0)=ao (j=1,...,N),  b(0)=bjo (j=1,...,M) (4.20)

satisfy (1.10) at t = 0.

Because (1.25)~(1.26) hold, the functions of the form F({a;,s;}/_,,{b;,t;}!L,) defining
the ODEs (1.5), (1.8), and (1.11) are locally Lipshitz near the solution. Standard uniqueness
results on ODEs, for instance [39, theorem 4.18], thus guarantee that the solution is the unique
solution of IVP 1 on any interval [0,7') C [0, 7).

We will relate our known solution of IVP 1 to a solution of the equations (1.5b), (1.8b),
(1.11), and (1.10) in theorem 1.
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Note that when each s; # 0 and each t; # 0, (1.10) implies the equations

sj/\s M _
aj = g — Zskcz j—a)+ Y tGla—bi+id) | (j=1,...,N),
- = 4.21)
. At Y
bj=——- i¢+ztk@(b]’*bk)*ZSkCz(bj*akJrié) (=1....M).
4t ki k=1

In fact, these equations are equivalent to (1.10) under certain conditions. The precise statement
is given in the following lemma, which is proved in appendix B.

Lemma 4.1. Suppose that (1.5b), (1.8b), (4.21), and (1.17) hold on an interval [0,7) with
initial conditions satisfying (1.14)—(1.16) at t = 0. Then (1.10) holds on [0,T).

We consider the following IVP.

Initial value problem 2 Find ¢, {a;,s;}\_,, and {b;,t;}}L, such that

e (1.5b), (1.8b), (1.11), and (4.21) hold on a subset of [0,T) containing t =0
e the initial conditions (4.19) hold

By standard arguments (see, for instance, [39, chapters 4.2—4.3]), IVP 2 has a unique local
solution which may be extended to a unique solution on a maximal interval [0,77) C [0,7)
where (i) the functions of the form F({a;,s; }j 1-{bj, 'L ,) defining the ODEs (1.5b), (1.8b),
(1.11), and (4.21) are locally Lipschitz; this is guaranteed when the conditions

aj—b+id#0mod A (j=1,....Nk=1,.... M), (4.22)
where
A:={2n0+2mid :n,m € Z}, (4.23)

(1.26) (modA), and (1. 17) hold and (ii) each function ¢, {aj,sj}j \» and {b;, j} T, remalns
finite. In the case where 7/ < 7, one of the conditions (i), (ii) must be violated as r — T/

We denote the maximal solution of IVP 2 by ¢, {a;,s;}Y _1>and {b;, j} G theorem 1 shows
that this solution of IVP 2 is also a solution of IVP 1 on [0,7). Suppose 7/ < 7. We now
consider two cases.

In the first case, suppose that each of the quantities |@; — by + 2nf + (2m + 1)
te -f: (where j =1,...,N, k=1,...,M, n,m € Z, and |- | is the modulus) is bounded from
below by some & >0 on [0,7'). By theorem 1, this gives a solution of IVP 1 that either viol-
ates (1.26) or becomes unbounded as ¢ — 7’. We have constructed a maximal solution of IVP 1
on a proper subinterval of [0, 7), a contradiction.

In the second case, suppose that either (4.22) is violated or least one of the quantities §; - s;

and t; - t, tends to 0 as t — 7. It follows that either (1.25) or (1.17) fails to hold in the limit £ —
7'. By theorem 1, we have a solution of IVP 1 on [0,7”) such that (1.25) or (1.17) is violated
as t — 7’. Because the known solution of IVP 1 is unique and satisfies (1.25) and (1.17) on
[0,7), this is a contradiction.

We conclude that 7/ = 7 and so IVP 2 admits a unique maximal solution on [0,7). By
theorem 1 and the uniqueness of the known solution ¢, {g;,s;}/_,, and {b;,t;}}_, to IVP 1,
we see that this known solution solves IVP 2 on [0, 7). Then, by lemma 4.1, 1t follows that
assumptions of proposition 2.2 are satisfied.

A<.A*
,S; sj,and
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We now use propositions 2.1, 2.2, and 3.1 to show that under the conditions of the theorem,
the ansatz (1.19) solves the periodic ncIHF equation (1.1) and each component of this solution
has constant length p.

