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Abstract. The explicit constructions of periodic and doubly periodic vortex relative equi-
libria using the theory of monodromy-free Schrodinger operators are described. Several con-
crete examples with the qualitative analysis of the corresponding travelling vortex streets
are given.
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1 Introduction

The study of vortex dynamics is a classical subject going back to Helmholtz [35]. If we iden-
tify the plane with the set of complex numbers C then the dynamics of N point vortices

z1(t),...,zn(t) with circulations (or, vorticities) I'1,...,I'y is determined by the system
N
dz; 1 r
7;:27 k 5 ]:1,,N
T 2 2k

In the periodic setting we have the equations

dz; 1 &
i _ L -
dt—Q?Tik;.FkCOt(ZJ 2k), j=1,...,N,
J

where we assume for simplicity that the period L = 7 (see [4, 22] and the pioneering paper by
Friedman and Polubarinova [14]).

In this paper we consider the periodic relative equilibria of the vortices described by the
system

N
1
m;FkCOt(ZJ_Zk)_T}_O’ ]:177N7 (11>
J

where v = % is the common constant velocity of the vortices. A classical example is given by
the so-called von Kdrmdn vortez street [20, 36, 37], corresponding to the case N = 2, I'1+T'y = 0.

More recently the vortex dynamics in periodic domains was studied in [4, 22, 26, 31], but
the dynamics in general is known to be non-integrable and even the description of all relative
equilibria remains a largely open question.
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Figure 1. Classical von Kdarmén vortex street moving to the left.

One of the results of this paper is the following class of the explicit periodic relative vortex
equilibria, most of which seem to be new.

Let k = (k1,...,kpn), k1 < ko < --- < ky be a set of distinct natural numbers, and ¢ =
(P1,---,0n), ¢; € C/7Z be a set of n complex numbers considered modulo 7. Let

Wk#ﬁ(z) = W(Xkl,%(z)?"‘7an,¢>n(z)) (1'2)

be the Wronskian with xy, ¢,(2) = sin(k;z + ¢;) and

Wio,6(2) = W (X101 (2), - - -3 Xt 60 (2), €7), (1.3)

where x € C is another complex parameter. Consider the combined configuration Xy 4, of
complex roots of Wy, 4 .(2) = 0 and Wy, 4(2) = 0. Prescribe their circulations as follows: a zero z;
of Wy .x(2) = 0 has the circulation I'; = m; equal to the multiplicity of z; while for a zero z;
of Wy, 4(2) the circulation I'; = —m; is negative multiplicity of z; (for common zeros of Wy, ¢ .(2)
and W, 4(2) the circulation is the difference of the corresponding multiplicities).

Theorem 1.1. The configuration Xy 4 . 1S a periodic relative vortexr equilibrium moving with
constant velocity v = —% for any non-critical k ¢ {k1,...,kn}. In the frame moving with the
vortices the complex potential of the flow is

1
W=—I1
o og (K, z),

where

~ Wigk(2)
¢(’€;Z) - Wk,d)(z)

is a trigonometric Baker—Akhiezer function for the corresponding monodromy-free Schrédinger
operator

i(m; — 1) d
L= —D? mimy=1) 4 1.4
* Z sin?(z — zj) dz (14)

For critical value k = kj we have an equilibrium vortex configuration with complex potential

W = 5k log (=),

i = Wit o) (2)
T Wae(2)

where k9, ¢\9) are the sets k, ¢ without k; and ¢; respectively.

The proof (see Section 3 below) is based on a simple observation that the conditions of relative
equilibrium coincide with the Stieltjes relations [33] and thus hold for all periodic trigonometric
monodromy-free operators of the form (1.4). Such operators play an important role in the theory
of Huygens principle as it was shown by Berest and Loutsenko [7]. They were classified in [6, 8]
(see Theorem 4.3 in [8]) and all turned out to be iterated Darboux transformations applied to
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trivial potential u = 0. For rational potentials a similar observation was known already for quite
a while [5] (see also [3] and references therein), but in the periodic setting we have not seen this
in the literature although it looks quite natural.

