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

V.M.Buchstaber*'f A.A.Glutsyuk$ ¥

October 31, 2016

Abstract

We study a family of double confluent Heun equations that are lin-
earizations of nonlinear equations on two-torus modeling the Joseph-
son effect in superconductivity. They have the form LE = 0, where
L = Lx,n is a family of differential operators of order two acting
on germs of holomorphic functions in one complex variable. They de-
pend on parameters \,n € R, u > 0, A + p? = const > 0. We show
that for every b € C and n € R satisfying a certain “non-resonance
condition” and every parameter values A, p there exists a unique en-
tire function fy : C — C (up to multiplicative constant) such that
27 L(20 f1(21)) = dos + dy+2 for some do, di+ € C. The latter d; +
are expressed as functions of the parameters. This result has several
applications. First of all, it gives the description of those parameter
values for which the monodromy operator of the corresponding Heun
equation has given eigenvalues. This yields the description of the non-
integer level curves of the rotation number of the family of equations on
two-torus as a function of parameters. In the particular case, when the
monodromy is parabolic (has multiple eigenvalue), we get the complete
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description of those parameter values that correspond to the bound-
aries of the phase-lock areas: integer level sets of the rotation number,
which have non-empty interiors.
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1 Introduction: statement of results, sketch of proof
and plan of the paper

We study the problem to find solutions of non-homogeneous double-confluent
Heun equations that are monodromy eigenfunctions. Our study is motivated
by applications to nonlinear equations modeling the Josephson effect in su-
perconductivity. The main results, their existence and uniqueness (Theo-
rems 1.1 and 1.3) are stated in Subsection 1.1. Applications to monodromy
eigenfunctions and eigenvalues of homogeneous double confluent Heun equa-
tions and to nonlinear equations modeling Josephson effect are presented in
Subsection 1.1, Sections 4 and 5.

Each eigenfunction is the product of a monomial z* and a function f(z)
holomorphic on C*. The Heun equation is equivalent to recurrence relations
on the Laurent coefficients 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 1.7 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 fixed point argument for appropriate contracting mapping.

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

We consider the family of double confluent Heun equations
LE =2’E" + (nz + p(1 — 2%)E' + (A — pnz)E = 0; (1.1)
1
 4w?

Our goal is to study existence of its eigenfunctions with a given eigenvalue
e2™ b e C: solutions of the form

pn=14+1, \neR, w,u>0.

E(z) = 2f(2), f(2) is holomorphic on C*. (1.2)
To do this, we study the non-homogeneous equations of type
2L fr(2Fh) = dog + diaz (1.3)

One of our main results is the next theorem



Theorem 1.1 For every (n,\, u,b) € U,
U={(n,A\pb) €C" [ p#0, bb+n¢L}, (1.4)

there exist holomorphic functions fi(z) on a neighborhood of zero, f+(0) =
0 such that the functions fi(zT') satisfy equations (1.3) for appropriate
dox(n, A, 1, 0), dit(n, A, u,b). The functions fi are unique up to constant
factor (depending on the parameters), and they are entire functions: holo-
morphic on C. For every sign index £ the corresponding vector (do+,d1+)
18 uniquely defined up to scalar factor depending on parameters. The above
constant factors can be chosen so that both f+ and d;j+ depend holomorphi-
cally on (n, A\, p1,b) € U and f+(2) are real-valued in z € R for real parameter
values.

Corollary 1.2 Let (n,\,u,b) € U. The corresponding equation (1.1) has
a monodromy eigenfunction with eigenvalue e*™°, b € C, if and only if the
corresponding vectors dy = (do+,d1+) are proportional:

dosdi_ — do_dyy = 0. (1.5)

Theorem 1.1 will be proved in the next subsection and Section 2. The
corollary will be proved in the next subsection. The explicit formulas for
the functions fi and d;+, together with an explicit form for equation (1.5)
will be given in Section 3.

Theorem 1.3 For every n € N and (A, 1) € C? there exists a unique func-
tion E(z) # 0 (up to constant factor) holomorphic on a neighborhood of zero
such that LE = const(z). The latter constant const(z) = &,—1(\, u) depends
only on the parameters (n, A, ).

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.I.Tertychnyi in [8]. The existence of a solution
FE from Theorem 1.3 and explicit expressions for £ and the corresponding
function &,_1(\, ) (analytic in (A, u) € C?) were given in [8, pp. 337-338].
The existence result implies that if &,—1(A, x) = 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.I.Tertychnyi in loc. cit. said that
the converse is true: if equation (1.1) has a holomorphic solution at 0, then



&n—1(A\, 1) = 0. This conjecture was studied in loc. cit and [9], where it
was reduced to a series of conjectures on polynomial solutions of auxiliary
Heun equations and modified Bessel functions of the first kind. All these
conjectures were solved in [11]. As the next corollary shows, Theorem 1.3
implies the conjecture of Buchstaber and Tertychnyi immediately, without
using neither polynomial solutions, nor modified Bessel functions.

Corollary 1.5 [11, theorem 3.5] Equation (1.1) has an entire solution, if
and only if {n—1(A\, ) = 0, where &,—1(A\, ) is the function from loc. cit.,
introduced in [8, formula (31), p. 337]; see also formula (4.11) in Subsection
4.8 below.

Proof Let &,_1(A, ) = 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 F holomorphic at 0. If &,—1(\, ) # 0, then there exists a
holomorphic function E on a neighborhood of zero satisfying the equation
LE = &n—1(A, ;) # 0, by Theorem 1.3. This together with the uniqueness
statement of Theorem 1.3 implies that £ = F up to constant factor, hence
LE = 0. The contradiction thus obtained proves the corollary. O

1.2 Solutions of three-term recurrence relations

Equation (1.1) is equivalent to the recurrence relations
((k4b) (k+b+n— 1)+ ag—a(k+b+n—1)ag— +pu(k+b+1)axs1 = 0, (1.6)

which can be written in the matrix form

() =2 ()
Q41 ak

k+b+n—1(0 il
Ay = —— At (k-4b) (kbtn—1) | - (1.7)
k+b+1 (1 T plk+bn—1)

Remark 1.6 A function fi(z) = > ;5 apz" satisfies equation (1.3) for
some d; 1, if and only if its Taylor coefficients aj, satisfy (1.6), or equivalently,
(1.7) for k > 2. Similarly, a function f_(271), f_(w) = > k<0 apw™" satisfies
(1.3), if and only if its coefficients satisfy (1.6) for k < —1.



