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On monodromy eigenfunctions of Heun equations
and boundaries of phase-lock areas in a model of
overdamped Josephson e ect

V.M.Buchstaber¥? A.A.Glutsyuk X ¥
June 6, 2017

Abstract

We study a family of double con uent Heun equations of the form
LE =0,whereL = L., isa family of di erential operators of order
two acting on germs of holomorphic functions in one complex vari-
able. They depend on complex parameters, , n. Its restriction to
real parameters satisfying the inequality + 2> 0 is a linearization of
the family of nonlinear equations on two-torus modeling the Josephson
e ect in superconductivity. We show that for every b;n 2 C satisfy-
ing a certain \non-resonance condition" and every parameter values
;2 C, 60 there exists an entire functionf : C! C (unique
up to constant factor) such that z PL(z°f (z %)) = dy + d; z for
somedp ;d; 2 C. The constantsd; are expressed as functions of
the parameters. This result has several applications. First of all, it
gives the description of those values , , n, b for which the mon-
odromy operator of the corresponding Heun equation has eigenvalue
e’ It also gives the description of those values , , n for which
the monodromy is parabolic: has multiple eigenvalue. We consider the
rotation number of the dynamical system on two-torus as a function
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of parameters restricted to a surface + 2 = const. The phase-lock
areas are its level sets having non-empty interiors. For general families
of dynamical systems the problem to describe the boundaries of the
phase-lock areas is known to be very complicated. In the present paper
we include the results in this direction that were obtained by methods
of complex variables. In our case the phase-lock areas exist only for
integer rotation numbers (quantization e ect), and the complement to
them is an open set. On their complement the rotation number func-
tion is an analytic submersion that induces its bration by analytic
curves. The above-mentioned result on parabolic monodromy implies
the explicit description of the union of boundaries of the phase-lock ar-
eas as solutions of an explicit transcendental functional equation. For

every 2 Z we get a description of the setf (mod2z)g.
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1 Introduction: statement of results, sketch of proof
and plan of the paper

We study the problem to nd those solutions of hon-homogeneousiouble-
con uent Heun equations that are monodromy eigenfunctions. Our study
is motivated by applications to nonlinear equations modeling the Josephson
e ect in superconductivity. The main results, the existence and unique-
ness of the above solutions (Theorems 1.1 and 1.3) are stated in Subsection
1.1. Applications to monodromy eigenfunctions and eigenvalues of homoge-
neous double con uent Heun equations and to nonlinear equations modeling
Josephson e ect are presented in Subsections 1.1 and 1.3, Sections 4 and 5.

Each eigenfunction is the product of a monomialz® and a function f (z)
holomorphic onC . The Heun equation is equivalent to recurrence relations
on the Laurent coe cients of the function f. The proofs of the above-
mentioned results are based on studying the latter recurrence relations.
We prove existence and uniqueness Theorem 1.8 for converging solutions
of a more general class of recurrence relations (stated in Subsection 1.2 and
proved in Section 2). Its proof is based on ideas from hyperbolic dynamics
and a xed point argument for appropriate contracting mapping.



1.1 Main result: existence and uniqueness of monodromy
eigenfunctions of non-homogeneous double con uent Heun
equations

We consider the family of double con uent Heun equations
LE = 22E%%(nz+ (1 ZY))E%( nz)E=0; n;; 2C; 60: (1.1)

They are well-known linear di erential equations, see [27, formula (3.1.15)]
that have singular points only at zero and in nity, both of them are irregular.
Our goal is to study existence of the eigenfunctions of their monodromy
operators (see [2, chapter 7, subsection 3.2] and the de nition in Subsection
4.1) with a given eigenvaluee?™® | b2 C: the latter functions are solutions
of equation (1.1) having the form

E(z) = 2% (2); f (2) is holomorphic on C : (1.2)

The converging Laurent series of the functionf (z) is split into two parts,
f(z) = f+(2)+ f (z %), where f are holomorphic functions on C and
f+ (0) = 0. These functions satisfy non-homogeneous equations of the type

z PL(Z®f (z Y)=dyg +d; z (1.3)
One of our main results is the following.

Theorem 1.1 For every (n; ; ;b )2 U,
U=f(n;;;b)2C*] 60; b;b+t n2Zg; (1.4)

there exist holomorphic functionsf (z) on a neighborhood of zerof . (0) =

0 such that the functionsf (z 1) satisfy equations (1.3) for appropriate
do (n;;;b ), ds (n;; ;b ). The functions f are unique up to constant
factors (depending on the parameters), and they are entire functions: holo-
morphic on C. For every sign index the corresponding vector(dy ;d; )

is uniquely de ned up to scalar factor depending on parameters. The above
constant factors can be chosen so that both and d; depend holomorphi-
callyon(n; ; ;b )2 Uandf (z) are real-valued inz 2 R for real parameter
values.

Corollary 1.2 Let (n; ; ;b ) 2 U. The corresponding equation (1.1) has
a monodromy eigenfunction with eigenvalue?™® | b2 C, if and only if the
corresponding vectorsd = (dg ;d; ) are proportional:

do+di  do dis =0: (1.5)



Theorem 1.1 will be proved in the next subsection and Section 2. Corol-
lary 1.2 will be proved in the next subsection. The explicit formulas for
the functions f and d; will be given in Section 3. Equivalent versions of
equation (1.5) as explicit functional equations in parameters obtained in a
more direct way will be presented in Section 4.

Theorem 1.3 For everyn 2 CnZ gand (; )2 C? 6 0 there ex-
ists a unique function E(z) 6 0 (up to constant factor) holomorphic on a
neighborhood of zero such that E = ¢, where ¢ is independent onz. The
function E is entire and can be normalized so that = | 1(; ) depends
holomorphically on(n; ; ) and E also depends holomorphically oin; ; ).

Theorem 1.3 will be proved in the next subsection.

Remark 1.4 Theorem 1.3 is closely related to the question of the exis-
tence of a solution holomorphic at 0 of equation (1.1) (such a solution is
automatically entire, i.e., holomorphic on C). This question was studied
by V.M.Buchstaber and S.l.Tertychnyi in [10]. The existence of a solution
E from Theorem 1.3 and explicit expressions folE and the corresponding
function , 1(; ) (analyticin ( ; ) 2 C?) were given in [10, pp. 337{338].
(This was done forn 2 N, but these results remain valid for alln 2 CnZ ¢.)
The existence result implies that if , 1(; ) = 0, then the homogeneous
equation (1.1), i.e., LE = 0 has a solution holomorphic on C. A conjec-
ture stated by V.M.Buchstaber and S.l.Tertychnyi in loc. cit. (under the
additional assumption that n 2 N, which, in fact, can be omitted) said
that the converse is true: if equation (11) has a holomorphic solution at
0, then , 1(; ) = 0. This conjecture was studied for n 2 N in loc. cit.
and [11], where it was reduced to a series of conjectures on polynomial so-
lutions of auxiliary Heun equations and non-vanishing of determinants of
modi ed Bessel functions of the rst kind. All these conjectures were solved
in [13]. As the next corollary shows, Theorem 1.3 implies the conjecture of
Buchstaber and Tertychnyi immediately forall n2 CnZzZ .

Remark 1.5 The method used in [10, 11, 13] was to consider a \conju-
gated" family of Heun equations, for which equations having polynomial
solutions were described by an explicit algebraic equation on parameters in
[9]. The proof of the above-mentioned Buchstaber{Tertychnyi conjecture
was obtained in [13] from a solution of their problem about polynomial so-
lutions. The method of the present paper allows to prove the conjecture di-
rectly, without using the conjugated family and polynomial solutions. A pos-
sibility to prove the conjecture without using the condition of non-vanishing
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of the determinants of modi ed Bessel functions was mentioned in [10] at
the place, where the conjecture was stated. We realize this possibility in
the present paper. As is explained in [13], positivity of Bessel determinants
proved there is a result interesting itself.

Corollary 1.6 (cf. [13, theorem 3.5]) For everyn 2 CnZ gand 60
equation (1.1) has an entire solution, if and only if , 1(; ) =0, where
n 1(; ) is the function from Theorem 1.3 introduced in [10, formula (31),
p. 337], see also formula (4.9) in Subsection 4.3 below.

Proof Let , 1(; ) = 0. Then the function E from Theorem 1.3 is an
entire solution of equation (1.1): LE = 0. Conversely, let equation (1.1)
have a solution E holomorphic at 0. If , 1(; ) 6 0, then there exists a
holomorphic function E on a neighborhood of zero satisfying the equation
LE = , 1(; ) 60, by Theorem 1.3. This together with the uniqueness
statement of Theorem 1.3 implies thatE = E up to constant factor, hence
LE = 0. The contradiction thus obtained proves the corollary. 2

1.2 Solutions of three-term recurrence relations

Let us look for formal solutions of equation (1.1) of type (1.2). Equation
(1.1) is equivalent to the recurrence relations

(k+b)(k+b+n 1)+ ax (k+brn Dag 1+ (k+b+l)as =0; (1.6)

which can be written in the matrix form

& Ay & 1 :
Ak+1 ak |
A = ktbrn 1 0 kbl - w7
e — +(k+b)(k+b+tn 1) - :
k+b+1 1 (k+brn 1)

Remark 1.7 A function f,(z2) = P K lakz" satis es equation (1.3) for
somed; .+, if and only if its Taylor coe cients ay ﬁgtisfy (1.6), or equivalently,
(1.7) for k 2. Similarly, a function f (z )= Oakz" satis es (1.3), if
and only if its coe cients satisfy (1.6) for k 1.

P
Proof of Corollary 1.2.  Let E(z)= z® ,,az* be a solution of equa-
tion (1.1) having type (1.2). Then
X X
E(z)= 2%f+(2)+f (zY); f+(2= azZf (2= a (" (1.8)
k 1 k 0



The coe cients ayx satisfy (1.6) for all k. This together with the above re-
mark implies that the functions f (z 1) satisfy (1.3). The corresponding
expressionsd = dgo + d; z should cancel out, sinceE is a solution of
the homogeneous equation. This implies (1.5). Conversely, let (z 1) be
solutions of (1.3), and let (1.5) hold: that is, the vectorsd. and d are
proportional. Then we can normalize the latter vectors, and hence, the
corresponding solutions by constant factors (not both vanishing simultane-
ously) sothatd: + d =0. Then the function E given by (1.8) is a solution
of equation (1.1). 2

As it is shown below, Theorem 1.1 is implied by the following general
theorem

Theorem 1.8 Consider recurrence relations
frak 1+ Ocax + hgagsp =0 (1.9

in sequenceay, k 2 Z o, where sequences;fk; hk 2 C satisfy the following
conditions:
fk;hk 6 0; for every k; (1.10)

fi;hge = o(gk); ask!1l : (1.11)

P
Then there exists a unique series ;:10 axzk 6 0 (up to constant factor)
with ax satisfying (1.9) for k 1 and having non-zero convergence radius.
Moreover, this series converges on all o€.

Addendum to Theorem 1.8. Let in the conditions of Theorem 1.8 the
coe cients fy, gk, hx depend holomorphically on parameters that represent a
point of a nite-dimensional complex manifold. Let asymptotics (1.11) hold
Hniformly on compact subsets in the parameter manifold. Then the function

;zlo a,z* can be normalized to depend meromorphically on the parameters.
In the case, when the parameter manifold is Stein and contractibfe this

function can be normalized to be holomorphic in the parameters.

Theorem 1.8 and its addendum will be proved in the next section.

1The condition of contractibility may be weakened to the condition of vanishing of the
second cohomology group with integer coe cients. The latter condition implies in par-
ticular that the quotient of the fundamental group by its commutant has trivial torsion.
Vanishing of the second cohomology together with Stein property is needed to guarantee
that each analytic hypersurface in the parameter manifold is the zero locus of a holomor-
phic function [14, chapter VII, section B, proposition 13].



Remark 1.9 In the seriesP « &ZX from Theorem 1.8 for everyk 0 the
two neighbor coe cients ag, ax+1 do not vanish simultaneously: hence, they
present a point (ax : ax+1) 2 CP'. Indeed, each pair of neighbor coe cients
(ax; ak+1 ) determines a unique sequence satisfying (1.9). This follows from
the fact that for every k 1 the coe cient ax ; is expressed as a linear
combination of ax 1 and ax by (1.9), sincefy;hx 6 0. Hence, if some two
neighbor coe cients ayx 1;ax vanish, then all the coe cients vanish, and the
series is zero, { a contradiction.

Theorem 1.10 Let b;n2 C, Then for every kg 2 Z such that
k+b+n 1, k+ b+1 60 for everyk >Kky; (1.12)

for gyery ; 2C, 60 there exists and unique nonzero one-sided se-
nes . axzX (up to constant factor) converging on some punctured disk
centered at O that satis es recurrence relations (1.6) (or equivalently, (1.7))
for kK > k. (In what follows this solution of relations (1.6) is called the
forward solution. ) Similarly, for every ko 2 Z such that

k+ b+n 1, k+ b+1 60 for everyk <kg (1.13)

there exists and unigue one-sides serieg K ko az (up to multiplicative
constant) that satis es recurrence relations (1.6) for k < ko and converges
outside some disk centered at 0. In what follows this solution of relations
(1.6) is called the backward solution. ) Both series converge on the whole
punctured complex lineC . They can be normalized to depend holomorphi-
cally on those parameterqn; ; ;b ) for which inequality (1.12) (respectively,
(1.13)) holds for the given numberkg.

Example 1.11 Let in the conditions of Theorem 1.10 one haveb;n+ b2Z
(cf. (1.4)). Then its statements hold for all kg 2 Z, since inequalities (1.12)
hold for all k 2 Z. Otherwise, if either b2 Z, or b+ n 2 Z, then the
statements of Theorem 1.10

hold for k > kg wheneverkg maxfm2f 1 b;l b ngjm2Zg
(1.14)
hold for k <k g wheneverkg minfm2f 1 b;1 b ngjm2 Zg (1.15)

Theorem 1.10 together with Remark 1.7 and the rst statement of Example
1.11 imply Theorem 1.1.