Von Karman vortex streets correspond to the simplest case n = 1. Indeed, let us consider for
simplicity k1 = 1, ¢1 = 0, then

(K, 2) = (ik — cot 2)e'?,

We have one zero and one pole modulo 7: the pole is z = 0 and the zero is the solution of
cot z = ik, which is equivalent to

k+1
K —1

e27,z

if k # 1. Assuming that k is real and positive, we have 2 cases: k > 1 (fast), K < 1 (slow) when

1 k+1 1 k+1 m
z = —log and z = —log
23 k—1 29

1—/<a+2

respectively. In the slow case we have the von Karméan street shown in Fig. 1, the fast case is
shown in Fig. 2.

e s e q %

N \$ 4 @ N
Figure 2. Fast von Karman vortex street, known to be unstable.

The complex potential of the flow in the moving frame is W = ﬁ log ¥ (K, z), the instanta-
neous complex potential of the flow in the fixed frame is

1 ~ 1
W = 9 log (K, z)e """ = 3 log(ik — cot z).

1
sin z

For the critical value kK = 1 the zero of ¥ goes to infinity: ¢ = and we have trivial vortex
equilibrium, consisting of points I, | € Z with circulations —1.

Two examples in the case n = 2 are shown in Fig. 3, the details and more examples with
some qualitative analysis are presented in Section 6. All the pictures in the paper were produced
using Mathematica. The colour of the points indicates the sign of the circulations (which are
generically +1): red means positive, blue — negative circulations. The axes on all figures are x
and y, such that z = z + iy.

Our approach based on the ideas of [33] is very general and can be applied to all monodromy-
free operators. In particular, we apply it to the classical Whittaker—Hill operator and its Darboux
transformations [17] to construct periodic equilibria in the presence of background flow with
complex potential W = A cos2z.

In the doubly periodic case we have more general result, when only one meromorphic solution
is required. Let o(z) and p(z) be classical Weierstrass elliptic functions [39].

Theorem 1.2. Let
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Figure 3. Vortex streets Xy o, with k = (7,8), = 4 (left) and x = 7.4 (right) with the graphs of the
asymptotic curves (6.3), (6.4).

with m; € Z, mi +---+my =0 and B € C be a solution of the Schridinger equation
N
-y’ + <Z mi(m; — )p(z — zz)> Y = E. (1.6)
i=1

Then W(z) = ﬁ log v(z) is the complex potential of a doubly periodic relative vortex equilibrium
in the moving frame.

Conversely, let the set z1, . . ., zy with integer circulations m1, ..., my with zero sum be a dou-
bly periodic relative vortex equilibrium. Then the function (1.5) with suitable constant B is
a solution of equation (1.6) for some energy E.

The classical theory of Lamé equation going back to Hermite [39] and modern theory of
elliptic solitons [2, 9, 19, 24, 28, 29, 32, 34], which can be defined as the theory of monodromy-
free operators of the form (1.6) (or Picard potentials in terminology of [15]), provides many
examples of such solutions and thus new doubly periodic relative equilibria. In particular,
the logarithm of the corresponding elliptic Baker—Akhiezer function is a complex potential for
a relative doubly periodic vortex equilibrium in the moving frame. We should mention though
that in contrast to trigonometric case an effective description of all elliptic finite-gap (or algebro-
geometric) operators still remains an open problem, which was first emphasized by S.P. Novikov
as part of the effectivisation programme in finite-gap theory.

Note that in all the examples we produce the circulations are integers, which might be useful
for applications to liquid helium, where circulations are known to be quantized [13, 30].

2 Monodromy-free Schrodinger operators and Stieltjes relations
Consider the Schrodinger operator
L=—-D?+u(z)

in the complex domain z € C with meromorphic potential u(z) having poles only of second
order. The operator L is called monodromy-free if the corresponding Schrédinger equation

—¢" +u(z)p = Ep (2.1)

has all solutions meromorphic for all values of F.