Proof of Corollary 1.2. Let E(z) = 2°>", ., ax2" be a solution of equa-
tion (1.1) having type (1.2). Then

E(z) = (fe(2) + () fol2) = Sk, () = S apeb. (18)

E>1 k>0

The coefficients aj, satisfy (1.6) for all k. This together with the above re-
mark implies that the functions fi(z*') satisfy (1.3). The corresponding
expressions d+ = do+ + di+z should cancel out, since F is a solution of
the homogeneous equation. This implies (1.5). Conversely, let fi(z*!) be
solutions of (1.3), and let (1.5) hold: that is, the vectors dy and d_ are
proportional. Then we can normalize the latter vectors, and hence, the
corresponding solutions by constant factors (not both vanishing simultane-
ously) so that dy +d_ = 0. Then the function E given by (1.8) is a solution
of equation (1.1). This proves the corollary. O

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

Theorem 1.7 Consider recurrence relations

grak + frag—1 + hgagi1 =0 (1.9)

in unknown sequence ay, where sequences gi, fr, hr € C numerated by k € N
satisfy the following conditions:

frshie # 0, for every k, (1.10)

fieshie = 0(gr), as k — oo. (1.11)

Then there exists a unique series Z;ﬁ% apz® # 0 with ay, satisfying (1.9) for
k > 1 and having positive converging radius. It converges on all of C.

Theorem 1.7 will be proved in the next section.

Remark 1.8 In the series ) aiz"® from Theorem 1.7 for every k > 0 the
two neighbor coefficients aj, axyr1 do not vanish simultaneously: hence,
they present a point (ay : apy1) € CP. Each pair of neighbor coefficients
(ak,ag+1) determines a unique sequence satisfying (1.9). Both statements
follow from the fact that for every £ > 1 the coefficient ag4q is expressed
as a linear combination of ays; and ay by (1.9), since fi, hy # 0. Hence,
if some two neighbor coefficients ax_1,a; vanish, then all the coefficients
vanish, and the series is zero, — a contradiction.



Theorem 1.9 Let b,n € C, Then for every ko € Z such that
k+b+n—1, k+b+1#0 for every k > ko, (1.12)

for every A\, u € C, u # 0 there exists and unique nonzero one-sided series
ZkaO apzF (up to multiplicative constant) converging on some punctured
disk centered at 0 that satisfies recurrence relations (1.6) (or equivalently,
(1.7)) for k > ko. Similarly, for every ko € Z such that

E+b+n—1 k+b+1%#0 for every k < ko (1.13)

there exists and unique one-sides series Zkgko apz® (up to multiplicative
constant) that satisfies recurrence relations (1.6) for k < ko and converges
outside some disk centered at 0. Both series converge on the whole punctured
complez line C*.

Example 1.10 Let in the conditions of Theorem 1.9 one have b,n+b ¢ Z
(cf. (1.4)). Then its statements hold for all kg € Z, since inequalities (1.12)
hold for all £k € Z. Otherwise, if either b € Z, or b + n € Z, then the
statements of Theorem 1.9

hold for k > ko whenever kg > max{m € {—-1—-b,1—-b—n} | meZ}
(1.14)
hold for k < ko whenever ky < min{m € {—1-b,1-b—n}|m € Z} (1.15)

Theorem 1.9 together with Remark 1.6 and the first statement of Example
1.10 imply Theorem 1.1.
Proof of Theorems 1.9 and 1.1. The coefficients

ge=(k+b)(k+b+n—-1)+ X\ fi=—uwk+b+n—-1), hy =puk+b+1)

of recurrence relations (1.6) satisfy the conditions of Theorem 1.7 for k > ko
(k < ko). Indeed, the asymptotics (1.11) is obvious. Inequalities fx,hy # 0
follow from (1.12) (respectively, (1.13)). This together with Theorem 1.7

proves Theorem 1.9, and hence, Theorem 1.1. O
Proof of Theorem 1.3. Let b = 0, n € N. Inequalities (1.12) hold for
k > ko = 0. Therefore, there exists a unique series FE(z) = :gf) apz®

converging on a neighborhood of the origin, whose coefficients satisfy (1.6)
for k > 1, and it converges on all of C (Theorem 1.9). The system of relations
(1.6) for k > 1 is equivalent to the statement that LE = const. This proves
Theorem 1.3. O



1.3 Historical remarks, applications and plan of the paper

Our results are motivated by applications to the family

%:—sinqb—FB—FAcoswt, Aw>0, B>0. (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 [18, 23, 12, 2, 21]; in planimeters, see [13, 14].
Here w is a fixed constant, and (B, A) are the parameters. Set

B A

T=wt, l=—, p=—.

w 2w
The variable change ¢ — 7 transforms (1.16) to a non-autonomous ordinary
differential equation on the two-torus T? = S* x S! with coordinates (¢, 7) €
R? /2772
. dp  sing

0= dr ~  w

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

+ 1+ 2ucosT. (1.17)

¢p=—312 4 |4 2)cosT (1.18)
F=1 '
on T2. The rotation number of its flow, see [1, p. 104], is a function p(B, A) =
p(B, A;w) of parameters. It is given by the formula
2
p(B, Aiw) = lm 2™

n—-+o00 n

where ¢(7) is an arbitrary solution of equation (1.17).