By proposition 2.2, (1.19) with the solution ¢, {a;,s;};_,, and {b;,t;}}L, of IVP 1 solves the
periodic ncIHF equation at all 7 € [0, 7) where the derivatives of u and v with respect to x and ¢
exist. It remains to show that this solution satisfies u(x,#)? = v(x,1)? = p? forall x € [/, ¢) and
t € [0,7). By proposition 2.1, this holds provided (1.14)—(1.16) and (1.24) are satisfied. Each
of the constraints (1.14)—(1.16) and (1.24) are satisfied at t = 0 by assumption. By lemma 2.3
and proposition 3.1, these constraints hold on [0, 7) and hence the theorem follows.

5. Examples of solutions

We construct examples of solutions of the periodic ncIHF equation (1.1) using theorem 2.
Analogs of one-soliton traveling wave solutions known for the ncIHF equation on the real
line [32] are given in section 5.1. We use an elliptic parameterization of the two sphere S? to
construct a class of real initial data for the periodic ncIHF equation satisfying the constraints of
theorem 2 in section 5.2. The results of section 5.2 are used to obtain a breather-type solution
of the periodic ncIHF equation in section 5.3.

Sections 5.2 and 5.3 are concerned with real-valued solutions (1.19), with (1.20) in the form

(3 e (1) (7500702 )

. N " Cz(x—aj’."(t)_ié/z)
_1;%’ (f)( Cz(x—a}"(t)Jri(S/z) ), G.D
and

R = ¢0(8+S%) (5.2)

(with S defined in (1.23)), of the periodic ncTHF equation satisfying u(x, ) = v(x,£)> = 1. Such
solutions are characterized by the following consistent reduction of theorem 2 where

N=M, p=1, ¢ =¢, b=da, t=s (j=1....N). (5.3)

Note that under this reduction, the matrix R in (5.2) is a real rotation matrix, i.e. an element
of SO(3;R).

Corollary 2.1. For N € Z> and T >0, let ¢ and {aj,sj}j.vzl be a solution of the equations (1.5)
and

. N . N N
i 1 1 * * * *
$=33 > sAsugla—a) = 53> s Asi(a] —a) (5.4)

=1 kA =1k
on the interval [0, T) with initial conditions that satisfy the following equations at t =0,
sj2 =0, (5.5)
N N
s; - <i¢ = siGla—a) + > _siGlaj—a + i(S)) =0, (5.6)
k#j k=1
N N
Sjdj = —S; A\ (id) - Zskgz(aj —ax) + Z Gla;—af + ié)) ) (5.7)
k#j k=1
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forj=1,...,Nand

N N N N
] 1 * * * *
p* =1+ EZZSJ'S]{%Z(QJ' —ai) + EZZSJ “spoa(a —ap)

J=1 k#j J=1 kA
N N
=3 sj-sisa(a;— aj +id). (5.8)
j=1 k=1

Moreover, suppose that the conditions
) 36 . .
5<Imaj(t)<7 (j=1,...,N), aj(t) #ar(t) (1<j<k<N) (5.9)

hold for t € [0,7). Then, for all t € [0,7) such that the functions u(x,t) and v(x,t) in (5.1) are
differentiable with respect to x and t for all x € [—£,{), (1.19) with (5.1) provides an exact
solution to the periodic ncIHF equation (1.1) satisfying u(x,t)* = v(x,1)> = 1.

5.1 Solutions that are sums of traveling waves

As mentioned in remark 1.4, theorem 2 does not include real traveling wave solutions when
N =M = 1. In fact, as we will show, the class of solutions with N =M = 1 does not contain
any traveling waves but instead consists of solutions that are the sums of two traveling waves
moving in opposite directions.