Near a pole (which can be assumed for simplicity to be z = 0) the potential can be represented
o .
as Laurent series u = Y ¢;2". Following the classical Frobenius approach one can look for the
i=—2
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solutions of the form

p=2z*# <1 + i{izi> :
i=1

The corresponding p must satisfy the characteristic equation p(u+ 1) = ¢_2, which means that
the equation (2.1) has a meromorphic solution only if the coefficient c_y at any pole has a very
special form:

c_og =m(m+1), meZ;. (2.2)
This condition is in fact not sufficient: the corresponding solution ¢ may have a logarithmic
term. The following important lemma due to Duistermaat and Griinbaum [10] gives the condi-

tions when this does not happen.

Lemma 2.1 ([10]). The logarithmic terms are absent for all X if and only if in addition to (2.2)
all the first m + 1 odd coefficients at the Laurent expansion of the potential are vanishing:

Cgkflzo, k:O,l,...,m.
Let 1(z) be a solution of the corresponding Schrédinger equation

(= D+ u(2))i(2) = Ai(2)
and f(z) = Dlog(z). Then the potential u(z) can be expressed as

u(z) = '+ 2+
Proposition 2.2 ([33]). Let f be a meromorphic function having the poles of the first order
with integer residues. The Schrédinger operator L with the potential u = f' + f? + const is
monodromy-free if and only if at any pole zy with Res,—,, f = m the following generalised
Stieltjes relations are satisfied:

2 4 2
Res,—, [ =Res,—z f* =+ =Resy—y, f ml — .

The proof is simple: substituting

with m € Z, into u = f’ + f? that c_y = m(m % 1) we can check that the trivial monodromy

conditions cop_1 = 0, k = 0,1,...,m — 1 are equivalent to the vanishing of the coefficients

ag, =0, k=0,1,...,m—1. The last relation cg,,—1 = 0 is then fulfilled automatically, see [33].
In particular, we always have the original Stieltjes relation: at every pole z; of f

Res,—., f* =0,

which Stieltjes used to give electrostatic interpretation of the zeroes of some classical polyno-
mials [25]. We are going to use the same idea to produce some new relative vortex equilibria.
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3 Trigonometric monodromy-free operators
and periodic vortex streets

As we have already mentioned all m-periodic trigonometric monodromy-free operators of the
form (1.4) are known [6, 8] to be the result of several Darboux transformations applied to
Ly =—-D2
The corresponding potentials have the form
u(z) = —2D? log W(thqgl(Z), A ka%(z)), (3.1)

where k1 < ky < -+ < ky, are distinct natural numbers, ¢; € C/nZ are arbitrary complex
numbers modulo T,

X1,6(2) = sin(lz + ¢), leN.
The Schrodinger equation

(=D? +u(2))y = K%
with u(z) given by (3.1) has solution

Wh(k, 2)
Wy(z) '

where Wy, (2) = Wi 6(2), Wi(k,2) = Wi g(2) are the Wronskians (1.2), (1.3). Note that

. n_l .
Wi (K, z) = Py(k,2)e"*, where Py (k,z) = W, (2)i"k™ + > Aj(z)x? is a polynomial in x with
j=0

w("ﬁa z) =

coefficients being trigonometric polynomials in z, so the ratio ¢ (k, z) = Wy(k, 2)/Wn(z) is (a
version of) the corresponding trigonometric Baker—Akhiezer function [18].
Let

M N
Wi(z) = C’H sin™(z — a;), Wi(k,2) =C’ H sin™ (z — b;)e'?
i=1 1=1

with some constants C' and C’ be the corresponding factorisations with possible multiplicities.
Then the log-derivative f = Dlog(k,z) = Dlog W,,(k,z) — D log W, (z) has the form

M N M+N
f= Z:mZ cot(z — b;) — an cot(z — aj) + ik = Z I cot(z — z;) + ik,

i=1 j=1 i=1
where z1,...,2p4N = a1,...,ap,01,..., by and I'; = m; for i = 1,..., M and I'yy4; = —n; for
j=1,...,N. It may happen that a; = b;, so we have a cancelation with I' = m; — n; in that
case.