Proof of Theorems 1.10 and 1.1 (existence and uniqueness of so-
lutions). The coe cients

fx = (k+ b+n 1), gk=(k+b(k+b+n 1)+ ; hg= (k+b+1)

of recurrence relations (1.6) satisfy the conditions of Theorem 1.8 fok > k g

(k < ko). Indeed, the asymptotics (1.11) is obvious. Inequalitiesfy;hy 6 0
follow from (1.12) (respectively, (1.13)). This together with Theorem 1.8
implies the statement of Theorem 1.10, and hence, Theorem 1.1 on existence
and uniqueness of solutions. The local holomorphicity in the parameters
follows from the addendum to Theorem 1.8. The global holomorphicity will
be proved later on, in Subsection 3.5. 2

Proof of Theorem 1.3. Let b=0, n 2 CnZ (. Then inequalities
g 12) hold for k > ko = 0. Therefore, there exists a unique serie€ (z) =
akzk converging on a neighborhood of the origin, whose coe cients
satlsfy (1.6) for k 1, and it converges on all ofC (Theorem 1.10). The
system of relations (1.6) fork 1 is equivalent to the statement that LE =
const. This proves Theorem 1.3. Holomorphicity on the parameters follows
from the analogous statement of Theorem 1.10. 2

1.3 Historical remarks, applications and plan of the paper

Our results are motivated by applications to the family

?Tt = sin +B+Acoslt; A;!> 0B O (1.16)

of nonlinear equations, which arises in several models in physics, mechanics
and geometry: in a model of the Josephson junction in superconductivity
(our main motivation), see [21, 28, 15, 3, 25]; in planimeters, see [16, 17].
Here! is a xed constant, and (B;A) are the parameters. Set
B A

- 't, I - T, - ZT
The variable changet 7! transforms (1.16) to a non-autonomous ordinary
di erential equation on the two-torus T2 = S S! with coordinates (; ) 2
R2=2 72

d sin

_= CT: |7+|+2 coSs : (2.17)

The graphs of its solutions are the orbits of the vector eld

SII’]

(1.18)



on T2. The rotation number of its ow, see [1, p. 104], is a function (B;A) =
(B;A;!) of the parameters of the vector eld. It is given by the formula

AT Y= [ 2k).
(A= Jm,
where () is an arbitrary solution of equation (1.17).

The phase-lock areasare the level subsets of the rotation number in the
(B; A)-plane with non-empty interior. They have been studied by V.M.Buchstaber,
O.V.Karpov, S.I.Tertychnyi et al, see [4]{[13], [18] and references therein.
Each phase-lock area is an in nite chain of adjacent domains separated by
points called the adjacency points(or briey, adjacencie3. The description
of their coordinates as solutions of analytic functional equations was conjec-
turally stated by V.M.Bushstaber and S.l.Tertychnyi in [10] and proved by
the authors of the present paper in [13]. Namely, the family of non-linear
equations was reduced in [9, 29] to the two following families of second order
linear di erential equations of double con uent Heun type: equation (1.1)
with L

n=l+1; =5 2
and the equation

LE = 22E% (( 1+D)z+ @ Z2))E°+( + (I 1)2E=0: (1.19)
Equation (1.19) is obtained from equation (1.1) via the substitution| =1 n.

Remark 1.12 Heun equations (1.1) and (1.19) corresponding to the family
(1.18) of dynamical systems on torus are those corresponding to real param-
etersn, !, , andthus, real . Inthe present paper we are studying general
Heun equation (1.1) with arbitrary complex parameters n,

It was shown in [18] that | = !5 2 Z at all the adjacencies. In the case,
when | 0, Buchstaber and Tertychnyi have shown that the adjacencies
correspond exactly to those parameter values, for whicH is integer and
equation (1.1) has a non-trivial holomorphic solution at 0 (which is auto-
matically an entire solution: holomorphic on C); see the statement in [10,
p.332, paragraph 2] and the proof in [13, theorem 3.3 and subsection 3.2].
They have explicitly constructed a family of holomorphic solutions for pa-
rameters satisfying an explicit functional equation |(; ) =0, see Corollary
1.6. They have conjectured that the latter functional equation describes the
adjacencies completely. They have reduced this conjecture to another one
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saying that if equation (1.19) has a polynomial solution (which may hap-
pen only for | 2 N), then equation (1.1) does not have an entire solution.
Later they have shown that the second conjecture follows from the third one
saying that appropriate determinants formed by modi ed Bessel functions
of the rst type do not vanish on the positive semiaxis. This third conjec-
ture together with the two previous conjectures were proved in [13]. The
statement of the above-mentioned conjecture of Buchstaber and Tertychnyi
on functional equation describing the adjacencies follows from Corollary 1.6
and their correspondence to entire solutions of Heun equations.
V.M.Buchstaber and S.1.Tertychnyi have constructed symmetries of dou-
ble con uent Heun equation (1.1) [10, 12]. The symmetry # : E(z) 7!
2z ' Y EQz 1) E (z 1Y), which is an involution of its solution space,
was constructed in [30, equations (32), (34)]. It corresponds to the symme-
try (;t) 7! ( ;1) of the nonlinear equation (1.16); the latter symmetry
was found in [22]. In [12] they have found new nontrivial symmetries in the
case, whenl 2 Z and equation (1.19) does not have polynomial solutions.

Convention 1.13  Everywhere in the paper byformal solution (ax)x k, (or
(ak)k ko) Of linear recurrence relationfyax 1+ gkax + hxak+1 =0 we mean
a (one- or two-sided) sequence of complex numbegx satisfying the relation
for all k > k ¢ (respectively, k <kg). (Here ong,may have two-sided in nite
sequences.) If in addition, the power series I(akz" converges on some
annulus centered at O (for all the relations under consideration, this would
automatically imply convergence on all ofC ) then the formal solution under
question is called simplya solution: the adjective \converging" is omitted
for simplicity.

In Section 3 we write down explicit formulas for solutions of recurrence
relations (1.6) using the proof of Theorem 1.8. Then in Section 4 we deduce
explicit functional equations satis ed by monodromy eigenvalues of double
con uent Heun equations (explicit versions of Corollary 1.2).

In Section 5 we apply results of Sections 3 and 4 to phase-lock areas in
the model of Josephson e ect.

Remark 1.14 The problem to describe the boundaries of the phase-lock
areas for the considered system was studied in [9, 10, 13]. Special points
of the boundaries (adjacencies and points corresponding to equations (1.19)
with polynomial solutions) were described in [10] and [9] respectively. In the
present paper the union of boundaries is described by an explicit transcen-
dental analytic equation (Corollary 5.16 in Subsection 5.4). It is known that
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the ratio of the monodromy eigenvalues of the corresponding equation (1.1)
equalse 27 (AB) and their product equalse 2 . The union of boundaries
coincides with the set where the monodromy has multiple eigenvalue and is
described by the condition that the monodromy of equation (1.1) has eigen-
value e . We get a similar description of non-integer level curves of the
rotation number function. Namely, for 2 Z the above relation between
monodromy eigenvalues and the rotation number together with the results
of Sections 3, 4 imply an explicit functional equation satis ed by the set
f (mod2Z)g (Theorem 5.10 in Subsection 5.3).

Open problems on phase-lock areas and possible approaches to some of them
using the above description of boundaries are discussed in Subsections 5.5{
5.8.

The following new result will be also proved in Section 5 using results of
Section 4.

Theorem 1.15 Let! > 0, (B;A) 2 R2, BjA> 0,1 =8, = 2

= fz 2, = (B;A). The double conuent Heun equation (1.19)
corresponding to the above, and| has a polynomial solution, if and only
ifl;, 22, [(mod22), 0 I, the point (B;A) lies in the boundary

of a phase-lock area and is not an adjacency. In other terms, the points
(B;A) 2 R2 corresponding to equations (1.19) with polynomial solutions lie
in boundaries of phase-lock areas and are exactly their intersection points
with the lines | = !5 (mod2z), 0 | that are not adjacencies.

Remark 1.16 V.M.Buchstaber and S.l.Tertychnyi have shown in [9] that
if a point (B;A) 2 R2 corresponds to equation (1.19) with a polynomial
solution, then |, are integers, 0 | and [(mod22).

1.4 A sketch of proof of Theorem 1.8.

For every initial condition ( ag;a;) there exists a unique sequenceak)x o
satisfyl'mg recurrence relations (1.9), by Remark 1.9. But in general, the
series a,zK may diverge. We have to prove that it converges for appro-
priately chosen unknown initial condition. To do this, we use the following
trick: we run the recursion in the opposite direction, \from in nity to zero".
That is, take a big k and a given \ nal condition" ¢ = (ax;ax+1). Then
the inverse recursion gives ally = aj (), 0 j k. It appears that the
initial condition ( ap; a;) we are looking for can be obtained as a limit of the
initial conditions (ap(0k); a1(0k)) obtained by the above inverse recursion
(after rescaling), ask ! 1 . The latter holds for appropriate choice of the

12



nal vector ¢: it should be appropriately normalized by scalar factor and its
projectivization [ k] = (ax : ax+1) 2 CP! should avoid some small explicitly
speci ed \bad region”, which contracts to the point (0: 1), as k!1

The projectivized inverse recursion

P CPM ! CPM [ = (@t aen) 7! ok 1]= (& 10 &)
de ned by (1.9) can be considered as the dynamical system
T:(N 2[flg ) CP'! (N[flg ) CP}; N o= N\ [2+1);
where for everyx 2 CPlandk 2 N , one has
T:(kx) 7' (K LPe(x); T:1 CP'711  (1:0):

It appears that for every k large enoughPy has a strongly attracting xed
point tending to (1 : 0) and a strongly repelling xed point tending to (0 : 1),
ask !' 1 . This together with the ideas from basic theory of hyperbolic
dynamics implies that the xed point p; = 1 (1 : 0) of the transformation
T should have a unique unstable manifold: an invariant sequencek( [o])
converging to p; . We show that a sgution (ax) of recurrence relations
(1.9) gives a converging Taylor series | azX on some neighborhood of
zero, if and only if (ax : ax+1) = [ ] for all k, and then the series converge
everywhere. This will prove Theorem 1.8.

The existence and uniqueness of the above-mentioned unstable manifold
is implied by the following discrete analogue of the classical Hadamard{
Perron Theorem on the unstable manifold of a dynamical system at a hy-
perbolic xed point.

Theorem 1.17 Let Eq;E»;::: be a sequence of complete metric spaces with
uniformly bounded diameters. For brevity, the distance on each of them will
be denotedd. Let Py : Ex ! Egx 1 be a sequence of uniformly contracting
mappings: there exists a , 0< < 1 such thatd(Px(x);Px(y)) < d (X;y)
for every x;y 2 Ex andk 2. Then there exists a unique sequence of points
Xk 2 Ex such thatxy 1 = Px(xk) for all k 2. One has

Xk 1= nle Py Pm(X); (1.20)

and the convergence is uniform inx: for every " > 0 there exists some
I 2 N such that for everym | and everyx 2 En one hasd(Pg

Pm(X); Xk 1) <" . If in addition the spaces Ey coincide with one and the
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same spaceE and the xed points of the mappingsPy tend to somex; 2 E,
ask!1l |, then
I(Ililm Xk = X1 & (1.22)

Proof The proof repeats the argument of the classical proof of Hadamard{
Perron Theorem. Consider the spaces of all sequencesX = ( Xk)kan, Xk 2
Ex, equipped with the distance

D(X;Y)=Sl,ll(p d(Xk; Y):

The transformation
T:S!I S; (X1;X2;:::) 71 (Pa(X2); Pa(x3);::1)

is a contraction. Therefore, it has a unique xed point, which is exactly
the sequence we are looking for. The second statement of the theorem on
the uniform convergence of compositions tax, 1 follows from the uniform
convergence of iterations of the contracting maprl to its xed point. In the
last condition of Theorem 1.17 statement (1.21) follows by the above xed
point argument in the subspace inS of the sequencesxXy) tending to x1 ,
ask!1l : thisis a complete T-invariant metric subspace in S, and hence,
T has a xed point there, which coincides with the previous sequencexy)
by uniqueness. Theorem 1.17 is proved. 2

2 Proof of Theorem 1.8 and its addendum

Recurrence relations (1.9) can be written in the matrix form

ax  _ ax 1 . _ 0 hg

Ay K a0 KT h* fo g (2.1)
Consider the inverse matrices |
K 1= % % (2.2)
1 0

and their projectivizations Py : CP! 1 CP! acting on the projective line
CP! = C with homogeneous coordinates4; : z). In the ane chart fz; 6
0g CP! with the coordinate w = i—i for every C > 0 we denote

Dc=fijwj<Cg C C:
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Proposition 2.1  The transformations Py converge to the constant mapping
CP! 7! f w = 0g uniformly on every closed diskDc, C > 0, ask ! 1
Their inverses converge to the constant mappin@P* 7! f w = 1g uniformly
on the complement of every dislDc.