When N=M =1, the constraint (1.16) implies that s; =t;. Consequently, the con-
straints (1.14), (1.15), and (1.24) at =0 are reduced to

Sio=0, S0 dp=0, =7, (5.10)
respectively. The general solution of the first constraint in (5.10) is [32, lemma B.1]
s1,0 = s1,0(m1 + i), (5.11)

where s; o € Candny,n; € S% such thatn; - ny = 0. By expanding ¢, in the basis {n;,n,n; A
n,} of C3, Go = ¢o,1M1 + o202 + Pp 120 A My, we see that the general solution of the second
and third constraints in (5.10) with (5.11) is

qbo = qbl,O(lll %—illz) + PNy /\1127 (5.1 2)
with ¢, o € C arbitrary. Moreover, the equations of motion (1.11), (1.5), and (1.8) reduce to
¢6=0, $=0, 4=0 b =0, (5.13)

which may be integrated to ¢ = ¢y, S1 =810, a1 =aio+aiot, b :b170+l')170t. Impos-
ing (1.10) and using s; o A (ipy) = —psi 0, which follows from (4.5) with (5.11) and (5.12),
gives a1 0 = p and 51,0 = —p. We have arrived at the following class of exact solutions of the
periodic ncIHF equation (1.1),

<:8€3> - R@2<(¢1,o(n1 +iny) + pny A ) (:)

. . G(x—aio—pt+i6/2) — Gx— b1 o+ pr—1i6/2)
+1(S17o(n1 +1n2)) <é(xa:73pti5/2) gz(xb:7g+pt+i5/2)> >,

(5.14)
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where ¢1,0,51,0,0 € Candny,n,; € S? are arbitrary, a; ¢ and b ¢ satisfy (1.26) at r=0, and R
is given by (1.21). We note that in the case p ¢ R, the condition (1.25) will be violated in finite
time, after which theorem 2 does not guarantee that (5.14) provides a solution.

The argument above can be generalized to give the following solutions in the case N =M
(N=1),

(:E;c;?) - R®2((¢1,o(n1 +ing) + pny Amy) G)

N
ot ) S (G =0~ 1+18/2) ~ Gl — g+ pr—i6/2)
it i) 32 (B0 S T T ) ) ’

(5.15)

where ¢ 0,51.0,p € C and ny,ny € $? are arbitrary, and {aj,o,bj’o}_;vzl satisfy (1.26) at t=0,
and R is given by (1.21). Similar remarks as above, concerning the finite-time existence of the
solution (5.15) with p ¢ R, apply.

Remark 5.1. The absence of nontrivial traveling wave solutions for the periodic ncIHF
equation in theorem 2 is surprising in view of the rich structure of analogous solutions, obtain-
able via a pole ansatz [32], for the HWM equation [12, 13]. We regard the classification of
traveling wave solutions of the periodic ncIHF equation as an interesting open problem.

5.2. Initial data from an elliptic parameterization of the two-sphere

One way to find initial data satisfying (1.14)—(1.16) and (1.24) is by considering the following
parameterization of the two-sphere, defined by a map from R? to S2,

(x1,%2) > (sn(x1m)en(xz|m), sn(x; [m)sn(xz|m),cn(x; m)), (5.16)

where sn(-|m) and cn(-|m) are the Jacobi sine and cosine functions with elliptic parameter m.
The S%-valuedness of (5.16) can be shown using the identity (A.6). Requisite details on the
functions sn(z|m) and cn(z|m) and the elliptic integrals® K = K(m) and K’ = K’(m), which
determine the periods of Jacobi elliptic functions, can be found in appendix A. The functions
sn(z|m) and cn(z|m) are elliptic functions of z with half-periods (2K,iK’) and (2K,K +iK’),
respectively. Both functions have simple poles at

Ei:=2jK+ (2k+1)iK" (j,keZ) 5.17)
with corresponding residues
(=1y i(—1y+
Res sn(z|m) = —=, Res cn(z|m) = ————— 5.18
Ressn(efm) =~ Resen(ehn) =~ (5.18)
Below, in proposition 5.1, we show that a specialization of the map (5.16),
r(x) = (sn(palm)en(g(x — xo)|m), sn(pxm)sn(g(x — xo)|m), cn(px|m)) (5.19)

for positive integers p, g and real x(, can be used to construct real initial data satisfying the
conditions of theorem 2, where the parameters ¢y, S; 0, and a; o satisfy the constraints (1.14)—
(1.16) and (1.24) with N =M, t; = s;‘, and b; = a;‘ at = 0. Note that the primitive periods of

6 In this context only, the prime in K/ = K’ () does not indicate differentiation with respect to the argument; see (A.8)
for the definition of this function.
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the function r(x) in (5.19) are 4K(m) and 4iK’(m) and thus we set £ = 2K(m), i0 = 2iK’(m)
as the half-periods of the (,-function in (5.1).