We claim that the set of vortices with position at zi,...,zp4n with the corresponding

circulations I'1, ..., I'p74 v described above is a periodic relative vortex equilibrium configuration
moving with velocity v = £/27. Indeed, by Stieltjes relations

Res,—.; 2= 2T, Zf‘k cot(zj — z) + 2Lk =0
k#j
forall j=1,...,M + N. Comparing with (1.1) we see that

so we have the vortex configuration moving with constant speed v = —k /2.
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Note that in the frame moving with the vortices the corresponding flow can be written as

iz 1 [& al d 1
pril ;mz cot(z — b;) — jz_:lnj cot(z —aj) +ik | = T2 log 1,
so by definition W = 2%” log 1(k, z) is the complex potential of the flow [1, 21]'. The instanta-
neous complex potential of the flow in the fixed frame is
1 P, (k,2)

K 1 )
W*:W_i :71 —1KZ :71 n\we
on”  2mi o (e™) omi o Wh(2)

At the critical level k = k; the Wronskian Wy, 4 .(2) reduces to

Wik (2) = Wiy g0 (2),
so we have

Wi 600 (2)
Wio(2)

where kU) = (k1,..., l;:j, ..., ky), where l%j means that k; is omitted from the list, and similarly
for (7). Some of the zeros disappear at infinity and the relative equilibriium becomes a genuine
one, in agreement with the general claim by Montaldi, Soliere and Tokieda [22] that if the sum
of the vorticities is not zero the only relative equilibria are the usual equilibria. This completes
the proof of Theorem 1.1.

We will discuss many examples of corresponding relative vortex equilibria in Section 6. Here
we will mention only new collinear vortex equilibria (when all the vortices are on a real line),
related to Baker—Akhiezer configurations found by M. Feigin and D. Johnston [11].

The corresponding vortex equilibrium ¥ (n,m,[) depends on integer parameters n > m > 1
and even [ > (. It corresponds to

E=(L2....n—mn—m+2n—m+4,....n+m—2,n+m-+1)

(or, more explicitly k; =j for j =1,...,n—m, kp—my; =n—m+2jfor j=1,...,m—1and
kn =mn-+m+1) and ¢ = 0. One can show that in this case

m(m—1) . n(n=1)

Wk(n)7¢(n)(2)201COS 2 zsin 2z,

m+1)

l
m( n(n+1)
Wie(2) =Cacos™ 2 zsin ol H sin(z — z;),
j=1

where z1,...,2 € (0,7) are certain simple real zeros located symmetrically with respect to 7/2
(see [11]). This means that the function W = 5% logt(z) with

271

l

Y(2) = Wip(2)/ W) g (2) = C cos™ zsin” z H sin(z — zj)
j=1

is the complex potential of the collinear vortex equilibrium configuration ¥(n,m,l) consisting
of z = 0 with circulation n, z = 7/2 with circulation m and z = z1, ..., z; with circulation 1.

One can produce more equilibriums by changing z — gz and extend this configuration to
a moving vortex street by considering ¥ (z) = Wy, 4 ..(2)/ Wi, ¢(2) with non-critical &.

!There is a sign discrepancy in the definition of the complex potential of the flow between Milne-Thomson [21]
and Acheson [1]. We follow Acheson here.
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4 Whittaker—Hill equation and relative vortex equilibria
in the background flow

Since the Darboux transformation preserves the class of monodromy-free operators one can use
it in a more general situation to produce vortex equilibria in the presence of a background flow.
We demonstrate it here in the example of the classical Whittaker—Hill equation

— — (4a5 cos 2z + 202 cos 41‘)1/1 = A\.

This equation is special because for natural values of parameter s it has precisely s elementary
eigenfunctions of the form 1;(2) = ¢;(2)e®52 j =1,..., s, where p;(z) are some trigonomet-
ric polynomials [38]. For example, for s = 3 we have

V141602 —1 1— 1+ 16a2

cos 2z, (o = sin 2z, (pg = ———— 4 cos 2x.
4o

=1
®1 + 1o

Let I = {i1,...,in} be a set of distinct natural numbers,

Wi = W(l/]il, c. ,djzn) = W(‘Pil, e (pin)enacos%:

be the Wronskian of the corresponding eigenfunctions. Following [17] consider the Darboux
transformation of the Whittaker—Hill operator with the potential