The phase-lock areas are 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 [8, 11, 15] and references therein. Each
phase-lock area is an infinite chain of adjacent domains separated by ad-
jacency points. The description of their coordinates as solutions of ana-
lytic functional equations was conjecturally stated by V.M.Bushstaber and
S.I.Tertychnyi in [8] and proved by the authors of the present paper in [11].
Namely, the family of non-linear equations was reduced in [7, 24] to two fam-
ilies of second order linear differential equations of double confluent Heun
type: equation (1.1) and the equation

LE =22E"+ ((-l+1)z4+p(1—2))E + A+ pu(l—1)2)E=0. (1.19)



The latter equation is obtained by writing equation (1.1) in terms of the pa-
rameter [ = n—1 and changing sign at [. In the case, when [ > 0, Buchstaber
and Tertychnyi have shown that the adjacencies correspond exactly to those
parameter values, for which equation (1.1) has a non-trivial holomorphic
solution at 0 (which is automatically an entire solution: holomorphic on C);
see the statement in [8, p.332, paragraph 2] and the proof in [11, theorem
3.3 and subsection 3.2]. They have explicitly constructed a family of holo-
morphic solutions for parameters satisfying an explicit functional equation
& (A, 1) = 0, see Corollary 1.5. They have conjectured that the latter func-
tional equation describes the adjacencies completely. They have reduced
this conjecture to another one saying that if equation (1.19) has a polyno-
mial solution, then equation (1.1) does not have an entire solution. Later
they have reduced their second conjecture on polynomial solutions to the
third one saying that appropriate determinants formed by modified Bessel
functions of the first type do not vanish on the positive semiaxis. The latter
conjecture together with the other ones were proved in [11]. The above-
mentioned conjecture of Buchstaber and Tertychnyi on functional equation
describing the adjacencies follows from Corollary 1.5 and their correspon-
dence to entire solutions of Heun equations.

V.M.Buchstaber and S.I.Tertychnyi have constructed symmetries of dou-
ble confluent Heun equation (1.1) [8, 10]. The symmetry # : E(z) —
2wz Y E (271 — pE(z7")), which is an involution of its solution space,
was constructed in [25, equations (32), (34)]. It corresponds to the symme-
try (¢,t) — (m— ¢, —t) of the nonlinear equation (1.16); the latter symmetry
was found in [19]. In [10] they have found new nontrivial symmetries in the
case, when [ € Z and equation (1.19) does not have polynomial solutions.

Convention 1.11 Everywhere in the paper by formal solution (ay)g>k, (or
(ak)k<k,) of linear recurrence relation frax + grar—1 + hrar+1 = 0 we mean
a (one- or two-sided) sequence of complex numbers ay, satisfying the relation
for all k > ko (respectively, k < ko). (Here one may have two-sided infinite
sequences.) If in addition, the power series ) apz"® converges on some
annulus centered at 0 (for all the relations under consideration, this would
automatically imply convergence on all of C*) then the formal solution under
question is called simply a 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 1.7. Then in Section 4 we deduce
explicit functional equations satisfied by monodromy eigenvalues of double



confluent 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 effect. It is known that the ratio of the mon-
odromy eigenvalues of equation (1.1) equals e=27%(4.5) and their product
equals e~2™, This together with results of Section 4 implies an explicit func-
tional equation satisfied by non-integer level curves of the rotation number
as a function of parameters (Theorem 5.7 in Subsection 5.1). The union of
boundaries of the phase-lock areas coincides with the set where the mon-
odromy has multiple eigenvalue and is described by the condition that the
monodromy of equation (1.1) has eigenvalue +e~™". This together with
results of Sections 3, 4 implies an explicit description of the boundaries
(Corollary 5.13 in Subsection 5.2). Open problems on phase-lock areas and
possible approaches to some of them using the above description of bound-
aries are discussed in Subsections 5.5 and 5.6.

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

Theorem 1.12 Let w > 0, (B,A) € R?, B,A > 0, | = g, W= %,
A= ﬁ —u?, p = p(B,A). The double confluent Heun equation (1.19)
corresponding to the latter A, u and [ has a polynomial solution, if and only
ifl,p € Z, p=1(mod2) and 0 < p <, and in addition, the point (B, A) lies
in the boundary of the phase-lock area number p and is not an adjacency. In
other terms, the points (B, A) € R corresponding to equations (1.19) with
polynomial solutions lie in boundaries of phase-lock areas and are exactly
their intersection points with the lines | = % = p(mod2), 0 < p <, except
for the adjacencies.

Remark 1.13 V.M.Buchstaber and S.I.Tertychnyi have shown in [7] that
if a point (B, A) € Ri corresponds to equation (1.19) with a polynomial
solution, then [, p are integers, 0 < p <[ and p = [(mod2).

1.4 A sketch of proof of Theorem 1.7.

For every initial condition (ag,a;) there exists a unique sequence (aj)r>0
satisfying recurrence relations (1.9), by Remark 1.8. But in general, the
series ), a,z" 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 infinity to zero”.
That is, take a big k and a given “final condition” g = (ak, ax+1). Then the
inverse recursion gives all a; = a;j(qx), 0 < j < k. It appears that the initial

10



condition (ag,a;) we are looking for can be obtained as a limit of the ini-
tial conditions (ao(qx), a1(qr)) obtained by the above inverse recursion (after
rescaling), as k — oo; the only condition on g is that its projectivization
[qx] = (ax : ax1) € CP! should avoid some small explicitly specified “bad
region”, which contracts to the point (0: 1), as k — oo.

The projectivized inverse recursion

Py : CP' — CP': [gi] = (ag : ag+1) = [ar—1] = (ap—1 : ag)
defined by (1.9) can be considered as the dynamical system
T : (NsgU{oo}) x CP! — (NU{o0}) x CP!, N5y = NN [2, +00),
where for every = € CP! and k € N>y one has
T:(k,z)~ (k—1,Py(z)); T:o00xCP'— cox(1:0).

It appears that for every k large enough Py has a strongly attracting fixed
point tending to (1 : 0) and a strongly repelling fixed point tending to (0 : 1),
as k — oo. This together with the ideas from basic theory of hyperbolic
dynamics implies that the fixed point po, = cox (1 : 0) of the transformation
T should have a unique unstable manifold: an invariant sequence (k, [gx])
converging to p.o. We show that a solution (aj) of recurrence relations
(1.9) gives a converging Taylor series Y., ax2* on some neighborhood of
zero, if and only if (ax : ag+1) = [gx] for all k, and then the series converge
everywhere. This will prove Theorem 1.7.