Proof The image of a vector (1 w) with jwj C under the matrix lis

the vector h ¢
(Ucwivew) = @+ Sow; ):
k Ok Ok

Recall that hk L1 0, see (1.11), hencegk 6 O for all k large enough.

kO
The latter asymptotlcs and formula together imply that L’t%‘c’v)) !

formly on D¢ and prove the rst statement of the proposition. Let us prove
its second statement. For every xed C > 0 and every k large enough
(dependently on C) one hasP, }(CP*nDc) CP'nDc, by the rst state-
ment of the proposition. The image of a vector (3 w) under the matrix
is (sk(w);te(w)) = (w; %). This together with (1.11) implies that

f:((v":; ! 0 uniformly on jwj C, ask ! 1 ; or equivalently, P, ! 1

uniformly on CP* nDc. The proposition is proved. 2

Proof of Theorem 1.8. Let C > 1, E¢ denote the closed diskDc CP!
equipped with the Euclidean distance. There exista , 0< < 1 and a
N = N(;C) 2 N such that for every k >N one hasPy(Ec) Ec¢ and the
mapping Px : Ec ! Ec isa -contraction: jPc(x) Pk(y)j< jx vYj. This
follows from the rst statement of the proposition and the fact that uniform
convergence of holomorphic functions implies uniform convergence of their
derivatives on compact sets (Cauchy bound): here uniform convergence of
the mappings Py to the constant mapping on D co with C°> C implies uni-
form convergence of their derivatives to zero orD¢. The xed point of the
mapping Pyje. tends to 0, ask !'1 , by uniform convergence (Proposition
2.1). This together with Theorem 1.17 implies that there exists a unique
sequence Xk)k n such that P(xx) = xx 1 for all k > N and jxxj C.
The latter sequence corresponds to a unique sequencafk ~ (up to multi-
plicative constant) such that xx = (ak : ax+1 ); one hasjw(xy)j = ja';;l i

for every K  N. The sequence §) satis es relations (1.9) for k >N,
which are equivalent to the equalitiesPx(xx) = Xk 1. It extends to a unigue
sequence &)k o satisfying (1.9) for k 1, as in Remark 1.9. In addition,
xk ! 0, e, akll I 0,ask!1 , by (1.21) and since the attracting xed
pomtslgf the mapplngs Px converge to 0, by Proposition 2.1. Therefore, the
series 0akz converges on the whole complex lin€C. The existence is
proved. Now let us prove the uniqueness. Let, by contradiction, there exist

0 uni-

15



a series azk satisfying relations (1.9), having a positive convergence ra-
dius and not coinciding with the one constructed above. Then there exists
ak >N such that j%%j > C, i.e., xx 2 Dc. For every | > k one has

xi=P ! Pai(xk)!1 thatis, 2211 ,asl!1 , by the second
statement of Proposition 2.1. Hence the series diverges everywhere: has zero
convergence radius. The contradiction thus obtained proves Theorem 1.8.

2

Proof of the addendum to Theorem 1.8. The transformations Py
from Proposition 2.1 depend holomorphically on the parameters. The con-
vergence in the proposition is uniform on compact subsets in the parameter
manifold, by similar uniform convergence of the sequence%k& and fg—‘; to zero
(see the condition of the addendum). Then for every compact subseK in
the parameter manifold there exists aN > 1 such that for every k > N
the mapping Py are contractions of the closed diskD ¢ for all the parame-
ters from the set K, with one and the same uniform bound = (K)< 1
for the contraction rate: the proofs of Proposition 2.1 and Theorem 1.8
remain valid with uniform convergence in the parameters from the setK .
The expression under the limit (1.20) is well-de ned and holomorphic in the
parameters from the setK, and the convergence in (1.20) is uniform orK,
by uniformness of the contraction. This together with Weierstrass Theorem
implies that the limit is also holomorphic in the parameters from the setK.
Finally, the sequence &), xx 2 CP! = C depends holomorphically on the
parameters, and thus, for everyk the ratio xy = ag—kl is a C-valued holo-
morphic, hence meromorphic function in the parameters. Fix ak for which
it is not identically equal to 1 and put ax 1, ax+1 = Xk. Then the vector
(ax; ax+1 ) depends meromorphically on the parameters, and hence, so do all
the g, which are expressed viady; ax+1 ) by linear recurrence relations. The
poles of the functionsa; are obviously contained in the pole divisor of the
function ax+1 . In the case, when the parameter manifold is Stein and con-
tractible, every analytic hypersurface (e.g., the pole divisor under question)
is the zero locus of a holomorphic function , see [14, @apter VIII, section
B, lemma 12]. Replacing alla; by & yields a series kakz" depending
holomorphically on the parameters. The addendum is proved. 2
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3 Explicit formulas for solutions and the coe -
cients d;

Here we present explicit formulas for the unique converging series from The-
orem 1.10 solving recurrence relations (1.6). First in Subsection 3.1 we
provide a general method for writing them, which essentially repeats and
slightly generalizes the method from [10, section 3, pp. 337{338]. Then
we write the above-mentioned formulas fork | +1 , and afterwards for
k! 1 . Atthe end of the section we prove the statement of Theorems
1.1 and 1.10 on global holomorphic dependence of the solutions on the pa-
rameters.

3.1 Solution of recurrence relation via in nite matrix prod-
uct: a general method

Here we consider a solution of general recurrence relations (1.9) from The-
orem 1.8. Letg, fx, hx be the coe cients in (1.9). Let Py : CPlpl cp!
be the projectivizations of the transformations 1 see (2.2). Let K ay z¥
be a solution to (1.9). Recall that x, = (ax : as1) 2 CP* ' C, in the
standard coordinate w on C one hasxy = a';l . We have xx 1 = Px(Xk),
and for every k the in nite product PygPy+1 ::: converges toxyx ;. More
precisely, Py Pm(z)! Xk 1,asm!1 uniformly on compact subsets
in C= Cnflg , as in the proof of Theorem 1.8.

One can then deduce that there exists a number sequenag such that
for every k the in nite matrix product ( ry B(res k+11) 111 converges to
a rank 1 matrix Ry such that

a 1 _ 1 .
a Rk 0 (3.1)
. . - . P

The latter relation allows to write an explicit formula for the solution | a,z¥
in the following way. The in nite product of the matrices kl themselves
diverges, since their terms ?—t tend to in nity: one has to nd a priori un-
known normalizing constantsry. To construct a converging matrix product
explicitly, we will consider a rescaled sequencey, that is

% 1. f«
Gk = kak; & 2C;, —= — 1 0Q; ask!1l
Ok Ok
Rewriting relations (1.9) in terms of the new sequencec yields
Ck 1 Ck
=M : 3.2
Ck k Ci+1 (3.2)
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%1% G 1hy’
Mk = &k fk Ok+1 fk — 1+ 0(1) 0(1)

1 0 1 0

The matrices M converge to the projector
10
21 2 p =
P:.C°! C% P 10
Our goal is to choose the rescaling factorsy so that the in nite products
Rk = M My41 o5

converge: then the limit is a one-dimensional operatoiR with ker Ry being
generated by the vector (Q1). It appears that one can achieve the latter
convergence by appropriate choice of normalizing constantsy.

We use the following su cient conditions of convergence of products of
almost projectors M.

Lemma 3.1 Let H be either a nite dimensional, or a Hilbert space. Let
My :H ! H be a sequence of bounded operators that tend (in the norm) to
an orthogonal projectorP : H! H. Let

X
Mk=P+S;  jiS<1: (3.3)
K

Then the in nite product Rx = MgMy+1 ::: converges in the norm, and
kerP  kerRg. One hasRx! P,ask!1 , inthe operator norm, and
kerRy = ker P for every k large enough.

Proof Fix a k and setTp, = Txn = My :::Mp forn  k; T = Mg. One
has
Th+1 = ToMp+1 = Ta(P + Sp+1); Tner TaP = TpSpaa:

The latter equality implies that
iTnsadi 0 Tli @+ jiSneafi) &S0t TjiToji:
This implies that
iTenii G C= e 1 cBSjm,i: (3.4)

Now one has
Tin = Tien 1P + Tkn 1Sn;

Tkn+1 = TknP + TienSner = Tien 1P2 + Ticn 1SnP + Tiin Sn+t
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= Tken 1P+ Ticn 1SnP + TikenSn+r -

here we have used the fact thatP is a projector, that is, P2 = P. The two
latter formulas together with (3.4) imply that

iTen+sr Tindl Cw(2iSnjj + iSn+1l):

The latter right-hand side being a converging series inn, the sum of the
left-hand sides inn converges and so doeS$y.,, asn!1 , inthe operator
norm. This also implies that the norm distance of eacl_rng;n to the limit Ry =

limnii  Tin is bounded from above by n =3Cik ; ]iS jjp Applying

this estimate to Tyx = My, we getdist(My; Ry) kk = 3Ck j K ISii-

One has n ! 0O,asn ! 1 uniformly in k, and also ¢, ! O, as
k;n!1l sothat k n. This implies that Ry and My converge to the
same limit P in the operator norm, ask!1 . For everyv 2 kerP one has
Mnpv = Spv ! 0. Hence,TknVv = Tin 1(Spv) ! 0,asn!1l . Therefore,
Rkv=0and kerP  kerRg. Let N > 0 be such that for everyk > N one
hasjRx Pjj < 1. Let us show that kerRx = ker P for these k. Indeed,
suppose the contrary: kemRy is strictly bigger than ker P for somek > N .

Note that H = ker P P(H) (orthogonal decomposition), sinceP is an
orthogonal projector. Therefore, there exists a vectorux 2 P(H) such that

Rk (uk) = 0. Hence,

iP(uii = i(P - Ri)(udii < jjuiii;

while P (uk) = ug, sinceP is a projector. The contradiction thus obtained
proves the lemma. 2

Addendum to Lemma 3.1. Let in Lemma 3.1 the g,peratorsSn depend
holomorphically on some parameters so that the series  jjSyjj converges
uniformly on compact subsets in the parameter space. Then the in nite
products Ry are also holomorphic in the parameters.

Proof The above proof implies that the sequencély., converges uniformly
on compact subsets in the parameter space. This together with the Weier-
strass Theorem implies the holomorphicity of the limit. 2

Corollary 3.2 Let
1+ ) ) X _ )
My = 111,k 1S,k : j ki< 1 for (ij)=(11);(12): (3.5)
k

Then the in nite product Ry = MM+ ::: converges, and the right column
of the limit product matrix Ry vanishes. In the case, whenj, 6 O for all k,
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the limit matrix Ry has rank 1 for allk: its kernel is generated by the vector
(0;1). In the case, when i, depend holomorphically on some parameters
and the convergence of the corresponding series is uniform on compact sets
in the parameter manifold, the limit Ry is also holomorphic.

Addendum to Corollary 3.2. In the conditions of the corollary set
1
G =0 DR (3.6)

Then the sequencec is a solution of recurrence relations (3.2) such that

Ckc—kl! 1,ask!1 ,and one has

Ck 1 _ 1
o Rk 0 (3.7)
Proof of Corollary 3.2.  This is the direct application of the lemma and
its addendum for the norm induced by appropriate scalar product: the latter
product should make the matrix
_ 10
P= 10
an orthogonal projector. The kernel kerRy contains the kernel kerP, which
is generated by the vector (Q1); kerRy = ker P, i.e., rk(Rx) = 1 for all
k large enough, by the lemma. In particular, the right column in each Ry
vanishes. Now it remains to note thatrk (R¢) = 1 for all k, since the matrices
My are all non-degenerate: 1.« 6 0. The corollary is proved. 2

Proof of the Addendum to Corollary 3.2. Consider the a ne chart
C= CP'nf(l: 1)g with the coordinate w = 2132 centered at (1 : 1).
The projectivizations Py of the linear operatorsMy : C2! C? converge to
the constant mapping CP* 7! (1 : 1) uniformly on compact subsets inC.
Hence, for everyC > 0 there existaN = N(C)>0anda ,0< < 1
such that for everyk N one hasPy(D¢c) b D¢, and Py is a -contraction
of the disk D¢, as in the proof of Theorem 1.8 in the previous section. This
together with Theorem 1.17 implies that there exists a sequencexk)k n(c).
Xk 2 C= CPY w(x¢) ! 0, ask ! 1 , such that Py(xx) = xx 1 and
Pk Pmn converges to the constant mappingCP! 7! xy 1 uniformly
on compact subsets inC, asm ! 1 . Convergence at (1 : 0) implies that
Xk 1 = (Rk:11 : Rk:21). Moreover, Rg:21 = Ri+1:11, SinceRyx = MR+, and
the matrix Mg has lower raw (1, 0). The two last statements together imply
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that the sequencecy, = Ry:»1 satis es recurrence relations (3.2) and formulas
(3.6), (3.7). One hasckc—;l I 1, sincexy =(ck :ck+1) ! (1:1). This proves
the addendum. 2

Corollary 3.3 Consider recurrence relations (1.9). Let gk 2 C be a se-
guence such that the rescalingy = gcax transforms (1.9) to (3.2). Let the

corresponding matricesMy from (3.2) be the same, as in (3.5). Letci be
the same, as in (3.6). Then the sequence

a = G lo

p
is a solution of relations (1.9) for k 1 such that the series oakz"
converges on all ofC.

Proof The sequence &) is a solution of (1.9), by construction and the
Addendum to Corollary 3.2. One hasqk—k1 ' f—t I 0, ask!1l ,sincethe
above sequence rescaling transforms (1.9) to (3.2). Therefor f‘kl I 0, by
the latter statement and sincgck"—kl I 1, as was shown above. This implies

the convergence of the series | Oakz" on C and proves the corollary. 2

3.2 Forward solutions from Theorems 1.1 and 1.10

Here we give explicit formulas for the solution P K azk of recurrence rela-
tions (1.6) converging, ask ! +1 .

Case 1): b;b+ n 2 Z (i.e., the conditions of Theorem 1.1 hold).
Let us invert matrix relation (1.7). We get

A 1 ay

=W, : 3.8
ak k Ak+1 (3.8)
|
k+b k+ b+l
W = A+ gagmebn ) keben T
k 1 0

To obtain an explicit formula for solution of relation (1.6), we will use results
of Subsection 3.1. To do this, we reduce equation (3.8) to a similar equation
with the matrix in the right-hand side converging to a projector. This is
done by renormalizing the sequenceay by multiplication by appropriate
constants depending onk 0. Namely, set

a()k+1 .

o= 2Okt e 1= (2TD,

(b
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Recall that the symbol (b), is called the Pochhammer symbal Translating
relations (3.8) in terms of the sequence yields

%1 - Mm } Ck :
Ck Ci+1
, !
1+
My = (k+D(k+brn 1) (k+rD(k+brn 1) (3.9)
1 0
1 1
(B)k K
= ‘o (b)o k Bk k0+1
(D1
0 k 0 (B)k+2
The in nite matrix product
Rk = MMygyq 13 (3.10)

converges and depends analytically on { ;n;b ) at those points, where the
denominators in its de nition do not vanish, by Corollary 3.2.

Theorem 3.4 Letb;b+ n2Z. For k 0 set
1

= 0 1Rk 0 (3.11)
k
a = Cx 3.12
(Bt (3.12)
The coe cients ay satisfy recurrence relations (1.6) for all k 1, and the
series X
fo(z2)=  azX (3.13)
k 1

converges on all ofC.