U= — (4048 cos 2z + 202 cos 433) —2D?1og W7,
and its eigenfunction v ;1(z) = Wy(2)/Wi(z), where J = {i1,...,in,int+1},
Wi =W (@i, ins Viner) = W(iss oy i Qi T2,

The corresponding log-derivative f = Dlog1sr(2) has the form

M N M+N
f= Zmz cot(z — b;) — an cot(z — aj) — 2asin2z = Z I cot(z — z;) — 2asin 2z,
i=1 j=1 i=1

where as before a; and b; are the zeros of the denominator W and numerator W; with circula-
tions being negative multiplicities and multiplicities respectively.
By Proposition 2.2 we have

Res,—., f? =or; ZFj cot(z; — zj) — 4lasin 2z; = 0,
J#i
or,
ZF]- cot(zj — zj) — 2asin 2z; =0
J#i

forallt =1,...,M + N. These Stieltjes relations can be interpreted as the vortex equilibrium
relations in a periodic background flow (see Fig. 4).

Theorem 4.1. The function W = 5= logvs1(2) = 5= (logWy(z) — log Wi(2)) is the complex

271 271
potential of a vortex equilibrium in the background flow with complex potential 5 - cos2z.

Two examples of vortex equilibria in the case s = 5 are shown in Fig. 5.
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Figure 4. The background flow with complex potential W = cos 2z.
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Figure 5. Vortex equilibria in the Whittaker—Hill case with s = 5, a = 1.5 and J = {4,5}, I = {4}
(left), J = {1,5}, I = {1} (right).

5 Doubly-periodic vortex equilibria

The classical Lamé operator has the form
L=—-D?+s(s+1)p(z),

where p(z) is the Weierstrass elliptic function and s is an integer. For the Lamé operator
there are explicit formulae for the 2s + 1 eigenfunctions, known as Lamé functions, going back
to Hermite [39]. Replacing in the previous section ;(z) by the Lamé functions we have new
doubly periodic vortex equilibria.

In fact, we have the following very general result. Let o(z), ((2), p(z) be classical Weierstrass
functions with periods 2w, 2wy, see Whittaker—Watson [39].

Suppose that

N
W(z) = [[o™ (= — z)e”
i=1
with integer m; with zero sum, is a solution of the Schrodinger equation

—¢" +u(z2)Y = EY

with the potential

N
u(z) = Zmz(mz = Dp(z — z).
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Then we claim that W(z) = 2%” log 1 (z) is the complex potential of a relative doubly periodic
vortex equilibrium in the moving frame. Indeed, the function

N
f=Dlogy) =Y mi(z—z)+B
=1

must satisfy the Riccati equation
f'+ f2=u(z) - E.

Since the residues of the potential are zero, the same must be true for f2, which implies the
Stieltjes conditions

N
> mi¢(zi—z)+B=0, i=1,...,N. (5.1)
J#i

Now recall the equations for the dynamics of the doubly periodic configuration of vortices. Let

z1,...,2N with circulations I'y,..., 'y be part of such configuration within the parallelogram
defined by the periods 2wi, 2ws. Then their dynamics is described by the equations

dzp _ 1 §Nr<( )+ C =1 N
— = — iClzr — 25 t=1,...
dt  2mi #J k= ’ et
J

where

N N
C = aZFij + bZFjEj
j=1 j=1

and a, b are solutions of the linear system
aw; + bl = n;, 1=1,2,

with the usual notation n; = ((w;) (see [27, 30]). If 21,...,zn are the zeros of ¢ and I'; = m;;,
then due to Stieltjes relations (5.1) we have

dzy, 1

— =—(C—-B)=A

dt 27m'( ) ’
which shows that the configuration of zeros of 1 is indeed a relative vortex equilibrium moving
with velocity v = A. The complex potential of the flow in the moving frame is W = ﬁ log(2),
the instantaneous one in the fixed frame is

1
We=W+ Az = —log (we(C_B)Z).
2mi
Conversely, assume that we have a doubly periodic relative vortex equilibrium z1, ..., zy with
integer circulations I'; = m;, so that

dzy, 1 N
N T — ) +C | = A
at ~ 2mi | & 5 (an = 25) + :

then we have Stieltjes relations (5.1) with B = C' — 2miA, which guarantee the Riccati relation
(since the functions are elliptic) and hence the Schrédinger equation of the required form. This
proves Theorem 1.2.
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Of course, in that form the claim becomes almost a tautology since both conditions are
equivalent to the Stieltjes relations (5.1), which it is not clear how to solve. Fortunately we have
several concrete examples coming from the theory of elliptic solitons [2, 9, 15, 19, 24, 28, 29, 32],
which will be discussed elsewhere.