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 fixed point.

Theorem 1.14 Let F, Es, ... be a sequence of complete metric spaces with
uniformly bounded diameters. For brevity, the distance on each of them will
be denoted d. Let P, : By, — Er_1 be a sequence of uniformly contracting
mappings: there exists a A, 0 < A\ < 1 such that d(Py(x), Px(y)) < Ad(zx,y)
for every x,y € Ex and k > 2. Then there exists a unique sequence of points
x € E such that x_1 = Py(xy) for all k > 2. One has

Tt = lim Peo-ro Pu(a), (1.20)

and the convergence is uniform in x: for every € > 0 there erists some
I € N such that for every m > 1 and every x € E,, one has d(Pyo---o

11



P, (z),zx_1) < e. If in addition the spaces Ej coincide with one and the
same space E and the fized points of the mappings Py, tend to some x5 € E,
as k — oo, then

lim zp = Too. (1.21)
k—o0

Proof The proof repeats the argument of the classical proof of Hadamard—
Perron Theorem. Consider the space S of all sequences X = (x)ren, Tk €
F, equipped with the distance

D(X,Y) = Sup d(Tg, Yr.)-

The transformation
T:5— S, (.Tl, o, .. ) — (PQ(.TQ), Pg(xg), .. )

is a contraction. Therefore, it has a unique fixed point, which is exactly
the sequence we are looking for. The second statement of the theorem on
the uniform convergence of compositions to xx_1 follows from the uniform
convergence of iterations of the contracting map 1" to its fixed point. In the
last condition of Theorem 1.14 statement (1.21) follows by the above fixed
point argument in the subspace in S of the sequences (z) tending to =,
as k — oo: this is a complete T-invariant metric subspace in .S, and hence,
T has a fixed point there, which coincides with the previous sequence ()
by uniqueness. Theorem 1.14 is proved. O

2 Proof of Theorem 1.7

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

ay ap—1 1 0~y >
iy CAp=h . 2.1
(ak+1) k( a > P (—fk — 0k (21)

Consider the inverse matrices

o _ 9 _hi
A= 1fk Ofk (2.2)

and their projectivizations Py : CP! — CP! acting on the projective line
CP! = C with homogeneous coordinates (z; : 2z2). Let us introduce the
affine coordinate w = ;—f on it. For every C' > 0 we denote

D¢ ={|lw|<C} cCcC.

12



Proposition 2.1 The transformations P converge to the constant mapping
CP!' — {w = 0} uniformly on every closed disk Do, C > 0, as k — oo.
Their inverses converge to the constant mapping CP' — {w = oo} uniformly
on the complement of every disk D¢.

Proof The image of a vector (1,w) with |w| < C under the matrix A ! is
the vector
9k hi — Jk

(ug(w), vgp(w)) = T, (1+ ﬁw, —g—k)

Recall that 2 J& — 0, see (1.11), hence, g; # 0 for all k large enough.

9k’ Gk
The latter asymptotics and formula together imply that % — 0 uni-

formly on D¢ and prove the first statement of the proposition. Let us prove
its second statement. For every fixed C' > 0 and every k large enough
(dependently on C') one has P, ' (CP'\ D¢) € CP!\ D¢, by the first state-
ment of the proposition. The image of a vector (1, w) under the matrix Ay
is (sgp(w),tx(w)) = (w,—%). This together with (1.11) implies that

sk (w)
bt (w)
uniformly on CP! \ D¢. The proposition is proved. O

Proof of Theorem 1.7. Let C' > 1, E¢x denote the closed disk Do ¢ CP*
equipped with the Euclidean distance. There exist a 0 < A < 1 and a
N = N(A,C) € N such that for every k > N one has P,(E¢) C E¢ and the
mapping Py : Ec — E¢ is a A\-contraction: |Py(z) — Pi(y)| < A|z —y|. This
follows from the first statement of the proposition and Schwarz Lemma.
The fixed point of the mapping P, tends to 0, as k — oo, by uniform
convergence (Proposition 2.1). This together with Theorem 1.14 implies
that there exists a unique sequence (z)r>n such that Py(xy) = x5 for all
k > N and |zi| < C. The latter sequence corresponds to a unique sequence
(ax)r>n (up to multiplicative constant) such that zj = (aj : ax41); one has
lw(zg)| = ]%\ < C for every k > N. The sequence (ay) satisfies relations
(1.9) for k > N, which are equivalent to the equalities Py(xg) = zp_1. It
extends to a unique sequence (ay)r>o satisfying (1.9) for & > 1, as in Remark
1.8. In addition, zx — 0, i.e., a’;—:l — 0, as k — 0, by (1.21) and since the
attracting fixed points of the mappings P, converge to 0, by Proposition
2.1. Therefore, the series ), apz" converges on the whole complex line
C. The existence is proved. Now let us prove the uniqueness. Let, by
contradiction, there exist a series Y ay2" satisfying relations (1.9), having
a positive convergence radius and not coinciding with the one constructed
above. Then there exists a k > N such that |%| > C, ie., 2 ¢ D¢. For

— 0 uniformly on |w| > C, as k — oo; or equivalently, P, — o0
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every | > k one has x; = Pl_1 o---0 ijrll(xk) — 00, that is, az;l1 — 00,
as [ — oo, by the second statement of Proposition 2.1. Hence the series
diverges everywhere: has zero convergence radius. The contradiction thus

obtained proves Theorem 1.7. a

3 Explicit formulas for solutions and the coeffi-
cients djj:

Here we present explicit formulas for the unique converging series from Theo-
rem 1.9 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 [8, section 3, pp. 337-338]. Then we write
them for k£ — +o00, and afterwards for k& — —oo.