Proof The sequencecy satis es relations (3.9), and C:—kl I 1,ask!1l

by the Addendum to Corollary 3.2. This implies that ax satisfy (1.6). The
series (3.13) converges on all &, by Corollary 3.3. This proves the theorem.
2

Case 2): some of the numbers bor b+ n is an integer. Set
Kor =maxfm2f 1 b;l b ngjm2Zg (3.14)

Note that now the product (b); = b(b+1) :::(b+ | 1) can be equal to zero,
and thus, the sequenceay de ned by (3.12) is not necessarily well-de ned.
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Let us modify the above rescaling coe cients relating ax and ¢¢ as follows.
For everys | +1 set

(B)1+1

(D)si+1 = (b+ 8):::(b+ 1) = (0)s

y (D41 = (B)j+1; (Bss=1: (3.15)

Set
G = a Ot (D), 42 k41 TOr every k> Kor; Geg +1 = kg 41 (3.16)

The sequence &) satis es (1.7), if and only if the sequence €) satis es
(3.9). The above formulas remain valid with the same matricesMy, which
are well-de ned for k  ko+ +2: the denominators in its fractions do not
vanish. Therefore, the in nite product Ry = MgMy41 ::: is well-de ned for
the samek in the case under consideration.

Theorem 3.5 Letb, n, ko+ be as aboveM be asin (3.9),Rx = M My+1 111,
Ck = Ri:21 for K Ko+ +2; Gy, +1 = Ry, 421115 (3.17)

ag= Kk 1% ok ko 41 (3.18)
(D)Ko, +2 1k+1

= ((ko+ + b+ 1)(ko+ + b+ n)+ Dag, +1 + (Kox + b+2)ak,, +2 |
k0+ (ko+ + b+ n) "

(3.19)
The sqguence(ak)k ko. Satis es recurrence relations (1.6) for k >k o+. The
series 1, axz" converges on all ofC .

Proof The sequencec, satis es relations (3.9) for kK kg+ + 2, by the
Addendum to Corollary 3.2. Therefore, ay satisfy relations (1.7), which are
equivalent to (1.6), see the previous discussion. Formula (3.19) is equivalent
to relation (1.6) for k = ko+ + 1. The denominator (ko+ + b+ n)in (3.19)
does not vanish. In the case, wherb+ n 2 Z, this is obvious. K the case,
whenb+ n 2 Z, one hasko+ + b+ n 1, by (3.14). The series | ay z
converges onC , by Corollary 3.3. The theorem is proved. 2

3.3 Backward solutions

P
Here we give explicit formulas for the solution | axz K of recurrence rela-
tions (1.6) with k! 1 . Set



Relation (1.7) in new variablesm and &, takes the matrix form

am am +1
= A
é-m 1 m am

Writing the latter equation with permuted order of vector components (we
place & having smaller indices above) yields the same equation with the
new matrix obtained from A , by permutation of lines and columns:

am 1 A am

= ; 3.20
am m am+1 ( )

|

+(b m)(b m+n 1) ’
A = b+b” m 1 GminD L (3.21)

m+1 b m+n 1 0
Case 1); b;b+ n 2 Z, as in the conditions of Theorem 1.1. Let

us renormalize the sequencey: form 0 set
am (2 n b)m+]_ i

Cm = o
Translating equation (3.20) in terms of the sequencesh yields
em 1 Cm
=S ; 3.22
I
1+ n+2 2(b m+n 1) )
Sm = Sm(b; n): (b m+1)(b m+n 2) (b m+l)(b m+n 2)(b m+n 3)
1 0
o0 b | . o (3.23)
n m
- "I 0 A @0 B 0
= 0 2 n Bmu m 0 m+l
m 2 n Dm+2

Theorem 3.6 Let b;b+ n 2 Z. Let the matrices S, be as above,

Tm = SmSm+1 :::; (3.24)
1 Em ™M

tn= 0 1T Bn s —————— a=a 3.25
m m o0 m (2 n b)m+1 k k ( )
The sequence(ay) satis es recurrence relations (1.6) for k 1, and the

series X
f (2)= az K (3.26)

k 0

converges onC.
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Proof The above matrix product converges, and the sequence,satis es
equation (3.22), by Corollary 3.2 and its addendum. This implies that the
corresponding sequence satis es (3.20), the sequenceay satis es (1.6)
and the seriesf (z) converges, as in the previous subsection. This proves
the theorem. 2

Case 2): some of the numbers bor b+ nis an integer. Let
ko =minfr2f 1 bl b ngjr22Zg mg= ko : (3.27)

The above Pochhammer symbol may be not well-de ned in the case, when
n+b22Z,2 n b<0.Weuse the inequalities

b m+160forevery m>my;

2 n b+m;3 n b+me6O0forevery m myo; (3.28)

which follow immediately from (3.27). The sequence rescaling

:am(2 N Dmgem+1

m

Cm

is well-de ned and invertible for all m mo, by (3.28). It diers from
the previous sequence rescaling from Case 1) by multiplication by constant
independent onm, and hence, transforms (3.20) to (3.22), as above. The
matrices S, are well-de ned for m > m o: the denominators in their fractions
do not vanish, by (3.28). Let Tr, be their products (3.24) de ned form > m g.

Theorem 3.7 Let S, and Ty, be the same, as in (3.24),

hn= 0 1 Th é for m>mo; Cmg = Tmg+1: 115
6 M
A form mg; ax = g: (3.29)

"2 N Dmema

The sequelgr,\ce(ak);< k, Satis es recurrence relations (1.6) for k <k, , and
the series | ,, &z k converges onC .

The proof of Theorem 3.7 repeats the proof of Theorem 3.6 with obvious
changes.
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3.4 Theorem 1.1: formulas for dy and d;

P
Lemma 38 Let (n;;:b) 2 U, see (1.4). Letf.(z) = L aZk and
f (2)= | oz K be the functions from (3.13) and (3.26) constructed in
the two previous subsections, case 1). Then

z L (z Y)=dy +d; Z; (3.30)

do+ = (b+1)ay; dis =((b+1)(b+ n)+ )ar+ (b+2)a;  (3.31)

wherea; and a, are the same, as in (3.12);
do =(bb+n 1)+ )ag (b+n 1a q1; d1 = (b+ n)ag; (3.32)
wherea 1 and ag are the same, as in (3.25).

Proof The left-hand side in (3.30) with index \+" is a Taylor series with
coe cients at zX being equal to the left-hand side of the corresponding recur-
rence relation (1.6). The latter relation holds for all k 2, by construction.
This implies (3.30) with do+, d1+ being equal to the left-hand sides of rela-
tions (1.6) for k =0 and k = 1 respectively. This implies (3.31). The proof
for the index \ " is analogous. 2

3.5 End of proof of Theorems 1.1 and 1.10: holomorphic
dependence of solutions on the parameters

Proposition 3.9 The solutions(ax) of recurrence relations (1.6) constructed
above via in nite matrix products depend holomorphically on the parameters
from the domain, where all the factors of the matrix product are well-de ned.

The proposition follows immediately from construction and Corollary
3.2. It implies the statements of Theorems 1.1 and 1.10 on holomorphic
dependence of the corresponding solutions on the parameters.

4  Application: monodromy eigenvalues

Here we study the eigenfunctions of the monodromy operator of Heun equa-
tion (1.1). Recall that the monodromy operator of a linear di erential equa-
tion on the Riemann sphere acts on the space of germs of its solutions at a
nonsingular point zo. Namely, x a closed path starting at zg in the com-
plement to the singular points of the equation. The monodromy operator
along the path  sends each germ to the result of its analytic extension along
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the path . It is completely determined by the homotopy class of the path

in the complement to the singular points of the equation. In the case un-
der consideration of double con uent Heun equations (1.1) there are exactly
two singular points: zero and in nity. By the monodromy operator of dou-
ble con uent Heun equation(1.1) we mean the monodromy operator along a
counterclockwise circuit around zero. Each monodromy eigenfunction with
an eigenvaluee?™® has the form of a series

X
E(z)=  az“*® b2 C; (4.1)
k2Z

converging onC . Here we write down an explicit analytic equation on those
b, for which the latter solution E (z) of equation (1.1) exists, i.e., there exists
a bi-in nite sequence (a@kzz satisfying recurrence relations (1.6) such that
the the bi-in nite series ~ ,, az¥ converges onC .

We consider di erent cases, but the method of nding the abovebis gen-
eral for all of them. The coe cients ax with k! +1 should form a unique
converging series (up to constant factor) that satis es recurrence relations
(1.6). Similarly, its coe cients with k! 1 should form a unigue converg-
ing series satisfying (1.6). Finally, the above positive and negative parts of
the series should paste together and form a solution of Heun equation. In
the simplest, non-resonant case, whei; b+ n 2 Z, the pasting equation is
given by (1.5). The coe cients ax, k 1 satisfying (1.6) fork 2 and form-
ing a converging series are given by formulas (3.12); the sequencacjx o,
ax =‘a , satisfying (1.6) for k < 0 and forming a converging series is given
by formula (3.25).

It appears that substituting the above-mentioned formulas for ax to for-
mulas (3.31) and (3.32) ford; and then substituting the latter formulas
to (1.5) yields a rather complicated pasting equation. To obtain a simpler
formula, we proceed as follows. In the non-resonant case we extend the se-
guence @)k 1 to k =0 by putting appropriate 2 C instead of ag (we get
;@ 1;ap;:::) so that the longer sequence thus obtained satis es (1.6) also
for k = 1. Similarly, we extend the sequence &)k o to k = 1 by putting
appropriate 2 C instead of a; (we get:::a j;ap; ) in order to satisfy
equation (1.6) for k = 0. The positive and negat"ye series thus constructed
paste together to a converging bi-in nite series ., axz¥ satisfying (1.6)
(after their rescaling by constant factors), if and only if

= apay: (4.2)

We obtain an explicit expression for equation (4.2).
In what follows, we use the two next propositions.
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Proposition 4.1  The determinant of the monodromy operator of Heun equa-
tion (1.1) equals e 2™ |

Proof We prove the statement of the proposition for 6 0: then it will
follow automatically for = 0, by continuity. The monodromy matrix is the
product of the formal monodromy matrix diag(1;e 2™ ) and a pair of unipo-
tent matrices: the inverse to the Stokes matrices, cf. [18, formulas (2.15)
and (3.2)]. Therefore, its determinant equalse 2™ . Another possible proof
would be to use the formula for Wronskian of two linearly independent so-
lutions of equation (1.1) from [10, p. 339, proof of theorem 4]. It shows that
the Wronskian equalsz " times a function holomorphic onC , and hence, it
gets multiplied by e 2" after analytic continuation along a positive circuit
around zero. 2

Recall, see [30, equations (32), (34)], [10, p. 336, lemma 1] that the
transformation #: E 7! # E:

, 1

=3 !> 0 (43

#E)2):=2'z "E%z Y E(z?Y); +
is an involution acting on the space of solutions of equation (1.1).

Proposition 4.2  Let the monodromy operator of Heun equation have dis-
tinct eigenvalues. Then the involution# permutes the corresponding eigen-
functions.

Proof The involution under question is a composition of transformation of
a function to its linear combination with its derivative, the variable change
z 7' z 1 and multiplication by z ". Let now E be a monodromy eigenfunc-
tion with eigenvalue ;. The composition of the rst and second operations
transforms E to a function, whose analytic extension along a counterclock-
wise closed path around zero multiplies it by 11: the second operation
inverses the direction of the path. The multiplication by z " multiplies
the above result of analytic extension bye 2™ . Therefore, #E is a mon-
odromy eigenfunction with the eigenvalue , = le 2in |t coincides with
the second monodromy eigenvalue, since it is found by the condition that
1 2= e 2" see Proposition 4.1. This proves the proposition. 2

4.1 Nonresonant case: b;b+nz2Z

In this case the denominators in formulas (3.9) and (3.23) for the ma-
trices My and S, respectively are nonzero for all integerk and m, and
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hence, the matrices are well-de ned together with the in nite products
Rk= MMy+1 200, Tm = SmSm+1 -00.

Theorem 4.3 Let b;b+ n 2 Z. Equation (1.1) has a monodromy eigen-
function with eigenvaluee?™ | b2 C, if and only if

(b+1)(b+n 2)Ry11Tour+ 2Ri121To21=0: (4.4)

P
Proof Letf.i(z)= lakzk be a converging series satisfying (1.6) for
k 2. Recall, see (3.12), that

1
= 0 1R
aQ b(b+ 1) 1 9
Let us extend formula (3.12) to k = 0: set
1 1 1 1
_501R00_510R10

The sequence;a 1;ap;::: satises (1.6) for k 1, by Theorem 3.4. Recall,
see (3.25), that

_ 1 o _._ G
=0 1To o i&=a= 57—
Let us extend formula (3.25)tok =1, m= 1. set
1 1
- 1 - 1
= 0 1T, 0 " 1 0To 0

The sequence::;a »;a 1;ap; satises(1.6)forallk 0, by Theorem 3.6.
Substituting the above formulas for a;, , ap, to pasting equation (4.2)
yields (4.4). The theorem is proved. 2

4.2 Resonant case: at least one of the numbers b b+ nis
integer

Proposition 4.4  Let at least one of the numbers, b+ n be integer. Then
Heun equation (1.1) has a solution of typeE (z) = z°f (z) with f (z) being
a holomorphic function on C , if and only if it has a solution holomorphic
on C , i.e., corresponding to b= 0. In this case the monodromy eigenvalues
are 1 ande 21" .
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Proof Let the above solution E exist. Then it is a monodromy eigenfunc-
tion with the eigenvalue €™ . The other eigenvalue equalse 2 (°*N) py
Proposition 4.1. At least one eigenvalue equals one, since eithé or b+ n
is integer, by assumption. The monodromy eigenfunction corresponding to
unit eigenvalue is holomorphic onC . Conversely, a solution holomorphic
on C is a solution E as above withb= 0. It is a monodromy eigenfunction
with unit eigenvalue. Then the other eigenvalue equalse 2™ , by Proposi-
tion 4.1. This proves proposition 4.4. 2

Corollary 4.5 A solution E as in Proposition 4.4 exists, if and only if the
recurrence relations (1.6) with b=0:

(k(k+ 1)+ Jax  (k+Dax 1+ (k+1)ak+ =0;1=n 1 (4.5)
P
have a solution(ax)k2z such that the series ,, a,zX converges onC .