Proposition 5.1. Letm € (0,1), p,q € Z>,, and xo € (0,4K(m)) such that the sets

Ar={al)0<j<2p-1,0<k<p—1}, a}k‘)::@ (5.20)
p
and
A=1{al?:0<j<2g-1,0<k<g -1}, o =T 1% (52D
q

are disjoint. Then, (5.1) with N =2(p> + ¢*), { = 2K(m), i0 = 2iK’(m),

_ om0
Ajp+k41,0 = Q" + 5

iy [elalo )\ O<j<poto<k<po1), (522
pieto= o2 | n(gal)) —x))

—i(—1)k

R )
Ao jgrki10 = Qo T o

~i(—1)ksn(pa) 0<j<2g—1,0<k<qg—1), (523)

—i(—1y
S2p2+jg+k+1,0 = N SH(PS;Z))
and
0 2p—1p—1 cn(q((kg) —-Xb))
1 —1y ’
0]+ L L) | slglof) )
1 =0 =0 P —i(—=1)k
21 g1 A —i(—l)ksn(pagkz))
-1 J
N ( : Ve, (o) sn(pal?) +e.c. (5.24)
j=0 k=0 0

(where c.c. denotes the complex conjugate of the terms within the parentheses) provides initial
data for the periodic ncIHF equation satisfying the conditions of theorem 2.

Remark 5.2. The sets .4, and .4, contain the poles of the functions sn(px|m) and cn(g(x —
xo)|m) (equivalently sn(g(x — xo)|m), see (5.17)), respectively for x in [0,2¢) x i[0,6). The
corresponding full sets of poles within the period parallelogram [0, 2¢) X i[—0,0) are A; U A}
and A, U A3, respectively. In view of (5.17), it is natural to label the elements of .A; by non-
negative integers j, k satisfying 0 <j < 2p — 1,0 < k < p — 1 and similarly for Aj;, see (5.20)
and (5.21). On the other hand, the poles a; in (5.1) are labelled by a single index j € {1,...,N =
2(p*+¢*)}. To bridge this gap, the subscripts in (5.22) and (5.23) define a bijection between

the underlying index sets of (i) the ay, o) in (5.20) and (5.21) and (ii) the ; in (5.1).

5.2.1. Proof of proposition 5.1.  We begin by writing the function r(x) in (5.19) in terms of
the function (;(z) (1.12).
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Lemma5.2. The components (r'(x),r*(x),r*(x)) of the function x(x) in (5.19) can be decom-
posed in terms of the function (3(z;¢,i0) with half-periods ¢ = 2K(m) and 16 = 2iK'(m) as
follows,

en(g(a)) 1)) (G (- ) + G(all))

M= P
i 2g—1g—1 1\jt+k
- S VG 0 (G (- o) + G (a2)) + e
Mmioi= 4
1 (-1 )
F(X):fmzz . sn(g(ay’ —x0)) (@(x—af)) +G(af)))
j=0 k=0
2g—1g—1
+L Z(_l)]sn(p(aj(z)))(gz(x a )—l—(z( ))+c.c.,
Mmizoi= 1
i 2p—1p—1 (_1>j+k
rﬁ(x)—1:——mz p (G —al) +G(al))) +ee., (5.25)
=0 k=0

where c.c. denotes the complex conjugate of the written terms.

Proof. We consider the function r(z) for z € IT := [0,2¢) x i[—0,0), a (primitive) period par-
allelogram. The function r(z) has a pole at each element of A; U.A, U AT U A3, with A; and
Aj defined in (5.20) and (5.21). It follows from (5.17), (5.18), and the definition of r(x) (5.19)
that

Res r(z) = ( Res r(z))*7 Res r(z)= ( Res (z)>* (5.26)

= (aj(kl))* Z_a(k]) = (aj(kz)) * = a(kZ)
We will use this symmetry to obtain (5.25). Let

g(za) :=Gz—a) = G(w), (5.27)

a 2id-periodic meromorphic function of z with simple poles at z =« mod A, with A as
in (4.23). Additionally, g(0; ) = 0 when « # 0 mod A; this follows from (5.27) and the fact
that ¢(z) is an odd function (A.5).