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

Here we consider a solution of general recurrence relations (1.9) from The-
orem 1.7. Let gi, fr, hx be the coefficients in (1.9). Let P, : CP! — CP! be
the projectivizations of the transformations A,;l, see (2.2). Let >, axz* be a
solution to (1.9). Recall that we denote xj, = (ay, : agy1) € CP* ~ C, in the
standard coordinate w on C one has x; = afl—:l We have zp_1 = Py(xy),
and for every k the infinite product P;Pjy41... converges to xx—1. More
precisely, Pyo- -0 P,(z) = xp_1, as m — oo uniformly on compact subsets
in C = C\ {c0}, as in the proof of Theorem 1.7.

One can then deduce that there exists a number sequence r such that
for every k the infinite matrix product (TkA,zl)(rkHA,;il) ... converges to
a rank 1 matrix Ry such that

ap_1 1
() = (1), o
This would be an explicit formula for the solution >, ax2*.

However the infinite product of the matrices A,;l themselves diverges,
since their terms —g—: tend to infinity: one has to find a priori unknown nor-
malizing constants ;. To construct a converging matrix product explicitly,
we will consider a rescaled sequence ay, that is

C, @:—@—m, as k — oc.

qk 9k

Ck = qxQk, gk €

14



Rewriting relations (1.9) in terms of the new sequence ¢ yields

(C’Z:> — M, (;L) : (3.2)

_Ge=1gk k=1 hp
M, = ( qr fz Qht1 f:) — (1 +o(1) 0(1)> ‘
1 0

The matrices M} converge to the projector

. 2 2 . 1 0
P:C —>C,P_<1 0>.

Our goal is to choose the above rescaling so that the infinite products

converge: then the limit is a one-dimensional operator Ry with ker Ry being
generated by the vector (0,1). It appears that one can achieve the latter
convergence by appropriate choice of normalizing constants qy.

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

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

My =P+ Sk, > _ ISkl < 0. (3.3)
k
Then the infinite product Ry = MpMyi1... converges in the norm, and

ker P C ker Ri. One has Ry — P, as k — oo, in the operator norm, and
ker Ry, = ker P for every k large enough.

Proof Fix a k and set T}, = T}, ,, = M}, ... M, for n > k; T, = M. One
has
Tn+1 = TnMn—H = Tn(P + Sn+1), Tn+1 — TnP = TnSn—i-l-

The latter equality implies that
Tl < (Tl [(1 4 [[Snpa]]) < el .
This implies that

| Tkmll < Cr, Cr = =k 151l Ag . (3.4)

15



Now one has
Tk,n = Tk,n—lp + Tk,n—lsnv

Tk,nJrl = Tk,nP + Tk,nSn-‘,-l = Tk,anPQ + Tk,anSnP + Tk,nSn—l-l
= Tk,n—lp + Tk,n—lsnp =+ Tk,nSnJrl :

here we have used the equality P? = P, which holds for all the projectors.
The two latter formulas together with (3.4) imply that

Tk 1 = Tinll < Cr(2[|Sall + [[Snial)-

The latter right-hand side being a converging series in n, the sum of the
left-hand sides in n converges and so does T}, ,,, as n — oo, in the operator
norm. This also implies that the norm distance of each T}, to the limit
Ry, = limy, o0 Tk, and in particular, dist(My, Ry) is bounded from above
by Apn = 3Ck ijnfl [|Sj]|. One has Ay, — 0, as n — oo uniformly in
k, and also Ap, — 0, as k,n — oo so that k < n. This implies that Ry,
and M}, converge to the same limit P in the operator norm, as k — co. For
every v € ker P one has M,v = S,v — 0. Hence, T}, ,v = T} 5,—1(Spv) — 0,
as n — 0o. Therefore, Ryv = 0 and ker P C ker Ry. Let N > 0 be such that
for every k > N one has ||Ry, — P|| < 1. Let us show that ker Ry, = ker P for
these k. Indeed, suppose the contrary: ker Ry is strictly bigger than ker P.
Note that H = ker P @ P(H) (orthogonal decomposition), since P is an
orthogonal projector. Therefore, there exists a vector uy € P(H) such that
Ry (ug) = 0. Hence,

1P (ur)l| = [[(P = R) (wn)|| < Jul],

while P(ug) = uy, since P is a projector. The contradiction thus obtained
proves the lemma. O

Addendum to Lemma 3.1. Let in Lemma 3.1 the operators S, depend
holomorphically on some parameters so that the series ) ||Sn|| converges
uniformly on compact subsets in the parameter space. Then the infinite
products Ry, are also holomorphic in the parameters.

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

Corollary 3.2 Let

146 ) 3
My, = < 111,k 1S,k> , zk: 10ij.1| < o0 for (ij) = (11), (12). (3.5)
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Then the infinite product Ry, = MMy 1 ... converges, and the right column
of the limit product matriz Ry, vanishes. In the case, when 012 # 0 for all k,
the limit matriz Ry has rank 1 for all k: its kernel is generated by the vector
(0,1). In the case, when ;5 depend holomorphically on some parameters
and the convergence of the corresponding series is uniform on compact sets,
the limit Ry, is also holomorphic.

Addendum 1 to Corollary 3.2. In the conditions of the corollary set

cr = (0,1) Ry <(1)) . (3.6)

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

<k 1, and one has
Ck—1\ 1
() - (). o

Ck—1

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=(i )
an orthogonal projector. The kernel ker Ry, contains the kernel ker P, which
is generated by the vector (0,1); ker Ry = ker P, i.e., rk(Ry) = 1 for all
k large enough, by the lemma. In particular, the right column in each Ry

vanishes. Now it remains to note that rk(Ry) = 1 for all k, since the matrices
M, are all non-degenerate: 9121 # 0. The corollary is proved. O