Proposition 4.6  Every semiin nite sequence(ayx)x o satisfying equations
(4.5) for k 1 (without convergence condition) satis es the relation

@ I+ )a, (I 1a,=0: (4.6)

Proof Equation (4.6) coincides with (4.5) fork = 1. 2

Proposition 4.7 Letl2 Z, n=1+1. A solution of Heun equation (1.1)
holomorphic on C exists, if and only if at least one of the two following
statements holds:

- either the unique ser[g;iin nite sequence(ax)x 1 solving relations (4.5)
for k 2 with series 1, axz® converging onC satis es relation
(4.6);

- or Heun equation (1.1) has an entire solution: holomorphic onC.

Proof Let

Xl

f(z2)= az* 4.7

k=1
be a semiin nite solution of recurrence relations (4.5) fork 2. Note
that for every k 1 its coe cient ay is uniquely determined as a linear
combination of the two previous onesax » and ax 1, see (4.5) written for
k 2, since 6 0, see (1.1). The same holds in the opposite direction:
for every k 3 the coecient ay is expressed as a linear combination
of the coe cients ax+; and ax+» by (4.5), sincel 2 Z. The two latter
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statements together imply that a » and a 1 do not both vanish. Therefore,
the above negative semiin nite series can be extended to positivi as a (may
be just formal) two-sided solution of (4.5) only in the case, when relation
(4.6) holds. Let us show that in this case it does extend to a true (not just
formal) two-sided solution.

Note that a ; 6 0, by relation (4.6) and since a », a 1 do not vanish
both, 6 0 and | 6 1. Equation (4.5) with k = 1 has zero multiplier
at ap, see (4.6), and hence, holds for arbitraryag. The same equation with
k = 0 yields

apg la 1+ a;=0: (4.8)

This is a linear non-homogeneous equation on the pairgp; a1). Hence, its
solutions formalineL;  C? that does not pass through the origin:a 1 6 0.
On the other hand, the pairs (ap; a1) extendable to true (not just formal)
semiin nite solutions in positive k exist and are all proportional (uniqueness
of solution up to constant factor and since for everyk 1 the coe cient
ax 1 is uniquely determined by ax and ax 1 via relations (4.5), sincel 2 Z).
Hence, they form a lineL through the origin. Let us choose @p; az1) to be
the intersection of the above linesL and L 1, provided they are not parallel
(the case of parallel lines is discussed below). Then the pailf; a;) extends
to a semiin nite solution of rlglations (4.5) in positive k, by construction.
The complete Laurent series ', acz* thus constructed is a solution to
equations (4.5) and hence, to Heun equation (1.1).

Case, when Lg and L are parallel. InthiscaseLog=faog+ aq=
Og, and (ap; a1) de nes a solution to (4.5) with positive k, if and only if
(ag;a1) 2 Lo. This solution extends to negative k by putting ax = 0 for
k < 0, since relation (4.5) fork = 1;0 is equivalent to (4.6) and (4.8)
respectively. Finally we obtain a converging Taylor seriessatisfying (4.5)
and hence, presenting a solution of Heun equation (1.1) holomorphic of.
Proposition 4.7 is proved. 2

The next theorem describes those parameter values for which Heun equa-
tion (1.1) has an entire solution. To state it, consider the following matrices
My, Rk and numbersay, :

My = k(k+1)  k(k+1) - R = MMyt fork 1
1 0
k
= yRezufork 1 ao = Ry,
= (; )= ao+ a1= Ryn+ °Rpa (4.9)
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Theorem 4.8 A Heun equation (1.1) withn=1+1,12 CnZ<o has an
entire solution, if and only if |(; )=0.

Theorem 4.8 is equivalent to Corollary 1.6. It was partly proved and con-
jectured in [10, section 3, theorem 2] and proved completely for entiré 0

in [13, subsection 3.1, theorem 3.5]. For completeness of presentation let us
give its direct proof without using results of loc. cit.

Proof of Theorem 4.8. The above matricesMy and numbers ay coin-
cide with those from (3.9) and (3.18) respectively constructed for recurrence
relations (1.6) with b=0, n=1+1,

(k(k+ D)+ )ag (k+Nak 1+ (k+1)ak+1 =0; (4.10)

hereko+ = 1. The matrices My are well-de ned for all k 2 N, whenever
| 2 Z<o. (If =0, then ko+ = 0, but the corresponding sequencea, from
(3.18) remains the same, as in (4.9), up to constant factor.) This together
with Theorem 3.5 i,gwplies that the sequence ) satis es (4.10) fork 1 and
the seriesE(z) = ;21 az* converges onC. Therefore, LE = const, and
the latter constant is the left-hand side of the relation (4.10) corresponding
to k=0: thatis, ag+ a1= (; ). This together with the uniqueness
of an entire function E for which LE = const (Theorem 1.3) implies the
statement of Theorem 4.8. 2

Theorem 49 Letn2Z, 60,
I

1+ n+2 2n m 1)
Sm = @ mnm2 @ mnm2n m3I form 2
1 0
Tm = SmSm+1 ::::

Heun equation (1.1) has a solution holomorphic orC , if and only if either
i(; )=0,o0r

2 n+ )4 nTzn  *(n 2)Tz21=0: (4.11)

Proof A solution of Heun equation holomorphic onC exists if and only
if some of the two statements of Proposition 4.7 holds. The second one, the
existence of an entire solution is equivalent to the equation(; ) =0, by
Theorem 4.8. Let us show that the rst statement of Proposition 4.7, that
is, equation (4.6) on the coe cients a », a 1 of the backward solution of

32



recurrence relations (4.5) is equivalent to (4.11). To do this, let us recall the
formulas for the sequenceay (up to common constant factor), see (3.29):

€m = Tm;21 = Tm+1:11; €= Toa1;

Cm m
4= ———=am,m, m 1L
" (2 Mma m
The sequence &)k 1 satis egprecurrence relations (4.5) fork 2,asin
Subsection 3.3, and the series , ,acz ¥ converges onC: here we have

rewritten the formulas from Subsection 3.3 forb= 0. One has

a .= 2To01 D4 = T2

T2 m@ nm@ n "t 2 mE ny
by de nition. Substituting the latter formulas and | = n 1 to (4.6) yields
(4.11). This together with Proposition 4.7 proves the theorem. 2

4.3 Double resonant subcase: n:b2 Z

Recall that we study the existence of solution (4.1) of Heun equation of
the type (1.1). In the case under considerationb 2 Z, and without loss
of generality we can and will consider thatb = 0. In this case a solution
we are IBoking for is holomorphic onC and presented by a Laurent series
E(z) = I(zzakz" converging onC . Recall that | = n 1. Without loss
of generality we will consider that! 0. One can achieve this by applying
the transformation

3:E()7 e @2 IE( z Y,
which is an isomorphism of the solution space of equation (1.1) and equation
LE = 22E% (( 1+D)z+ @@ ZY))E°+( + (I 1)2E=0; (4.12)

see [10, section 4, formula (39)]. It sends solutions of equation (1.1) holo-
morphic on C onto solutions of equation (4.12) holomorphic onC .

Theorem 4.10 Letl2 Z,1 0, 60. Equation (1.1) with n=1+1 has
a solution holomorphic on C , if and only if its monodromy is unipotent.
This happens, if and only if equation (1.1) satis es one of the two following
statements:

1) either it has an entire solution, i.e., holomorphic on C; this holds if
and only if the monodromy is trivial,
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2) or the corresponding equation (4.12) has a nontrivial polynomial so-
lution.

In the case, when the parameters and are real and > 0, statements
1) and 2) are incompatible: if statement 2) holds, then the monodromy is
nontrivial (a unipotent Jordan cell).

Remark 4.11 The incompatibility of statements 1) and 2) for real param-
eter values was proved in [13, theorem 3.10]. It follows from our result on
positivity of determinants of modi ed Bessel functions [13, theorem 1.3] and
results of [11]. (Incompatibility for real parameters was proved for > 0,
but it holds whenever 6 0: cases > 0 and < 0 are symmetric and
one is reduced to the other via appropriate transformation of the equation.)
However as it will be shown below in Proposition 4.15, statements 1) and 2)
hold simultaneously for an in nite set of complexparameter values already
for | = 1.

Theorem 4.10 will be proved below. The sets of parameter values for
which statements 1) or 2) hold were already described in [9, 10, 13]. The set
of parameters corresponding to Heun equations (1.1) having entire solutions
is given by equation |(; ) =0, see Theorem 4.8. Let us recall the descrip-
tion of the parameters corresponding to equations (4.12) with polynomial

solutions. To do this, consider the three-diagonall  I-matrix
0 0 0 0O O 0::: 0 1
g 1 1 1 2 0O O o 0
H = 0 2 20 2 3 0 e 0
0 n 0 0 2 200 2) (I 1)
0 e 0 0O O 1 |
(4.13)
Hij =0if ji jj  2;Hj; =@ j)(I j+1); Hjjea = j s Hp 1= (I j+1):

The matrix H belongs to the class of the so-called Abelian matrices that
arise in di erent questions of mathematics and mathematical physics.

Theorem 4.12 [9, section 3] A Heun equation (4.12) with 6 0 has a
polynomial solution, if and only if | 2 N and the three-diagonal matrixH +
Id has zero determinant.

ZIIyin, V.P.; Kuznetsov, Yu.l. Three-diagonal matrices and their applications. Moscow,
Nauka, 1985.
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Remark 4.13 Let us explain why a Heun equation (4.12) cannot have a
polynomial solution for | 2 N, 6 0. Indeed, the corresponding three-term
relations are of the form (4.10) with | replaced by |. For every k 1

the coe cients at ax 1 in these relations are non-zero. Hence their solution
cannot be a polynomial, and it is an in nite series.

Proof of Theorem 4.10. The monodromy of equation (1.1) has unit
determinant, sincel 2 Z and by Proposition 4.1. Let equation (1.1) have a
solution E (z) holomorphic on C . The latter solution is a monodromy eigen-
function with eigenvalue one. Hence, the other monodromy eigenvalue also
equals one, by unimodularity of the monodromy, Conversely, let the mon-
odromy be unipotent. Then it has an eigenfunction with eigenvalue one, and
hence, the latter eigenfunction is a solution of equation (1.1) holomorphic
onC .

Now let us show that existence of a solutionE (z) holomorphic on C is
equivalent to the statement Ehat one of the two statements 1) or 2) holds.
Let the above solution E = = ,, az" exist. Let us prove that one of the
two statements 1) or 2) holds.

The Laurent series of the solution E(z) converges onC and the co-
e cients ay satisfy recurrence relations (4.10). Fork = landk = 1
respectively these relations take the form

a 1+ (1 DNa=0; (4.14)

@ I+ da; (I La ,=0: (4.15)
In particular, they do not contain &, j 2f I;:::; 1g: Therefore, given a
solution holomorphic on C of Heun equation (1.1), its Laurent coe cients
agwith |k 1 should form a vector @ ;:::;a 1) satisfying equations
(4.14), (4.15) and the|l 2 recurrence equations (4.10) for intermediate
k= 1+1;:::; 2. Inotherterms, the latter vector should be in the kernel of
the three-diagonall |- matrix 1§ of equations (4.10) withk = 1;:::; |:its
line number Kk consists of the coe cients of the k-th relation; the coe cient
at a j stands at the column numberj.

Proposition 4.14  Let 19 be the latter matrix, and let H'! be the transposed
matrix (4.13). One has

o
[EEN

~ O
O R
oo
OO0

0
0 0
0 o
#=QH'+1d)Q % Q= i 0

: 1.).' L

o
o
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The statement of Proposition 4.14 can be checked immediately.

Case 1). There exists a solution E(z) of Heun equation (1.1)
holomorphic on  C such thateither |=0in(1.1or | 1land g =0
forall j 2f I;:::; 1g. Then the seriesE(z) = K Oakz" is an entire
solution, i.e., holomorphic on C: it satis es relations (4.10) for all k 2 Z.
Indeed, relations (4.10) hold for allk > 0, by assumption. Fork < 0 they do
not contain a with j 0, by (4.15), and hence, hold automatically, if we put
a =0forall j < 0. Relation (4.10) for k = 0 takes the form ao+ a =0,
and hence, does not contaira ;1 and holds automatically for the serieskE,
as forE: for | = 0 this is obvious; for | 1 this follows from thg, assumption
that a ; = 0in E. A priori, it may happen that the series ;zlo a zk is
identically zero: in our assumptions, this holds exactly whena = 0 for
every | . In this case the function #E(z) = 2!z ("D E(z 1), which is
also a solution of equation (1.1), is an entire solution linearly independent
with E. It is known that if (1.1) has an entire solution and | 2 Z ¢, then
each solution of equation (1.1) is holomorphic onC , and if | 1, then its
Laurent series does not contain monomials , j2f I;:::; 19, see [11,
lemma 3, statement 6]. Hence, the monodromy is trivial.

Let us prove the converse: if the monodromy of equation (1.1) is trivial,
then | 2 Z and equation (1.1) has an entire solution. Indeed, Heun equation
(1.1 is analytical(ly equivalent to the system of equations

0— 1
VE= iU

W=7z 2( (Iz+ (1+Z2)u+ Zv) : (4.16)

where E(z) = e v(z). The formal normal form at the origin of system
(4.16) is the system (

¥0=0 _

0°= z 2(z+ )0

The monodromy matrix of system (4.16) written in a canonical sectorial
solution base in appropriate sector is the product of three matrices: the
monodromy diag(L e 2" ) of the formal normal form and two unipotent
matrices, one upper-triangular and the other lower-triangular (the inverse
to the Stokes matrices). See [18, formulas (2.15) and (3.2)] for more detail.
The latter product is identity, if and only if | 2 Z and the Stokes matrices
are trivial, as in loc. cit. Triviality of the Stokes matrices is equivalent to
the existence of a variable change\;u) = H (z)(%; 0) transforming system
(4.16) to its formal normal form, where H : C! GL»(C) is a holomorphic
mapping, H(0) = Id, as in loc. cit. The formal normal form has an ob-
vious holomorphic solution (%(z); &(z)) (1;0). Its image under the latter
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variable change is a solution ¢(z);u(z)) of system (4.16) holomorphic on
C. Therefore, the corresponding solutionE(z) = e v(z) of Heun equation
(1.1) is also holomorphic onC. The converse statement is proved.