We claim that

(5.28)

To see this, we note that, by (5.26), the right-hand-side of (5.28) has the same poles and
residues as r(z) —r(0) within II. Moreover, the right-hand-side of (5.28) is elliptic: while
2id-periodicity follows from that of g(z; ) via (A.4), 2¢-periodicity is a consequence of the
identities g(z + 2¢; ) = g(z; ) + /8, which follows from (A.3), and

2p—1p—1 2g—1¢g—1
»» Rem SEY Res r(z) +c.c. =0, (5.29)
=0 k=0%= =0 k= 020‘
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which holds using (5.26) and the fact that the sum of residues within II of the elliptic function
r(z) vanishes. Because both sides of (5.28) evaluate to 0 at x = 0, by Liouville’s theorem, (5.28)
holds.

The result (5.25) follows from (5.28) after inserting r(0) = (0,0, 1) (because sn(0m) =0
and cn(0|m) = 1) and computing the residues using (5.19) and (5.18). O

We set u(x,0) =r(x). By comparing (1.20) in the form (5.1)—(5.2) with (5.25), we
obtain (5.22)—(5.23), and (5.24). Because r(x)?> = 1 by construction, we have u(x,0)> = 1.
From (2.17), it is clear that v(x,0)? = 1 (with v(x,0) given by (1.19) with (5.1)—(5.2), (5.22)—
(5.23), and (5.24)) if and only if u(x,0)? = 1. We now apply proposition 2.1 directly in the
special case N =M, t; =s¥, b; = a;, and p= 1. Because u(x, 0)2 = v(x,0)> = 1, we have that
the constraints (1.14)—(1.16) and (1.24) are satisfied by (5.22)—(5.23), and (5.24).

5.2.2. Numerical implementation.  In the source file of the arXiv version of this paper, we
have included a Mathematica notebook to visualize solutions of the periodic ncIHF equation
with initial data in the form (5.19). Using proposition 5.1, such data may be transformed into
the form (5.1) (a special case of (1.20)) to which theorem 2 applies. For chosen p, ¢, m, and
X, our Mathematica notebook performs the transformation of proposition 5.1 and uses the
resulting parameters a0, S0, and ¢y as initial conditions for the reduction (5.3) of the ODE
system in theorem 2. By numerically solving these ODEs, we obtain numerical solutions of
the periodic ncIHF equation in the form (5.1). Visualizations of a particular solution obtained
using this method are presented in section 5.3.

5.3. A breather solution

We study a particular instance of the solution of the periodic ncIHF equation with initial data
constructed using proposition 5.1. This solution exhibits energy oscillations reminiscent of
well-known breather solutions of the nonlinear Schrodinger [40] and sine-Gordon equations
[41]. To be more specific, we will present numerical evidence of a solution of the ncIHF
equation where the energy density is time-periodic but the solution itself is not. An expli-
cit formula for the energy density of a solution (5.1) of the ncIHF equation is presented in
section 5.3.1.

To avoid misunderstanding, we emphasize that the results presented in this subsection are
primarily numerical: a particular exact solution of the constraints (1.14)—(1.16) and (1.24)
given in section 5.2 provides admissible initial data for theorem 2; we numerically solve the
equations of motion of the spin CM system (1.5) and background dynamics (1.11) to evolve
the solution (1.19) in time, using the method described in section 5.2.2.

We set p =g = 1 and xo = K in (5.19) to obtain the following map from R to S*

r(x) := (sn(x|m)en(x — K|m), sn(x|m)sn(x — K|m),cn(x|m)). (5.30)

We setm = 1/2, yielding £ = § = 2K(1/2) ~ 3.708. Using proposition 5.1, (5.30) can be writ-
ten as (5.1) with N =4 and
a10=2iK(1/2), aypo=(2+2)K(1/2), aszo=(1+20)K(1/2), as0=(3+2)K(1/2),
sio=(V2,21,-V2), s30=(V2,21,-V2), s30=(-2,-2i,0), s40=(-2,-2i,0),

P ~ (0,1.694,0). (5.31)
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Figure 1. Time evolution of the breather solution with initial data (5.31) I: evolution of
the poles. The left plot shows the location of the four poles a; (blue), a, (purple), a3
(yellow), and a4 (green) at t=0. In addition, the coloured shadow indicates the path
the poles trace as time evolves, showing that a; and a; are stationary, whereas a3 and
ay oscillate vertically. The right plot shows the imaginary part of the two moving poles
during a full period fromt=0to =T~ 11.83.