Here we only mention classical Hermite’s solution of the Lamé equation Ly = Ev

= H olar —2) gz p_ iqar),
r=1 r=1

- o(z)o(ar)

which gives doubly periodic vortex streets with z = 0 of circulation —s and z, = a,,r =1,...,s
of circulation 1, depending on an arbitrary parameter E (see the details in Whittaker and
Watson [39, Section 23.7]).

6 Examples: pictures and analysis

We restrict ourselves with the analysis of the vortex configurations given by Theorem 1.1. As
we will see in spite of the simple explicit formulae there are many natural questions to answer
already in this case.

As we have seen above, in the simplest case n = 1 we have the original von Karméan vortex
streets [20, 36, 37].

6.1 Casen =2 with k; =1, ky = 2
An example of the corresponding vortex street is shown at Fig. 6.

0.6
04

02

|
[§)
w

0.8 o

Figure 6. Configuration Xy 4 , with k = (1,2), ¢ = (0,7/2) and x = 8. The circulations of the red and
blue vortices are I' = 1 and I' = —1 respectively.

Let us assume that ¢; = ¢o = 0. As we will see in that case because of the cancelation
we have only three vortices per period: one with circulation —2 (located at 0) and two with
circulation +1.

Indeed in this case W (sin 2, sin 2z) = —2sin® z and

W(sin z,8in 2z, eim) = —sin zemz((Q + /<02) cos2z — 3iksin 2z + (4 — 52)),

so we have the cancelation of sin z and

" W (sin z,sin 22, %) (2 + k%) cos 2z — ik sin 2z + (4 — k?)
== = e

1KZ
W (sin z, sin 2z) 2sin? 2 '

The equation

(2 + /<c2) cos2z — 3iksin 2z + (4 — f£2) =0
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can be rewritten as
(k= 1)(k —2)e** + (k + 1)(k + 2)e 2% — 2(k 4+ 2)(k — 2) = 0,
which is a quadratic in X = e** with roots

P (;#—4)@/3(4—&2).

- (k—1)(k—2)

So, we have a relative equilibrium with the vortices at the following locations (and 7-periodically)

20=0 with I'=-2,

2_4 4 — g2
212 = llog <(H )j: 3( r )> with I'=1

2i (k—1)(k—2)
moving with the velocity v = —& /27 for non-critical k # 1, 2.
When k = 0 we have X192 = -2+ v/3 and an equilibrium configuration shown on the very

left of Fig. 7 with red vortices 212 = 7/2 + %log(2 +4/3). Figs. 7-10 show what happens when
the parameter x grows.

° ° ° °
06
02
04 ° o e
-3 -2 -1 1 2 3
02 -02F
™ : ® 04
3 -2 -1 1 2 3
02 06
04 08
-10F
-06
° ° ° °

Figure 7. X, with £k = (1,2) and k = 0 (equilibrium, L), x = 0.5 (R). Circulation of the fixed vortex
at 0 is —2, while the other vortices have circulation 1.

05F
05

-1.0F ] o

Figure 8. X, with £ = (1,2) and x = 1 (critical, L), k = 1.2 (R).