Proof of Addendum 1. Consider the affine chart C = CP'\ {(1: —1)}
with the coordinate w = 21722 centered at (1 : 1). The projectivizations
Py of the linear operators M}, : C?> — C? converge to (1 : 1) uniformly on
compact subsets in C. Hence, for every C' > 0 there exist a N = N(C) > 0
and an 0 < A < 1 such that for every kK > N one has Py(D¢) € D¢, and
P, is a A-contraction of the disk D¢, as in the proof of Theorem 1.7 in
the previous section. This together with Theorem 1.14 implies that there
exists a sequence (Tg)p>n(c), Tk € C = CP!, w(z) — 0, as k — oo,
such that Py(xg) = zx_1 and Py o --- o P, converges to zx_1 uniformly
on compact subsets in C, as m — oo. Convergence at (1 : 0) implies
that zp_1 = (Rk711 : Rk,gl) = (Ck,1 : Ck). Moreover, Rk,21 = Rk+1,11,
since Ry, = MyRyy1 and the matrix My has lower raw (1,0). The two last
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statements together imply that the sequence c; = Ry, 21 satisfies recurrence
relations (3.2). One has C’Z% — 1, since z = (cg : ¢x41) — (1 :1). This
proves the addendum. O

Corollary 3.3 Consider recurrence relations (1.9). Let q, € C be a se-
quence such that the rescaling ¢, = qray, transforms (1.9) to (3.2). Let the
corresponding matrices My, from (3.2) be the same, as in (3.5). Let ¢y be
the same, as in (3.6). Then the sequence

—1
ap = q " Ck

is a solution of relations (1.9) such that the series Y ;o axz® converges on

all of C.

Proof The sequence (aj) is a solution of (1.9), by construction and Ad-
dendum 1. One has q’;—*l ~ —5—2 — 0, as k — oo, since the above sequence
rescaling transforms (1.9) to (3.2). Therefore, ;- — 0, by the latter state-
— 1, as was shown above. This implies the convergence

Ck
Ck—1
of the series >, a,z" on C and proves the corollary. O

ment and since

3.2 Forward solutions from Theorems 1.1 and 1.9

Here we give explicit formulas for the solution ), apz® of recurrence rela-
tions (1.6) converging, as k — +00.

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

<“Zk1) =W, <aZf_ 1) : (3.8)

k+b A k+b+1
W, = (u(l + (k+b)(k+b+n71)) k+b+n—1> '

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 sequence ap by multiplication by appropriate
constants depending on k£ > 0. Namely, set

b
Cr = ak(ulk+17 (b)l =b... (b—l—l - 1) =

T'(b+1)
o)
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Recall that the symbol (b); is called the Pochhammer symbol. Translating
relations (3.8) in terms of the sequence ¢y yields

() = ()
Ck Chy1)

1+ A u?
M, = ") (ktbtn—-1) (k+0)(k+btn—1) (3.9)

(b)k 0 lf«k 0
_ | pkt? wo [ @k
= (b)k+1> k ( LR ) .
( 0 = 0 e

The infinite matrix product

Ry = My M1 . .. (3.10)

converges and depends analytically on (A, i, n, b) whenever the denominators
in its definition do not vanish, by Corollary 3.2.

Theorem 3.4 Let b,b+n ¢ Z. Set

1

= (0 1)Ry <0> , (3.11)

k

7

ag = c 3.12
SO (3.12)
The coefficients ay, satisfy recurrence relations (1.6), for all k, and the series
Fr(z) =) axz* (3.13)

E>1

converges on all of C.

Proof The sequence ¢, satisfies relations (3.9), and Cs—fl — 1,as k — oo, by

Addendum 1 to Corollary 3.2. This implies that a satisfy (1.6). The series
(3.13) converges on all of C, by Corollary 3.3. This proves the theorem. O

Case 2): some of the numbers b or b+ n is an integer. Set
kor =max{m e {-1—-0b,1—-b—n} | meZ}. (3.14)

Note that now the product (b); = b(b+1)...(b+1—1) can be equal to zero,
and thus, the sequence ay defined by (3.12) is not necessarily well-defined.
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Let us modify the above rescaling coefficients relating a, and ¢ as follows.
For every s <[+ 1 set

(B)sgp1=(b+5)...(b+1) = ; (0)ogr1 = (D)iy1; (b)ss =1. (3.15)

Set

ki 1-k
cp = apport (D) kos +2,k+1 for every k > koy; cryq1 = argoq1- (3.16)

The sequence (ay) satisfies (1.7), if and only if the sequence (c) satisfies
(3.9). The above formulas remain valid with the same matrices My, which
are well-defined for £ > kot + 2: the denominators in its fractions do not
vanish. Therefore, the infinite product Ry = MMy ... is well-defined for
the same k in the case under consideration.

Theorem 3.5 Letb, n, kot be as above, My, be asin (3.9), Ry, = MMy ...
¢k = Rio1 for k> koy +2, cry,+1 = Ry 42,11, (3.17)

ag = ,uk*k“*lcik for k > koy + 1, (3.18)
(D) ko +2,k+1

((kot + b+ 1) (Kot +b+n) + Nakg, +1 + (ko + b+ 2)aky, +2
p(kot +0+n) '

Akoy =

(3.19)
The sequence (ag)k>k,, satisfies recurrence relations (1.6) for k > koy. The
series le:ozw aypz® converges on all of C.

Proof The sequence ¢y, satisfies relations (3.9) for k > kot 42, by 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 = kot + 1. The denominator p(koy + b+ n) in (3.19) does not vanish. In
the case, when b + n ¢ Z, this is obvious. In the case, when b+ n € Z, one
has ko+ +b+n > 1, by (3.14). The series » ;. a2z converges on C, as in
the previous subsection. The theorem is proved. a

3.3 Backward solutions

Here we give explicit formulas for the solution ), apz"* of recurrence rela-
tions (1.6) with & — —oo. Set

m=—k, Qm = G_m.
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Relation (1.7) in new variables m and a,, takes the matrix form

<A&m > — A (di”“) .
Gm—1 Qm

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

(%‘1) — A, (A“m ) , (3.20)
am Am+1

. btn-—m—1 <_A+(b—;n)<b—m+ln—1) 1)

A, = 21
b—m+1 (3.21)

Case 1): b,b+n ¢ Z, as in the conditions of Theorem 1.1. Let
us renormalize the sequence a,,: set

A dm(2 —n—- b)m+1
Cm = L .