In accordance with corollary 2.1, we solve (1.5) and (5.4) subject to the initial condi-
tions (5.31) and with initial velocities computed from (5.7) (at = 0). The resulting dynamics
for the poles a; are time-periodic with period 7'~ 11.83. A visualization of the dynamics of
the poles is shown in figure 1.

However, the dynamics of the spins s; and of the background vector ¢ are not time-periodic,
and correspondingly, the solution (5.1) of the ncIHF equation is not time-periodic. This solu-
tion is shown in figure 2. We observe that at times t = 7/4 4+ nT/2 (n € Zx), the solution has
two points of non-differentiability. At these times, corollary 2.1 does not apply but rather guar-
antees a solution of the ncIHF equation on intervals with the times {7/4 +nT/2:n € Zxo}
subtracted.

The energy density associated with this solution oscillates periodically in time, see figure 3.
An explicit formula for the energy density is presented below in section 5.3.1.

Remark 5.3. We expect that, by using the methods in [28], one could verify that the solution
of (1.5) with the initial conditions (5.31) and initial velocities satisfying (5.7) at r = 0 exists on
[0,00) and that the poles a; are time-periodic. Then, corollary 2.1 would guarantee a solution
of the periodic ncIHF equation on [0, 00) \ {T/4 +nT/2 : n € Z>(}. We further expect that for
a suitable notion of weak solutions of the periodic ncIHF equation, the ansatz (1.19) with the
elliptic spin CM solution described above would solve the periodic ncIHF equation on [0, 00).
These investigations are outside of the scope of the present paper.

5.3.1 Energy densities. It was shownin [21, appendix A] that a Hamiltonian for the periodic
ncIHF equation is given by

, 5
H=/ (€u + €y) dx, ( Cu )::_IU@TUF 1( u- (Tu, —7vy)
—/

—€y 2 2\ v (Tv,—Tuy) ) » (532)

where the functions €, and €, can be interpreted as the energy densities associated with the
u and v fields, respectively. By inserting (1.19) with (5.1)—(5.2) into (5.32) and using (2.29),
(2.34), and (1.15)—(1.16), a calculation similar to that in [21, section 5.3] gives the following
result.
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t=0 t=T/4—1/2 t="T/4 t=T/4+1/2
t=3T/4—1/2 t=3T/4 t=3T/4+1/2 t=T
X
0 /2 ¢ 30/2 2

Figure 2. Time evolution of the breather solution with initial data (5.31) II: spa-
tial dependence of wo(x,) at eight instances of time 7 measured in the ‘period’ time
T ~ 11.83, with colours indicating the position x according to the legend on the bot-
tom. Note that at t = T/4 and ¢t = 3T /4, when ug(x, r) is not differentiable at two points,
u(x, ) traces its image exactly twice as x goes from O to 2¢. The plots only show one
such tracing. By comparing t =0 and 1 =T one sees that the image of u is not periodic
in time, in contrast to the pole and energy evolution (see figures 1 and 3). The time evol-
ution of vo(x,?) is the reflection of u in the xz-plane. The orientation of all plots is the
same and indicated by the coordinate system in the bottom left corner. Note that we plot
ug(x,1) instead of u(x,#) to avoid obfuscating the breather behaviour by the action of
the global rotation R.

t="T/4 t="T/2

Figure 3. Time evolution of the breather solution with initial data (5.31) III: energy
density at four instances of time 7. At each time ¢, the total energy density €(x,7) =
€u(x,7) + €y(x,7) and the individual energy densities ey(x,?) (red) and ey(x,7) (blue)
(5.33) of the u- and the v-channels are shown. The plots illustrate that the total energy
density e(x, t) is periodic with period 7/2 /= 5.916, but the u- and v-channel energy dens-
ities are periodic with period 7~ 11.83 only. At =T the energy densities are exactly
the same as at r =0.
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Proposition 5.3. The energy densities (5.32) associated with a real N-soliton solution (5.1)
of the periodic nclHF equation (1.1) are given by

N N
ew = —2Im (;;sj -Sp <p2(aj —ag +10)G(x—a;+i6/2) + E%zl(aj —ay —1—1(5))),
N N

1
€y = +2Im <Z S S; (m(aj—az +i0)G(x —aj — i5/2)—|—2%2’(aj—az+i<5)>> . (5.33)

j=1 k=1
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Appendix A. Special functions

We collect identities for the special functions needed in the main text.