Let us look at what happens near the critical values Kk = 1 and Kk = 2. Let kK = 1 + € with
small €, then

1 —34+2¢)E£(3—¢€
o~ fiog (S8H20EB0)

—€

so the limiting value is z; = - log(—1) = 3 loge™ = I while 25 ~ - log(6/e) — —ico goes to

infinity. At the critical value k = 1 we have a genuine equilibrium shown at Fig. 8 with 0 and 7 /2
having circulations —2 and 1 respectively corresponding to v = sin 2z/sin3 z = 2 cos z/ sin? z.
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Figure 10. X0, with k= (1,2) and sk =3 (L), k =6 (R)

Similarly, setting Kk = 2 + ¢, € > 0 small

1 de 4 (—12¢)1/2 1
212~ o log (6(6)> ~ oz log (£ 2i(3/€)'/?),

€

so in the limit € — 0 212 go to —ioco with the real parts approaching £7/4. If instead we let
k=2—¢€,e>0, then

1 —4e £ (12¢)1/2 1 L
~ —log | =Y ) = o (45 2(3/€)V/?

so this time in the limit € — 0 the real parts of 21 2 approach 0 and 7/2 (see Fig. 9). At the critical
level k = 2 we have the trivial equilibrium with vortices of circulation —2 at 0 corresponding to
Y = sin z/sin® z = sin~2 z with both vortices with circulation 1 gone to infinity.

When £ — oo, then X792 — 1 so that red vortices 212 — nm, n € Z approach blue one
(see Fig. 10). For k < 0 the configuration will look the same as the corresponding positive
configuration but will move to the left, instead.

6.2 Casen =2withk; =m, ky=n, ¢, = ¢ =0
The corresponding configuration of vortices X, ,, . is given by the zeros of
Winn = W(sinmz,sinnz) = ((n —m) sin(m + n)z — (m + n) sin(n —m)z)/2,
Wi = W (sinmz,sinnz, ')
= ((n+m) (ﬁz —mn) sin(n —m)z — (n — m) (I€2 + mn) sin(n + m)z
+ iﬁ(n2 —m?)(cos(n —m)z — cos(n + m)z))e"* /2. (6.1)
When x = 0 we have a genuine equilibrium. In that case W, = mnW (cosmz, cosnz),

where

sin(n —m)z.

W (cosmz,cosnz) = sin(n +m)z +
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The number of common zeros of W,?m and W, ,, depends on arithmetic of m and n. If d is the
greatest common divisor of m and n then WBM and W, ,, have d common zeros at z = lr/d,
I =0,...,d—1 of multiplicities 1 and 3 respectively. Thus we have per period m + n — 3d
vortices of circulation —1, d vortices of circulation —2 and m + n — d vortices of circulation 1

(see the example with m = 10, n = 12 below). The same is true for generic values of k.

015

015+
Figure 11. Vortex equilibrium configuration 319 12,0,0 against the asymptotic curve (6.3).

Since the picture suggests that the vortices lie on some curve let us try to find its shape. Our
arguments here are similar to the analysis of the Wronskians of Hermite polynomials in [12].
For complex zeros of both W%n and W, ,, we have

m+n
31 —_— 1 — . -2
|sin(m +n)z| = - m| sin(n —m)z| (6.2)

Let us assume that m, n are large compared with the difference m — n. Then in the upper
half-plane z = = + iy, y > 0 the negative exponential term in sin(m + n)z, with modulus
elmtn)y /2, will dominate. Taking the modulus of both sides and assuming that y is small, so
that sin(n — m)z = sin(n — m)z, equation (6.2) becomes

1

Lomtn)y o, M
2

— m‘ sin(n — m)z|.

Taking logarithms and combining with the lower half-plane case, we have the following appro-
ximate formula for the curve on which the zeros lie

ly| = £ <log |sin(n —m)x| + log M) . (6.3)

m—+n n—m

Fig. 11 shows a good agreement with this formula already for m =7, n = 8.

When the parameter x (which is essentially velocity) increases from zero the red vortices
lie on their own independent curves. We will now derive a formula for these curves, from
equation (6.1). Setting Wy, , = 0, then collecting terms with argument (n + m)z onto the left
and those with argument (n — m)z onto the right, we have

(n —m)(k(n+ m)cos(n +m)z — i(/<2 + mn) sin(n + m)z)

= (n+m)(k(n —m) cos(n —m)z —i(k* — mn) sin(n — m)z).
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Writing the left hand side in terms of exponentials, we get

n—m
2

((/{ o n)(:‘{ o m)ei(n-‘rm)z _ (/{ + n)(/{ + m)e—i(n-‘rm)z)
= (n+m)(s(n —m)cos(n —m)z — i(/{Q — mn) sin(n — m)z).
Since (n+m) is assumed to be large, in the upper half-plane the negative exponential term will

dominate. Set z = x + iy and assume that y is small enough that sin z ~ sin « and similarly for
cos z. Taking the modulus of both sides we have

n—m
2

(k +n)(k + m)e"tmy
~ (nm) (57 = %) (57 = m?) sin®(m —n)z + &> (n —m)?)"".