Case 2). | 1 and there exists a solution of Heun equation
(2.1) holomorphic on C with ax 6 0 for some k2 f [I;:::; 1g. In
this case the three-diagonal matrixt§ of relations (4.10) withk = I;:::; 1
has nonzero kernel containing the vector & 1;:::;a |) (see the above ar-

guments), and hence, zero determinant. Thus, the matrixH + Id , whose
transposed is conjugated tol§ (Proposition 4.14), also has zero determinant.
Therefore, equation (4.12) has a polynomial solution (Theorem 4.12). It is
known that if the parameters and are real, > 0 and equation (4.12)
has a polynomial solution, then the corresponding equation (1.1) does not
have entire solution [13, theorem 3.10]: cases 1) and 2) are incompatible.
Therefore, if ; 2 R, > 0 and case 2) takes place, then the monodromy
is non-trivial: it is a unipotent Jordan cell,

Let us now prove the converse: each statement 1) or 2) implies the exis-
tence of a solutionE (z) holomorphic on C of equation (1.1). For statement
1) this is obvious: the solution from 1) is even holomorphic onC. Let
statement 2) hold: equation (4.12) have a polynomial solutionE. Let 3 be
the transformation from the beginning of the subsection, which is an iso-
morphism between the solution spaces of equations (1.1) and (4.12). The
function E = 3 ! is a solution of equation (1.1) holomorphic onC , since
3 is an isomorphism of the space of functions holomorphic o€ . Theorem
4.10 is proved. 2

To show that statements 1) and 2) of Theorem 4.10 can be compatible,
let us recall the de nition of modi ed Bessel functions I (x) of the rst kind:
they are the Laurent coe cients of the family of analytic functions

1
— S(z+ 1) _ X k.
O(z) = ez 2 = I (x)Z;
k=1

le(x) = i F3k(ix);
where Ji is the usual k-th Bessel function. Recall that each functionJy of
complex variable x has in nite number of zeros (roots), all of them are real
(non-zero for k = 0) and symmetric: that is, if X is a root of the function

Jk, then so is x. This follows from their in nite product decomposition,
see [24, p.235]:

1 z kY 22
i1 K
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where xy.1 < Xk.2; 2 R4 are the positive roots of the function Jix. This
implies that each function Iy has in nite number of roots, namely, iXy;
(and the additional root O, if k 6 0).

Proposition 4.15 Letl =1, n=1+1=2. Heun equation (4.12) has a

polynomial solution, if and only if = 0: the latter solution is a constant.
For =0 equation (1.1) has an entire solution, if and only if 11(2 ) =0,
ie, = ixlT”'forsomej.Thus,forI:l,n:I+1:2,(; ) =

(0; ixlT“') equation (4.12) has a constant solution and equation (1.1) has
an entire solution.

Proof The rst statement of the proposition follows from Theorem 4.12:
the corresponding three-diagonal matrix forl = 1 is the scalar number
Note that a polynomial solution of equation (4.12) has degree at most 1,
as was shown in [9, section 3]. Hence, in our case it is a constant, which
can be normalized to beB(z) 1. Its image E = 3E = e @*2) under
the transformation 3 from the beginning of the subsection is a solution of
equation (1.1). The Laurent coe cient of the function E(z) at the power

z 1 equalsl1(2 ), by de nition. If it vanishes, then equation (1.1) has an
entire solution, as in the above proof of Theorem 4.10, case 1). If it does
not vanish, then (1.1) has no entire solution, as was mentioned at the same
place, see [11, lemma 3, statement 6]. This proves the proposition. 2

5 Applications to phase-lock areas in the model of
Josephson e ect

5.1 Phase-lock areas in Josephson e ect: brief geometric de-
scription and plan of the section

Here we apply the above results to the family of nonlinear equations (1.16):

= :Tt = sin +B+ Acoslt; A;l> 0B O (5.1)
We x an arbitrary ! > 0 and consider family (5.1) depending on two
variable parameters B; A). The variable change = !t transforms (5.1) to

di erential equation (1.17) on the two-torus T2 = S! S with coordinates
(; )2 R?=2 Z2. Its solutions are tangent to the vector eld

( .
_= M +1+2 cos B A
] . _ . _
1 = T T o (5.2)
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on the torus. The rotation number of the equation (5.1) is, by de nition,
the rotation number of the ow of the eld (5.2), see [1, p. 104]. ltis a
function (B;A) of the parameters:

. 2k)
B;A;!)= Iim ;
(BiA) Kl +1 k
Here () is a general solution of the rst equation of system (1.18), whose
parameter is the initial condition at = 0. Recall that the rotation number
does not depend on the choice of the initial condition [1, p. 104].

We consider theB-axis as theabscissa,and the A-axis as theordinate.

De nition 5.1  (cf. [18, de nition 1.1]) The r-th phase-lock areas the level
setf(B;A)j (B:A)=rg R? provided it has a non-empty interior.

Remark 5.2 : phase-lock areas and Arnold tongues. The behavior
of phase-lock areas for smalA demonstrates the e ect discovered by V..
Arnold [1, p. 110]. That is why the phase-lock areas became \Arnold
tongues", see [18, de nition 1.1].

Recall that the rotation number of equation (5.1) has the physical mean-
ing of the mean voltage over a long time interval. The segments in which the
phase-lock areas intersect horizontal lines correspond to the Shapiro steps
on the voltage-current characteristic [4].

It has been shown earlier that

- the phase-lock areas exist only for integer values of the rotation number
(a \quantization e ect" observed in [7] and later also proved in [20, 19]);

- the boundary of each phase-lock ared = rg consists of two analytic
curves, which are the graphs of two functionsB = g (A) (see [8]; this fact
was later explained by A.V.Klimenko via symmetry, see [22]);

- the latter functions have Bessel asymptotics (observed and proved on
physical level in [26], see also [23, chapter 5], [3, section 11.1], [6]; proved
mathematically in [22]).

- each phase-lock area is an in nite chain of bounded domains going to
in nity in the vertical direction, in this chain each two subsequent domains
are separated by one point. Those of these points that lie in the horizontal
B -axis are calculated explicitly, and we call themexceptional The other sep-
aration points, lie outside the horizontal B -axis and are called theadjacency
points (or briey adjacencies) see Fig.1.

In the present section we obtain functional equations satis ed by non-
integer level curvesf (B;A) = rg of the rotation number (Subsection 5.4)
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and the boundaries of the phase-lock areas (Subsection 5.5) using relation
of equation (5.1) to Heun equation (1.1) (recalled in Subsection 5.3) and
the results on monodromy eigenvalues of Heun equations from the previous
section. The above-mentioned functional equations will be written in the
complement to the adjacencies and the discriminant set (with xed!) of
the parameter values corresponding to the existence of a polynomial solu-
tion of equation (4.12). Afterwards we discuss open problems and possible
approaches to them using the above-mentioned results on Heun equations.

Symmetries of the phase-lock area portrait are presented in the next
subsection.

5.2 Symmetries and the portraits of the phase-lock areas

It is known that

- for every r 2 Z the r-th phase-lock area is symmetric to the r-th one
with respect to the vertical A-axis;

- every phase-lock area is symmetric with respect to the horizontaB -
axis.

These symmetry statements follow the fact that the transformations
(; Y7 ( ; + )(; )7 (; + )sendsystem (5.2) to the system of
the same form, whereB is changed to B in the rst case and A is changed
to A in the second case.

In what follows we present pictures of the phase-lock area portraits.
Taking into account the above symmetries, it is enough to present only the
parts of portraits lying in the upper half-plane.

5.3 Transformation to double con uent Heun equations. The
boundary points of the phase-lock areas corresponding
to entire and polynomial solutions of the Heun equation

Set ‘ _ _
= € ;z=¢€ =€": (5.3)
Considering equation (5.1) with complex timet we get that transformation
(5.3) sends it to the Riccati equation

d
=2 2(lz+ (22 +1)) %( 2 )
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Figure 1: Phase-lock areas and their adjacencies fdr = 2. The abscissa is
B, the ordinate is A.

This equation is the projectivization of the following linear equation in vector
function (u;v) with = ¥, see [13, subsection 3.2]:

(

o_ 1
V'= iU

w=1z 2( (Iz+ 1+ z2))u+ 5+Vv)

(5.4)

The above-described reduction to a system of linear equations was earlier
obtained in slightly di erent terms in [5, 16, 10, 20]. It is easy to check that

a function v(z) is the component of a solution of system (5.4), if and only if
the function E(z) = e? v(z) satis es equation (1.1) with n= 1+ 1 and

— : (5.5)



Figure 2: Phase-lock areas and their adjacencies fdr = 1. The abscissa is
B, the ordinate is A.

The next fact has important applications to the problems discussed in the
paper.

Proposition 5.3  The rotation number function is a real-analytic function
of the parameters(B;A) on the setU =  1(RnZ), which is the complement
to the union of the phase-lock areas of system (5.2). Moreover, its restriction
to U is an analytic submersionU ! RnZ inducing an analytic bration by
curves

L, = f(B;A) 2 R*j (B;A)=rg;
and these curves are graphs of analytic functions in the variablé& de ned
forall A2 R.

Proof The variable change (5.3) reducing family of equations (5.1) on the
torus to the Riccati equation sends the space circle with the coordinate to

42



Figure 3: Phase-lock areas and their adjacencies fdr = 0:7. Figure taken
from [10, p. 331].

the unit circle in the Riemann sphere with the coordinate . The time 2
ow mapping (i.e., the rst return mapping) of the corresponding family of
vector elds (5.2) on the torus is the restriction to the unit circle in the Rie-
mann sphere of a transformation from the Mebius group: the monodromy
transformation of the Riccati equation. That is, the restriction to the unit
circle of a conformal automorphism of the unit disk. The rotation number
function  considered as a function on the groupAut(D;) ' PSL2(R) is
analytic on the set of transformations analytically conjugated to nontrivial
rotations. (Recall that these transformations are calledelliptic.). This fol-
lows from the fact that each elliptic transformation of the unit disk has a
xed point inside the disk, its multiplier depends analytically on the trans-
formation and equals €?' . The set of elliptic transformations coincides
with the complement of the subset inAut (D 1) consisting of transformations
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Figure 4. Phase-lock areas and their adjacencies fdr = 0:5.

whose restrictions to S = @0 have integer rotation number. The points
of the set U correspond to non-integer values of the rotation number, and
hence, to Riccati equation with elliptic monodromy. This proves analyticity
of the rotation number function on the set U.
Now let us prove the second statement of the proposition: the restriction
ju is a submersion, and each its level sdt; is the graphfB = g;(A)g of a
function g; analytic on R. Indeed, letr 2 Z. The setL, is an analytic curve,
by analyticity of the rotation number function on U (the rst statement of
the proposition). Let us prove that it is a graph of function. To do this, let us
check that %B(B;A) > O for every B;A) 2 U, and hence, one can apply the
Implicit Function Theorem to the function . The time 2 ow mapping of
the corresponding vector eld (5.2) has a non-integer rotation number, and
hence, is analytically conjugated to the rotation by angle2 o, o= (B;A),
as was shown above. Perturbation of the time 2 ow mapping via increasing
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Figure 5. Phase-lock areas and their adjacencies fdr = 0:3.

B by B is conjugated to a perturbed rotation, which is the composition of
the above rotation with a di eomorphism h close to identity, the di erence
h(x) x> 0 being uniformly bounded from below byc B, ¢ > 0. The latter
perturbed rotation has rotation number bounded from below by o+ = B,
which follows from the de nition of the rotation number. This implies the

above statement on positivity of the derivative in B of the rotation number
function. Thus, the mapping ju is an analytic submersion, and the setl_,
with r 2 Z is the graph of an analytic function g; (A). Now it remains to
show that the function g; is analytic on the whole line R, i.e., the curve L,
does not go to in nity in the horizontal direction so that the ordinate A
remains bounded. This follows from the fact that the curvel, is contained
in the domain between the phase-lock areas with the rotation numbersr|
and [r] + 1, and the abscissaB is uniformly bounded on this domain. The
latter statement follows from the fact that each phase-lock areaf = Ig
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tends to in nity in the vertical direction approaching the line fB = I! g: its
boundary consists of graphs of two functionsfB = g. (A)g dened on R
and having Bessel asymptotics at in nity [22]. This proves the proposition.

2

Remark 5.4 The adjacencies of the phase-lock areas of family of equation
(5.1) are characterized by the condition that the corresponding period 2
ow mapping (i.e., the Poincae mapping) of vector eld from family (5.2) is
the identity, see [18, proposition 2.2]. It was shown in [10, lemmas 3, 4] that if
a point (B; A) corresponds to a Heun equation (1.1) with an entire solution,
then the Poincae mapping corresponding to this point is the identity, and
hence, it is an adjacency. The complete result is the following.

Theorem 5.5 (see [13, theorems 3.3, 3.5]). For every > 0,1 0 a point

(B;A) 2 R>with A 0, B = I! is an adjacency for family of equations
(5.1), ifand only if 1 2 Z and the corresponding equation (1.1) withn = [+1
and , asin (5.2) and (5.5) has a nontrivial entire solution, i.e., if and

only if equation |(; ) =0 holds; | is the same, as in (4.9).

In what follows we will use the next result.