A.1. Weierstrass elliptic functions

We refer to [38, chapter 23] for definitions of the standard Weierstrass functions ¢(z) and p(z).
The variations of these functions we use, (2(z) and p,(z), are defined in terms of these basic
functions in (1.12) and (1.6), respectively and the function s« (z) is defined in (1.13). These
functions satisfy the identities

((2)? = p2(2) +50(2), (A.1)
Gle-a)a(e— b) = Gla—b) (Gole— @)~ Gz —b)) + 5 (l—a)
onleb)+mla—b)) + o) (A2)
for z,a,b € C. Moreover, the following periodicity properties hold,
G(z£20) =C2(Z)i%7 P2(2£26) = p(2), %2(Zi2€)=%2(2)i%7r€2(2)+ (g)z
(A.3)

and
G(z+2i18) = G(2), 02(z2£2id) = p2(z), (2 £2i0) = 30(z). (A4)
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Proofs of each identity (A.1)-(A.4), excepting the periodicity properties of sz, (z), can be found
in [29, appendix A]. The periodicity properties of r(z) follow from those of (;(z) and g (z)
in (A.3)-(A.4) and the definition of »(z) (1.13).

The following parity properties hold as consequences of the fact that {(z) is an odd function,
¢(—z) = —((z), and p(z) is an even function, p(—z) = p(z), and the definitions (1.12), (1.6),
and (1.13),

Q(=1)=-G@), (=) =m@), (2=, u(-2)=-m@E. AS5)

A.2. Jacobi elliptic functions and elliptic integrals

We refer to [42, chapter 16] for definitions of the Jacobi functions sn(z|m) and cn(z|m). These
functions are elliptic in z; when the elliptic parameter m satisfies 0 < m < 1, the functions are
real-valued for z € R. The functions satisfy the identity

sn?(z|m) + cn?(z|m) = 1. (A.6)

The elliptic parameter is associated with certain elliptic integrals which determine the periods
of the Jacobi elliptic functions. The complete elliptic integrals of the first kind are defined by’

H do
K(m) := —_— (A7)
) /0 V1 —msin*6
and
K'(m) :=K(m'), m':=1-m. (A.8)

Appendix B. Proof of lemma 4.1

We use the shorthand notation (2.9). It was proven in [19, lemma B.1] that each set {s;, S/, A
si} forj=1,...,\ forms a basis of C3. Hence, the right hand side of (1.10), written in the
form (4.2), can be expanded as
—Y'ij/\IIlj:Cl,ij—l-Cz,jS}k—|—C3XI'SJ‘/\S;~'< (]21,,./\/) (B.1)
where ¢y, ¢, and c3; are complex coefficients to be determined. By taking dot products
of (B.1) with each basis element and using (1.14) (as shown in proposition 2.1, if (1.14) holds
at 7=0, it holds on [0, 7) as a consequence of (1.5b) and (1.8b)), we find
s;Asf)-my ;
ClJ:”j(j J )* J7 CZJ:O; =1 QJ* (B.2)
Sj . Sj Sj . Sj
with Q; as in (3.2), where we have used the standard vector identity

(WAX) - (yAz)=(W-y)(x-2) = (x-y)(W-2z). (B.3)
The equations (4.21) can be written using the shorthand notation (2.9) and (3.8) as
(sjAsf)-m;

G=r——o— (=1
J D)

N, (B.4)

7 As in sections 5.2 and 5.3, we depart from the convention that primes indicate differentiation with respect to the
argument when defining K/ = K’ (m).
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Multiplying by s; and inserting (B.1)—(B.2) then gives

Sj"ljz—rjsﬂmi—rj&*sﬂsf (j=1....N), (B.5)
Sj . Sj ‘
which is (2.41) provided Q; = 0. By the assumption (1.15), this holds at = 0. We show that
Q; =0on [0,7) as a consequence of (1.5b), (1.8b), and (4.21).