Taking logarithms of both sides we arrive at the formula

1 K—nKk—m 1 2(n+m)
Yy = log log
2(n+m) k+nk+m| (n+m) n—m
1 k2(n —m)?
S | in2(n —
+2(n—|—m) 0g |sin"(n m)x+(/~€2—n2)(/ﬁ2—m2) ’

and by a similar calculation in the lower half-plane (where we keep the positive exponential term
instead) we have a formula for the lower line of vortices. Combining the two gives us

_ 1 log |- RE—™
yi72(n+m) Slktnrtm
1 2(n+m) . 9 k*(n —m)?
+— [ 2log————= +1 - . 6.4
2(n +m) < R R—— + log |sin”(n — m)x + (K2 — n2)(kZ — m2) (6.4)

Formula (6.4) works well away from the critical values K = m or K = n, when we have the
equilibria corresponding to ¢ = sinnz/W,, ,, and ¢ = sinmz/W,, , respectively (see Figs. 13
and 14). Conjecturally the formulae (6.3), (6.4) define the asymptotic curves for the zeros in
the limit of large m and n with fixed difference n—m (cf. [12], where the Wronskians of Hermite
polynomials were studied).

The configurations corresponding to m = 7 and n = 8 are displayed in the sequence of
pictures shown in Figs. 12-15 for increasing values of the parameter k. We give a qualitative
description of what is happening at each stage:

e = 0. The zeros of W, ,, and W ,, are interlaced.

e 0 < r <m. The zeros of Wy , move downward whilst maintaining a similar overall form
until k approaches m, when they flatten out.

e x© = m. The first critical value. The bottom line of vortices tends to —ico. The top line
of vortices sit on the real axis at the zeros of sinnzx.

e m < kK < n. The bottom line returns and a vortex is exchanged between the top and
bottom lines.

e k= n. The second critical case. Again, the bottom line of vortices tends to —ioc and the
top line of vortices sit on the real axis, only this time at the zeros of sinmz.

e 1 > n. The red vortices move upwards and tend towards the blue vortices as x — oo.

Recall that in all these examples the velocity is horizontal since « is real.
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Figure 12. X;g, with £ =0 (equilibrium, L), £ =2 (M), k = 6 (R).
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Figure 13. Y73, with k =6.9 (L), x = 7 (critical, M), kK = 7.2 (R).
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Figure 15. X3, with x =10 (L), x = 30 (M), k = 50 (R).

7 Concluding remarks

An explicit description of all monodromy-free operators is known only in a few cases: rational
class of potentials decaying or with quadratic growth at infinity [23] and trigonometric class
described in Section 3. Already in the sextic rational case the situation is far from clear, see [16]
for the latest results in this direction. The same is true about monodromy-free perturbations of
Whittaker—Hill operator [17] and already mentioned elliptic case.

The link with vortex dynamics adds one more reason to the importance of these problems. It
would be interesting to analyse from this point of view a class of the monodromy-free potentials
in terms of the Painlevé-IV transcendents described in [33]. Another interesting question is to
study the quasi-periodic case by allowing in the construction of X, 4 . non-integer k;.
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The geometry of the trigonometric configurations Xy, 4 . is also worthy of studying further,
in particular, the asymptotic shape of the corresponding vortex streets. It would be nice also to
see if the shape of the corresponding Young diagram of k plays any role here, similarly to the
case of Hermite polynomials in [12].

Finally, from the point of view of possible applications the stability of the new equilibria is
crucial and is to be investigated (see Lamb [20] for the conditions of stability for the original
von Kdrmén streets).
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