Proposition 5.6 Let ! > 0, (B;A) 2 R? and let = (B;A) denote
the corresponding rotation number. Let(B;A) do not lie in the interior
of a phase-lock area: it may lie either in the complement of the union of
phase-lock areas, or in its boundary. Then the monodromy operator of the
corresponding Heun equation (1.1) withn = [ +1, | = !5 has eigenvalues
et Dande 1(*D,

Proof Let 1, » be the eigenvalues of the above monodromy operator of
Heun equation. The point (B; A) does not lie in the interior of a phase-lock
area. Ifr = (B;A) 2 Z, then the monodromy of the corresponding Riccati
equation is an elliptic Mebius transformation conformally conjugated to the
rotation by angle 2r . Therefore, it has two xed points with multipliers

e 2" | The latter multipliers are ratios of the eigenvalues j» and without
loss of generality we consider that—; = €' | On the other hand, ; » =

e 21 by Proposition 4.1. This implies that the eigenvalues under question
areequalto e " ) e T+ |nthe case, whenr 2 Z, the point (B;A)
lies in the boundary of a phase-lock area and the monodromy of the Riccati
equation is either parabolic, or identity. The corresponding monodromy of
the Heun equation has multiple eigenvalue given by same (now coinciding)
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formulas. The correct sign should be the same for all the pointsi; A) in the
complement of the parameter plane to the union of the interiors of phase-lock
areas, by path connectivity of the latter complement and continuity of the
rotation number function. Indeed, the phase-lock areas are disjoint closed
subsets inR?, the complement of each of them consists of two connected
components. The interior of each phase-lock area is disconnected: one can
pass from one its side to the other via any adjacency. The sign is \+" at
each adjacency, since the corresponding monodromy is trivial (Remark 5.4).
Hence, it is \+" everywhere. This proves the proposition. 2

Corollary 5.7 The pair of eigenvalues from Proposition 5.6 correspond-
ing to a given point (B;A) is the same for all other points(B;A9 with
(B;A9 (B; A)(mod22).
Theorem 5.8 Let!> 0, (B;A)2R%B;A>0,1=%, =42, =;4
2. = (B;A). The double con uent Heun equation (4.12) corresponding
to the latter , and | has a polynomial solution, if and only ifl; 2 Z,
0 I(mod2Z) and I, and in addition, the point (B;A) lies in
the boundary of the phase-lock area number and is not an adjacency. In
other terms, the points (B;A) 2 R? corresponding to equations (4.12) with
polynomial solutions lie in boundaries of phase-lock areas and are exactly
their intersection points with the lines | = B (mod22), 0 I, except
for the adjacencies, see Fig. 6. '

Proof It is known that every point ( B;A) 2 R2 corresponding to equation
(4.12) with a polynomial solution lies in the boundary of the phase-lock area
number , and one hasl; 2 Z,| = !5 (mod2z), 0 I [9, corollary
6 and theorem 5]. In addition, (B;A) is not an adjacency [13, theorem
3.10]. Let us prove the converse: if B; A) satisfy all the latter statements,
then the corresponding equation (4.12) has a polynomial solution. Indeed, if
(B;A) 2 R? lies in the boundary of the phase-lock area number, | 2 Z and
I(mod2z), then the monodromy of Heun equation (1.1) is unipotent, by
Proposition 5.6: the corresponding eigenvalues are equal te ' ( *1) =1,
Let us now suppose that B; A) is not an adjacency, or equivalently, equation
(1.1) does not have an entire solution. Then equation (4.12) has a polynomial
solution, by Theorem 4.10. Theorem 5.8 is proved. 2

5.4 Equation on non-integer level sets of rotation number

Recall that in the classical Arnold family of circle di eomorphisms the phase-
lock areas (i.e., the Arnold tongues) exist exactly for the rational values
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Figure 6: Approximate phase-lock areas for! 0:27; the marked points
correspond to equations (4.12) with polynomial solutions.

of the rotation number. In family (5.1) we have the quantization e ect
mentioned in the Subsection 5.1: phase-lock areas exist only for integer
values of the rotation number. Therefore, in our case the rational non-integer
values of the rotation number do not di er from the irrational values.

Recall that L, = f(B;A) 2 R?j (B;A) = rg, and forr 2 Z this is
the graph fB = g-(A)g of an analytic function (Proposition 5.3). For given
I> 0Oandr> 0 set

Leas =1y r(mod2z)Lv:

Remark 5.9 Our goal is to describe the setd.; for r 2 Z by analytic equa-
tions in terms of the monodromy eigenvalues of Heun equations, by using
their expressionse' () via the rotation number function (Proposition
5.6). The latter pair of eigenvalues is in a one-to-one correspondence with
the value  (mod2Z). Therefore, the pair of eigenvalues corresponding to
a given valuer of the rotation number function coincides with all the other
pairs corresponding to the valuesr® r(mod2z), see Corollary 5.7. Our
methods allows to describe the unionL <> by analytic equation, and not
each individual level setL, separately.

We consider the case, whem 2 Z. Let us write down analytic equations
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de ning the set L~ in the complementR?n - , where
> =[ f(B;A)2R?jl= ? r(mod2Z2)g: (5.6)
For every (B;A) 2 L« the corresponding Heun equation (1.1) has a mon-
odromy eigenfunction of the type
X ‘ rol B
|

E(z)= 2° aZ"; b= =
k2z ’

by Proposition 5.6. On hasb;b+ 1 2 Z, if (B;A) 2 . . Therefore, the
analytic subsetL<> N < (R?n s ) is described by equation (4.4).
Let us write it down explicitly. The corresponding matrices My, Ry, Sm,
Tm, see (3.9) and (3.23) have the form

|
2 :

1+ 2 12
My = (k+5)?2 = (k+5)?2 & Re= McMyyq o3

1 0
I
1+ |+1 (5 m) '
Sm = may( S my (5o me (S m (5 mo2)
1 0
Tm = SmSm+1 i:::

Theorem 5.10 Let!> 0, r2 R, r2 Z. The setL«> \ (R2n > ) is
de ned by the following equation in the variable§B;A) 2 R?n - , where

B=1I,A=2, + 2=
ro |l r+1 5
( 5 1)( > DR1:11Tou1 + “Ry21To21 = 0 (5.7)
Proof A point (B;A) 2 R2n s is contained in L , if and only if
= (A;B) r(mod2z). Or equivalently, some of the corresponding

monodromy eigenvaluese’ { ) equalse?™ = e! " ), The latter state-
ment is equivalent to (5.7), by Theorem 4.3 and sinceb;b+ | 2 Z. This
proves Theorem 5.10. 2

5.5 Description of boundaries of phase-lock areas

Proposition 5.11 A point in the parameter space of equation (5.1) lies
in the boundary of a phase-lock area, if and only if the monodromy of the
corresponding Heun equation (1.1) is parabolic: has multiple eigenvalue.
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Proof The point under question lyes in the boundary of a phase-lock area,
if and only if the ow mapping of the vector eld (5.2) for the period 2
(restricted to the coordinate -circle) is parabolic: has a xed point with
unit derivative. The period mapping is the restriction to the unit circle
of the monodromy of the corresponding Riccati equation: the projectivized
monodromy. Parabolicity of the projectivization of a two-dimensional linear
operator is equivalent to its own parabolicity. The proposition is proved. 2

Proposition 5.12 Let a Heun equation (1.1) have a parabolic monodromy.
Then the monodromy either has Jordan cell type, or is the identity.

Proof The monodromy matrix is the product of the formal monodromy
matrix diag(1;e 2™ ) and a pair of unipotent matrices: the inverse to the
Stokes matrices at 0, cf. [18, formulas (2.15) and (3.2)]. If the monodromy
of a Heun equation (1.1) is parabolic but not a Jordan cell, then it is a
multiplication by scalar number. If the monodromy is scalar, then the Stokes
matrices are trivial, and the monodromy coincides with the formal one, see
[18, proof of lemma 3.3]. Hence, both monodromies are scalar and given by
the above diagonal matrix with unit eigenvalue. Thus, they are trivial. The
proposition is proved. 2

The condition saying that the monodromy has multiple eigenvalue is
equivalent to the statement that it has eigenvalue e ', by Proposition
4.1. This |§ equivalent to the statement that there exists a multivalued
solutionz° |, , az* of Heun equationwithb2 f &; '*Lg: amonodromy
eigenfunction with the above eigenvalue. The corresponding parameter set
of Heun equations (1.1) forb 2= Z will be described below (Cases 1 and 2)
by using the following proposition. Afterwards we immediately obtain the

description of boundaries of phase-lock areas.

Proposition 5.13 Let a Heun equation (1.1) have a Jordan cell monodromy.
Then its eigenfunction is either invariant, or anti-invariant under the invo-
lution #:

#E)z)=2'z ' YEYz2 Y E (z Y):

The proposition follows from the fact that the involution # sends mon-
odromy eigenfunctions to eigenfunctions (Proposition 4.2).

Case 1. | 2 2Z, b = |§5 the monodromy eigenvalue equals
e " 6 1. Then the monodromy operator of Heun equation (1.1) is a
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Jordan cell, by Proposition 5.12. Consider the matrices
!
, !

1+7|2 2 12
Mg = k2 T k¥ 7 i Rk = MMy o0 (5.8)
1 0

Theorem 5.14 let + 2= 4%2, I, 60,n=1+1,122Z. The mon-
odromy operator of the corresponding Heun equation (1.1) has eigenvalue

e ", if and only if
Ro21 ! (Ro21 Roa1) =0: (5.9
with some choice of sign.

Proof The corresponding eigenfunctionE has the form
X
E(z)= z of (2); f(2)= a z is holomorphic onC : (5.10)
k2z

Equation (1.1) is equivalent to recurrence equations (1.6) withb= '5:

2
k@ L+ a (k+ Dacit k s+Daei=0 (.11
4 2 2
The seriesf (z) should converge onC . The above matricesMy and Ry
coincide with those constructed in (3.9), and they are well-de ned for all
k 2 Z. Therefore, the coe cients ax, k 0 are given by formulas (3.12) up
to common constant factor, by Theorems 1.10 and 3.4:

2
ap = TRO;Zl; ai1= 'Rou (5.12)
Now we will use the condition of (anti-) invariance # E = E (Proposi-
tion 5.13), which takes the form
X k 1 X ! k | X Lok 1
az® z= 20 ( (k E)akz 2 az 2 );
k2Z k2z k2z

or equivalently,

X X

| X
az“= 20 ( (k 5)az

k az K1 (5.13)

The free (zero power) term of the latter equation is equivalent to the relation

@ MM)ag 2!a 1=0; (5.14)
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which is in its turn equivalent to (5.9), by (5.12). Therefore, existence of
the above solutionE implies (5.9).

Let us prove the converse: each equation (5.9) implies the existence
of a solution (5.10) of Heun equation. To do this, consider the action of
the transformation # on the formal series (5.10) (with f not necessarily
converging). It sends formal solutions of Heun equation (equivalently, for-
mal solutions of (5.11)) to formal solutions. (The proof of symmetry of
Heun equation under the transformation # uses only Leibniz di erentiation
rule and remains valid for formal series.) The space of formal solutions is
two-dimensional, and it is identi ed with the space of its initial conditions
(a 1;ap). The transformation # is its involution. Its eigenvalues are equal
to 1, and the corresponding eigenspaces are de ned by initial conditions
that satisfy (5.14). Therefore, both eigenspaces are one-dimensional and are
exactly characterized by equations (5.14), since both equations (5.14) are
nontrivial. Thus, a formal solution (ax)k2z of recurrence relations (5.11) is
# -(anti)-invariant, if and only if its coe cients a i, ap satisfy (5.14) with
the corresponding sign.

Fix the one-sided solution’ |, ; az¥ of recurrence relations (5.11) for
k 0. It satis es (5.14), by (5.9). The sequence &)k 1 extends uniquely
to a two-sided formal solution (ax)k2z of (5.11) (a priori, not necessarily
presenting a converging series fok ! 1 ), since the coe cients at ax 1
in (5.11) do not vanish. The latter formal solution should be #-(anti-)
invariant, by (5.14) and the previous statement. Hence,

[
ax= 2(( k E)ak a  (k+1))

P
by (5.13). The series k<0akz‘|<D converges onC , since it is bounded from
above by converging series 2 |, o(k+ jlj+ + 1) jaxz¥j, by the latter
formula. This together with the above argument proves the theorem. 2

Case 2: 122Z+1 and b= '*Tl: the monodromy eigenvalue
equals e " 61. Then the monodromy of equation (1.1) is a Jordan cell,

as above. Consider the matrices
2

1+ 1 12 1 12
Mg = k 32 7 (k32 7  Rc=MMgep oo (5.15)
1 0
Theorem 5.15 Let + 2= L 11 60,n=1+1,122Z+1. The

4!72!
monodromy operator of the corresponding Heun equation (1.1) has eigen-

value e ! if and only if
Ry 20 (Ryin Ry21) =0 (5.16)
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with some choice of sign.

Proof We are looking for a double-in nite solution of Heun equation (1.1)

of the type X
E@)=z 212 f@)=  az (5.17)
k22
of Heun equation (1.1) with f holomorphic onC . That is, with ay satisfying
recurrence relations (1.6) forb= '%1 which take the form
2
((k %)2 IZ+ ER (k+ | Zl)ak 1+ (K I?l)akﬂ =0: (5.18)

The above matricesMy and Ry coincide with those constructed in (3.9),

and they are well-de ned for all k 2 Z. Therefore, the coe cients ax, k 0

are given by formulas (3.12) up to common constant factor, by Theorems
1.10 and 3.4. In particular,

1 1 2 4
= —Rp9o1 = —Rq1191 = ——R111; &= ——R191= ——R191:
do b 0;21 b 1;11 |+ 1 1,11, A1 ub_'_ 1) 1,21 2 1 1,21

The condition of (anti-) invariance under the involution # of the solution
takes the form

X . X X .
azt = 2( (k |+21)akz K acz ¥ )
or equivalently,
X X [+1 X
az"= 20 ( (k — )z k+l az X

The free term of the latter equation is given by the relation

@ 2 )ap !(I 1a;=0; (5.19)
which is equivalent to (5.16). The rest of proof of Theorem 5.15 is analogous
to the proof of Theorem 5.14. 2
Corollary 5.16 Let!; > 0, + 2=, 5 1 0 n=1+1,B=1,

A =21 . The point (B;A) lies in the boundary of a phase-lock area, if and
only if one of the following four incompatible statements holds:

1) (B;A) is an adjacency:12 Z and |(; )=0;

2) Heun equation (4.12) has a polynomial solution:| 2 N and det(H +
Id ) =0, whereH is thel I-matrix from (4.13);

3) | 2 2Z and equation (5.9) holds;

4) | 2 2Z +1 and equation (5.16) holds.
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Proof If one of the above statements holds, thenB; A) lies in the bound-
ary of a phase-lock area, by Proposition 5.11 and Theorems 4.10, 5.14, 5.15.
Conversely, let (B;A) lie in the boundary of a phase-lock area. The mon-
odromy of the corresponding Heun equation (1.1) is parabolic, by Proposi-
tion 5.11. If it is uniponent, then | 2 Z, since its determinante 2" should
be unit. If | 2 Z, then it is unipotent, if and only if some of the two incom-
patible statements 1) or 2) holds, by Theorems 4.10 and 5.5. Otherwise,
the monodromy has Jordan cell type with eigenvalue e " 6 1, by Propo-
sitions 5.6 and 5.12. Therefore, one of the statements 3) or 4) holds, by
Theorems 5.14 and 5.15. Statements 3) and 4) are incompatible: they cor-
respond to Heun equation (1.1) with monodromy having multiple eigenvalue
e " or e ' respectively. This proves the corollary. 2

Proposition 5.17 Let| 2 Z. Forgiven!; > 0QOandn = 1|+1 the corre-
sponding Heun equation (1.1) has a monodromy eigenfunction with eigen-
value 1, if and only if the corresponding point (B;A) 2 R? lies in the
boundary of a phase-lock area with a rotation number | + 1( mod22).