We adapt the proof that Q; is conserved under (1.5b), (1.8b), and (1.10), given in
section 3.1.2, replacing (1.10) by (4.21).

Following the steps in (3.9) but inserting (4.21) (in the form (B.4)) instead of (1.10) yields

N
Qi =—=> (14 1) (s Ase) - mya (@ — a)
ki
] N N
+iSj'¢)—ZZrk(l+I"kr1)Sj-(Sk/\S/)CQ(Elj—Zlk)pz(flk—&l)
ki Ik
S; As -m Sk ASE) -m, -
+Zrk(7'j d o ij‘Skfrk(kiklkj Sk>p2( 7ak), (B6)
kA 7% Sk S
which after inserting (B.1)—(B.2) becomes
) N
Qi =—> (14 rm)(s; Ase) - mya (@ — a)
ki
) N N
+iSj'd)—ZZ}’k(1+Vkrl)Sj~(Sk/\Sl)Cz(Elj—glk)pz(ak—fll)
ki Ik
N
+ Zrk(—rj(sj AMy) - s+ re(se Amy) - s;) oo (a; — a)
k#f
Ok . L
—|—Zrk —rJ Sj/\S) Sk—|-l"ks s*(Sk/\Sk)~Sj pz(aj—ak).
. LSt
k#j

(B.7)

By following the remainder of section 3.1.2, we see that the first three lines of (B.7) vanish,
leaving

N

QjZZ(—V]rijQSJ (sjAsf) - k+SQ7k*

] kS
k#j k

a system of linear differential equations for the variables Q; (we view a; and s; as determined
by (1.5b), (1.8b), and (4.21)). The solution Q; =0, j = 1,..., satisfies the initial condi-
tions (1.15) at # =0; by the linearity of (B.8), this solution is unique.

We have shown that Q; = 0 on [0, 7). Inserting this into (B.5) and recalling the shorthand
notation (2.9) shows that (4.21) implies (1.10).

(Sk/\SZ)-Sj>p2(6~lj—C~lk) (jZl,...,N), (B.8)

Appendix C. Equivalent forms of the spin CM system
We prove the claim in remark 1.1.
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Proposition C.1. Suppose that {a;, sj}jvzl is a solution of the spin CM system (1.5). Let c € C
and R be the time-dependent matrix defined by

R(7) := exp(2cSt) (C.1)
with S as defined in (1.23). Then, {Ifisﬁaj};v:l is a solution of (1.5) with p;(z) = p2(z) + c.

-1

Proof. By construction, R € SO(3;C) and is thus invertible with inverse R ﬁ =
exp(—cSt). Under the transformations s; — Rs; G =1,...,N) and p,(z) = @2(2) +¢, (1.5)
becomes
= —22 - (Rs) o3 (aj — ax), (C.2a)
k#j
~ 2 N ~
Rs;+Rs;= -2 " (Rs)) A (Rst) (pa(a; — ax) + ). (C.2b)
k#j

We show that (C.2) holds if and only if (1.5) holds. Using the invariance of the dot product
under orthogonal transformations (2.10) we see that (1.5a) and (C.2a) are equivalent. Using

that cross products transform under orthogonal transformations (2.23) and multiplying by Iflil
in (C.2b) gives
N
SR
§+R Rsi=-2)" sjAsi(pa(aj —ar) + o). (C3)
ki

We observe that R satisfies the differential equation

R 'R=2cS (C4)
and that
N N
Ssj:S/\sj:Zsk/\sj:stj/\sk. (C5)
k=1 ki
It follows that
N N
sj—ZCZsj/\sk:—ZZ sj Asi(g2(a; — ax) + ¢), (C.6)
P P
which becomes (1.5b) after cancellations. O

Remark C.1. The matrix R in (C.1) can be written explicitly as

- sin (2¢v'S - St 1 —cos(2cVS- St
R(t) =1+ ( )S+ ( )Sz, (C.7)
VS-S S-S
with S as defined in (2.42) and where [ is the 3 x 3 identity matrix and the choice of branch in
VS-S is immaterial. This is equivalent to Rodrigues’ formula for the exponential map from

50(3;C) to SO(3;C) [43].
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