Translating equation (3.21) in terms of the sequence &, yields

<C’F‘1> — S, (Acm ) : (3.22)
Cm Cm+1

1+ A—n+2 p?(b—m+n—1)
Sy, = Sm(b, TL) — (bfm+11)(bfm+n72) (bfm+1)(bfm+872)(bfm+n73)

(3.23)
(2—n—b)m 0 pm 0
— ,ulmfl A ((Q—R—b)m+1 )
2—n—b)m m m+1 .
( 0 Cmpen “) 0 [CET=
Theorem 3.6 Let b,b+n ¢ Z. Let the matrices Sy, be as above,
Tm = Sm8m+1 ceey (324)
. 1y . Cmp™ .
m = (0 1)T, , Qg = 7, =a_g. 3.25
=0 DT (o) o= Pl s 039

The sequence (ay) satisfies recurrence relations (1.6), and the series

f-(z) = Z apz"" (3.26)

k<0

converges on C.

21



Proof The above matrix product converges, and the sequence ¢, satis-
fies equation (3.22), by Corollary 3.2. This implies that the corresponding
sequence a,, satisfies (3.20), the sequence aj, satisfies (1.6) and the series
f—(z) converges, as in the previous subsection. This proves the theorem. O

Case 2): some of the numbers b or b+ n is an integer. Let
ko— =min{r € {—-1—-0b,1—-b—n} | r € Z}, mo = —ko_. (3.27)

The above Pochhammer symbol may be not well-defined in the case, when
n+beZ,2—n—b<0. We use the inequalities

b—m +1# 0 for every m > my;

2—n—b+m,3—n—b+m#0 for every m > my, (3.28)

which follow immediately from (3.27). The sequence rescaling

A CALm(2 -—n-—- b)mg,m—i—l
um

Cm =

is well-defined and invertible for all m > my, by (3.28). It differs from the
previous one by multiplication by constant independent on m, and hence,
transforms (3.20) to (3.22), as above. The matrices S,, are well-defined for
m > myg: the denominators in their fractions do not vanish, by (3.28). Let
T, be their products (3.24) defined for m > my.

Theorem 3.7 Let Sy, and T,, be the same, as in (3.24),
. 1
Cm = (0 1) T 0 for m > mo, cmg = Tmg+1, 11,

i = Emit™
" (2 —-—n- b)m07m+1

for m > mg, ai = a_p. (3.29)

The sequence (ay)k<k, Satisfies recurrence relations (1.6), and the series
—k
> k<k,_ Qkz " converges on C.

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 di+

Lemma 3.8 Let fi(2) = Yyoqanz® and f-(271) = Y, ganz™" be the
functions from (8.13) and (3.26) constructed in the two previous subsections,
case 1). Then

2L fe(2FY) = dos + dix2, (3.30)

dot = p(b+ Day; dig = ((0+1)(b+n)+ XNar + u(b+ 2)as, (3.31)

where ay and ay are the same, as in (3.12);
do— = (b(b +n — 1) + )\)ag — ,u(b +n— 1)(1_1; di— = —M(b + n)ao, (332)
where a_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
coefficients at z* 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, di14+ 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. a

4 Application: monodromy eigenvalues

Here we study the eigenfunctions of the monodromy operator of Heun equa-
tion (1.1). This is the operator acting on the space of germs of solutions at
a point zg # 0 by analytic extension along a positive circuit around zero.
Each monodromy eigenfunction with eigenvalue €>™ has the form of a series

E(z) = ZakzkH’, beC, (4.1)
keZ

converging on C*. 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-infinite sequence (ay)rez satisfying recurrence relations (1.6) such that
the the bi-infinite series >, ., ax2" converges on C*.

We consider different cases, but the method of finding the above b is
general for all of them. The coefficients a; with ¥ — 400 should form a
unique converging series (up to multiplicative constant) that satisfies recur-
rence relations (1.6). Similarly, its coefficients with & — —oo should form
a unique converging series satisfying (1.6). Finally, the above positive and
negative parts of the series should paste together and form a solution of
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Heun equation. In the simplest, non-resonant case, when b,b + n ¢ Z, the
pasting equation is given by (1.5). The coefficients ar, k > 1 satisfying
(1.6) for k > 2 and forming a converging series are given by formulas (3.12);
the sequence (aj)k<o, ar = a_, satisfying (1.6) for £ < 0 and forming a
converging series is given by formula (3.25).

It appears that substituting the above-mentioned formulas for ay to for-
mulas (3.31) and (3.32) for d;+ 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-
quence (ag)r>1 to k = 0 by putting appropriate a € C instead ag (we get
a,a1,as,...) so that the longer sequence thus obtained satisfies (1.6) also
for k = 1. Similarly, we extend the sequence (ay)r<o to k = 1 by putting
appropriate 5 € C instead of a; (we get ...a_1,a9,3) in order to satisfy
equation (1.6) for k = 0. The positive and negative series thus constructed
paste together to a converging bi-infinite series ), apz* satisfying (1.6)
(after their rescaling by multiplicative constants), if and only if

aff = apay. (4.2)

We obtain an explicit expression for equation (4.2).
In what follows, we use the two next propositions.

Proposition 4.1 The determinant of the monodromy operator of Heun equa-
tion (1.1) equals e~ ™",

Proof The monodromy matrix is the product of the formal monodromy
matrix diag(e=2™" 1) and a pair of unipotent matrices: the inverse to the
Stokes matrices, cf. [15, formulas (2.15) and (3.2)]. Therefore, its determi-
nant equals e 2", Another possible proof would be to use the formula for
Wronskian of two linearly independent solutions of equation (1.1) from [8,
p. 339, proof of theorem 4]. It shows that the Wronskian equals 2" times
a function holomorphic on C*, and hence, it gets multiplied by e~?™" after
analytic continuation along a positive circuit around zero. O

Recall [8, p. 336, lemma 1] that the transformation # : E — #E:

(#E)(2) == 2wz ™(E'(z7Y) — uE(z™)), A+ p? = w>0 (4.3

402’