Proof For | 2 Z the monodromy has unit determinant (Proposition 4.1).
Therefore, if it has eigenvalue 1, then its other eigenvalue is also 1.
Hence, the point (B; A) lies in the boundary of the phase-lock area number
= (B;A) (Proposition 5.11). Thus, e D = 1 for both signs, by
Proposition 5.6. The latter equality holds if and only if | + 1( mod22).
Conversely, if a point (B; A) with | = !5 2 Z lies in the boundary of a phase-
lock area, and (B;A) satis ed the above equality, then the monodromy
eigenvalues are equal to 1, by Proposition 5.6. The proposition is proved.
2

5.6 Conjectures on geometry of phase-lock areas

Here we state conjectures that are motivated by numerical simulations and
theoretical results of [9, 10, 13, 18]. Recall that for everyr 2 Z we denote

L, = the phase-lock area numberr:

The next ve conjectures are due to the rst author (V.M.Buchstaber) and
S.I.Tertychnyi.

Conjecture 5.18 The upper part L7 = L, \f A 0g of each phase-lock
areal, is a garland of in nitely many connected components separated by
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adjacenciesAy.1;Ar2::: lying in the line fB = r! g and ordered by their
A-coordinates.

Remark 5.19 It was shown in [18, theorems 1.2, 3.17] that for every 2 Z
the abscissa of each adjacency i, equalsl! , 1 2 Z, 1  r(mod22); 0
Il rifr O;r | Oifr O.

Conjecture 5.20 For every k 2 the k-th component in L; contains the
interval (Ark 1;Ark)-

Let us introduce the function (P) de ned on the interior of each phase-
lock areal,: the value (P) is de ned to be the length of the Shapiro step
through the point P, that is, the length of the intersection of the phase-lock
area L, with the horizontal line fA = A(P)g. For physical applications it
is important to know how to nd the maxima of the function (P) on the
connected components of the interiorint (L,).

Problem 5.21 Find the maximal value of the function (P) on each con-
nected component of every phase-lock area.

Problem 5.22 s it true that for every given k 2 N all the adjacenciesA .,
r=1;2;:::, lie on the same line with azimuth depending ork, see Fig. 1{5?

Proposition 5.23 The rst component of the zero phase-lock area contains
the interior of the square with vertices(0; 1), ( 1;0).

Proof Let Q denote the interior of the square under question: it is de ned
by the inequality jAj+ jBj < 1. Let us show that for every B;A) 2 Q the

-component of vector eld (5.2) is negative whenever = - and positive
whenever = . This implies that its ow map for any time sends the
space segment [ ; 5] strictly to itself and hence, has a xed point there,
and thus, has zero rotation number. Indeed, the -component of vector eld
(5.2) equals

1 .
_= T( sin + B + Acos ):
Therefore, for every B;A) 2 Q it lies strictly between %( sin 1) and

!l( sin +1). This implies the above-mentioned inequalities at =
and proves the proposition.

N ol
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Example 5.24 In the case, whenA = 0, the di erential equation de ned
by vector eld (5.2) takes the form
d

d—z %(B sin ):

This is an autonomous di erential equation that can be solved explicitly, see,
e.g., [3, p. 126, formula (6.2.6)]. In the case, whepBj 1, its right-hand

side vanishes at the points, where sin = B, and these are xed points
for the ow maps, and hence, the rotation number equals zero. Let now
B > 1. Then the right-hand side is positive everywhere, hence the rotation
number is positive. Let u; and u, be the roots of the quadratic polynomial
B(1+u?) 2u=0:

Upp = 2 & 1 ei. -arccoss:
The general solution of the above equation is given by the implicit function
z d u u
=1 7 = i I+ cou=tan =
, B sin (u uz) 2
, up u P——
= 0 1 _2-y 1" B2 1. ¢ const
Ug + Uo
Then we get
exp(i C)uz u sin(= C
tan = &XPE_( 9)uz Uz _ (z( 0 ); ¢ const:

2 expi ( ¢) 1 sin(z( ©)

Forl 2 NletP, 2fB = I! gbe the point with the maximal A coordinate,
for which the corresponding Heun equation (1.19) has a polynomial solution.

Conjecture 5.25 All P, lie on the same line, see Fig. 7.

Conjecture 5.26 As! ! 0, foreveryr thesetL.;:= L, \f A A(Ar1)9
tends to the ray fA  1g in the A-axis. Namely, the maximal distance of a
point of the set L1 to theray fA  1g tends to zero.

In what follows we will discuss in detail the next two conjectures that
are closely related to Conjectures 5.18 and 5.20.

Conjecture 5.27 For r 2 N the phase-lock area with rotation numberr +1
does not intersect the line

r=fB=1Irg R%
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Figure 7: Phase-lock areas foil = 0:3; the marked points correspond to
Heun equations (1.19) with polynomial solutions. They are described by
Theorem 5.8.

Conjecture 5.28 For r 2 N the phase-lock area with rotation numberr
does not intersect the line ; ».

Remark 5.29 Conjecture 5.27 implies Conjecture 5.28. Indeed, the points
(B; A) with A > 0 large enough of the phase-lock areh,, r 2 Z lie close to

r, i.e., they are separated from the line  , by 1. This follows from
the fact that its boundary consists of graphs of two functionsB = g (A)
andg ((A)! rt,asA! +1 (follows from results of [22]). Therefore,
if the phase-lock arealL, does not intersect the line 1, then it also does
not intersect , ». Each one of Conjectures 5.27, 5.28 together with [18,
theorems 1.2, 3.17] (see Remark 5.19) imply Conjecture 5.18.

A possible strategy for Conjecture 5.27. If the boundary of the
phase-lock area with rotation numberr + 1 intersects the line ., then the
intersection points correspond to parabolic monodromy operator of Jordan
cell type with both eigenvalues equal to -1 (Proposition 5.17). That is, some
of equations (5.9) or (5.16) should hold at each intersection point.

Conjecture 5.30 Let| 2 N, and let the parameter satisfy some of equa-

tions (5.9) if | 2 2Z, or (5.16) if | 2 2Z. Consider the corresponding mon-
odromy eigenfunction of Heun equation (1.1) from Proposition 5.17 with
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eigenvalue 1. Then the corresponding solution of the Riccati equation

from the beginning of Subsection 5.3 gives a periodic solution of the cor-
responding equation (5.2) on two-torus having rotation number between 0

and I.

Conjecture 5.30 would imply Conjecture 5.27.

A possible strategy for Conjecture 5.28. We know that for ! 1
the statements of Conjecture 5.27 and hence Conjecture 5.28 hold (Chap-
lygin Theorem argument, see [8, lemma 4] and [18, proposition 3.4]). The
adjacencies of a phase-lock area with rotation number cannot lie on lines |
with | 6 (mod2Z), see [18, theorem 3.17]; this also follows from Proposition
5.17. Suppose that for a certain \critical" value | = I g < 1 the boundary
of the phase-lock area numbet +2 > 0 moves from the right to the left, as
! decreases td g, and touches the line | at some point (B;A), as! = !,.
Then there are two possibilities for the corresponding Heun equation:

- the associated Heun equation (4.12) (equation (1.1) with replaced by

I) has a polynomial solution. But this case is forbidden by Buchstaber{
Tertychnyi result [9, theorem 4], which states that then the corresponding
rotation number cannot be greater than|.

- the point (B;A) an adjacency: Heun equation (1.1) has a solution
holomorphic on C. This together with the above-mentioned known fact
that the boundaries of phase-lock areas are graphs of functions (Remark
5.29) implies that both boundary components of the phase-lock area with
rotation number | + 2 are tangent to the line | at the point (B;A).

Conjecture 5.31 For every ! > 0 for every adjacency Bo;Ag) 2 R2 of
any phase-lock area the branches of its boundary atBo; Ag) cannot be both
tangent to the vertical line fB = Bog.

Proposition 5.32  Conjecture 5.31 implies Conjecture 5.28, and hence, 5.18.

The proposition follows from the above argument and Remark 5.29.

A possible approach to Conjecture 5.31 could be studying equations (5.9)
and (5.16) de ning the boundaries and to see what happens with them when
the \non-resonant" parameters approach the resonant ones. A rst step is
done below.
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5.7 Description of boundaries of phase-lock areas near adja-
cencies. Relation to Conjecture 5.28

Let us write down equation (5.9) on the boundaries in a neighborhood of a
line ,, 102 2Z. Let us recall the formulas for the corresponding matrices:
, !
1+ 7 1=
My = My(; 51 )= k2 7 K 7T Rc= MgMysp iii:
1 0

Equation (5.9) for the boundaries is
Ro2:1 ! (Ro21 Roa1) =0:

Note that the matrices M are analytic in a neighborhood of the hyperplane
fl = log except for the matrix M ,, which has pole of order one along the
2

latter hyperplane. One has

12 12 2 12
0 "M, = + 0 10
7 M 0 0 4 10
Set
2 2
R = |04| Ro; X = Mg:::My, ; X = 1Id for lp=0:
2
One has X 2o
10
_ 6 .
R=EX"9 0 * "2 10 Rgu
2 .
() 0
0 0 Rygal=w= "9 7 g

by (4.9), the equality Rs:12 = Rs;22 = 0 for every s (Corollary 3.2) and since
the matrices M '£+k( o), Rm+k( ; ;1 o) coincide with the matrices My,
2 2

Rk preceding (4.9) with | = lg. Therefore,

_ . X121 O Cy
R= ,(; ) X 0 +(1 o) (;; ) (5.20)
where (I; ; ) is a holomorphic matrix-valued function on a neighborhood

of the hyperplanefl = lpg. Now equation (5.9) can be rewritten as

R2o; NI'(R21 R 11)=0: (5.21)
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Taking into account asymptotics (5.20) one gets asymptotic form of equation
(5.21):

(s )Xoz (X2 Xau)+(1 lo)( 22 N (20 11))=0: (5.22)

Now let us consider the case, whemg 2 2Z + 1, and let us write down
equation (5.16) in a neighborhood of the line |,. The corresponding ma-
trices from (5.15) are

|
2 :

1+ 12 1 12
Mg = (k %)2 T k25 Rk = M Myyq @00
1 0

Set
|g |2

R = X

Id forlp=1:

Ry, X =Mp:iiiMiga .
2

Analogously to the above calculations, we get asymptotic relation (5.20).
Together with (5.16), it implies

(s )X 28 (X1 Xo)+(!I lo)( 112 28 (11 21))=0; (5.23)

where (I; ; ) is a holomorphic matrix-valued function on a neighborhood
of the hyperplanefl = lpg. Set
1
5= 06 )= (g2 %)
Conjecture 5.33 Forevery!> 0Oandl 2 Z,1 0 the zeros of the function

| are simple, that is, % 6 0 at zeros of the function .

Remark 5.34 The matrices X in both cases treated above are non-degenerate
for | = lg. This implies that in formulas (5.22) and (5.23) the multiplier at

I, IS non-zero for at least one choice of sign.

Conjecture 5.33 together with the above remark would imply that for
everyl 2 Z at every adjacency in the line | at least one boundary component
of the corresponding phase-lock area (depending on the above-chosen sign)
is transversal to the line .

Proposition 5.35 Conjecture 5.33 implies Conjectures 5.31, 5.28, 5.18.

Proof Conjecture 5.33 implies that no adjacency can be born at a tangency
of both boundary components with a linel = lg, lg 2 Z, by transversality
of one of them to the latter line (the above statement). In other words, it
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implies Conjecture 5.31, and hence, Conjectures 5.28, 5.18, by Proposition
5.32. 2

Open Question.  Study the degeneracy of equation (5.7) on non-integer
level curves of rotation number, as the latter number tends to an integer
value. The level curves should tend to boundaries of phase-lock areas. How
to retrieve equations (5.9), (5.16), (5.22) and (5.23) on the boundaries and
equation ((; ) = 0 on the adjacencies from asymptotics of degenerating
equation (5.7), asr tends to an integer number? Find a method to calcu-
late the coordinates of the adjacencies corresponding to an integer rotation
number rg via the level curvesf =rg, asr! ro.

5.8 Asymptotic behavior of phase-lock areas for small !

The problem to describe the behavior of the phase-lock areas, ds! 0,
is known and motivated by physical applications. Concerning this problem
V.M.Buchstaber and S.I.Tertychnyi, and later D.A.Filimonov, V.A.Kleptsyn
and 1.V.Schurov have done numerical experiments. These experiments have
shown that after appropriate rescaling of the variables 8;A), the phase-
lock areas tend to open sets (which we will call thdimit rescaled phase-lock
areag whose components form a partition of the whole plane similar to a
chess table turned by, see Fig. 5 for! =0:3.

Open Question 7. Obtain theoretical results on the problem described
above.
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