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.
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Proof The involution under question is a composition of transformation of
a function to its linear combination with its derivative, the variable change
2+ 2z~ and multiplication by z~". Let now E be a monodromy eigenfunc-
tion with eigenvalue A\;. The composition of the first and second operations
transforms E to a function whose monodromy extension along positive cir-
cuit around the origin multiplies it by )\1_1: the second operation inverses
the direction of the circuit. The multiplication by z~" multiplies the above
result of analytic extension by e 2", Therefore, #F is a monodromy eigen-
function with the eigenvalue \o = )\fle_%m. It coincides with the second
monodromy eigenvalue, since it is found by the condition that A\; Ag = 27",
see Proposition 4.1. This proves the proposition. O

4.1 Nonresonant case: b,b+n ¢ Z

In this case the denominators in formulas (3.9) and (3.23) for the ma-
trices My, and S, respectively are nonzero for all integer £ and m, and
hence, the matrices are well-defined together with the infinite products
Ry = MMyy1..., Trn = SmSmt1----

Theorem 4.3 Let b,b+n ¢ Z. Equation (1.1) has a monodromy eigen-
function with eigenvalue €2, b € C, if and only if

(b + 1)(b +n— 2)R1711T0,11 + M2R1721T0721 =0. (4.4)

Proof Let fi(z) = > 15 arz® be a converging series satisfying (1.6) for

k > 2. Recall that
" 1
=— (0 1R .
=g © 0 (o)

a::A%(O 1)}a]<é> :A%(l 0)}@(5).

The sequence «, ay,as, ... satisfies (1.6) for £ > 1, by Theorem 3.4. Recall
that

Set

A 1 . i
00:(0 1)To<0>, aozaozz_cis_b

B=pt(1 ®%<®-

The sequence ...,a_2,a_1,ag, 3 satisfies (1.6) for all k£ < 0, by Theorem 3.6.
Substituting the above formulas for aq, «, ag, S to pasting equation (4.2)
yields (4.4). The theorem is proved. O

Set
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4.2 One-resonant case: only one of the numbers b, b + n is
integer

Note that in the case under consideration one has n ¢ Z.

Proposition 4.4 Let n ¢ Z. Then Heun equation (1.1) has a solution of
type E(z) = 2P f(2) with b satisfying the assumption of the subsection and
the function f(z) being holomorphic 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 and e=2™" #£ 1.

Proof Let the above solution E exist. Then it is a monodromy eigenfunc-
tion with the eigenvalue e2™®. The other eigenvalue equals e 27(b+7) by
Proposition 4.1. Exactly one eigenvalue equals one, by assumption. The
monodromy eigenfunction corresponding to unit eigenvalue is holomorphic
on C*. Conversely, a solution holomorphic on C* is a solution F as above
with b = 0. The last statement of the proposition follows from the existence
of unit eigenvalue and Proposition 4.1. This proves proposition 4.4. O

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

(k(E+1)+ Nar —pk+Dag—1 +p(k+1ags1 =0, l=n—-1  (4.5)
have a solution (ay)rez such that the series ) apz® converges on C*.

Proposition 4.6 Every semiinfinite sequence (ay)r>—2 satisfying equations
(4.5) for k > —1 (without convergence condition) satisfies the relation

(I—=14+XNa—q1—p(l—1)a_s=0. (4.6)

Proof Equation (4.6) coincides with (4.5) for k = —1. O

Corollary 4.7 Let | ¢ Z. A solution (ar)kez to (4.5) with the series
ok apz® converging on C* exists, if and only if the unique semiinfinite se-
quence (ax)r<—1 solving (4.5) for k < —2 with series 21;:1_00 apz® converg-
ing on C* satisfies relation (4.6).

Proof Let



be a semiinfinite solution of recurrence relations (4.5) for k& < —2. Note
that for every k < —1 its coefficient aj is uniquely determined as a linear
combination of the two previous ones ay_s and ap_1, see (4.5) written for
k < —2. The same holds in the opposite sense: for every k& < —3 the
coefficient ay, is expressed as a linear combination of the coefficients ax1 and
ax+2 by (4.5), since | ¢ Z. The two latter statements together imply that
a_o and a—_1 do not both vanish. Therefore, the above negative semiinfinite
series can be extended to positive k 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_; # 0, by relation (4.6) and since a_9, a_; do not vanish
both and [ # 1. Equation (4.5) with & = —1 has zero multiplier at a¢ and
hence, holds for arbitrary ag. The same equation with £ = 0 yields

Aag — lpa_1 + pay = 0. (4.8)

This is a linear non-homogeneous equation on the pair (ag,a;). Hence,
its solutions form a line L; C C? that does not pass through the origin:
a_1 # 0. The pairs (ag, a1) extendable to semiinfinite solutions in positive k
are all proportional (uniqueness of solution up to constant factor and since
for every k > 0 the coefficient aj,1 is uniquely determined by a; and ag_1
via relations (4.5)). Hence, they form a line Ly through the origin. Let us
choose (ap, a1) to be the intersection of the above lines Ly and Ly, provided
they are not parallel (the case of parallel lines is discussed below). Then the
pair (ag, a1) extends to a semiinfinite solution of relations (4.5) in positive k,
by construction. The complete Laurent series Z;;’i o az" thus constructed
is a solution to equations (4.5) and hence, to Heun equation (1.1).

Case, when Ly and L; are parallel. In this case (ag,a;) defines a
solution to (4.5) with positive k, if and only if Aag + pa; = 0. This solution
extends to negative k by putting ar = 0 for £ < 0, since relation (5.11)
for k = —1 is equivalent to (4.6). Finally we obtain a converging Taylor
series satisfying (4.5) and hence, presenting a solution of Heun equation
(1.1) holomorphic on C. This implies that n € Z. Indeed, if n ¢ Z, then
the corresponding Heun equation has no entire solution, or equivalently, the
corresponding recurrence relations (1.6) have no solution (ax) with ax = 0
for all k£ < 0. This follows from the fact that if n ¢ Z, then for every k
the coefficients at ag+; in the corresponding relation (1.6) do not vanish:
hence, no two neighbor coefficients a;, and ax11 of a solution vanish simul-
taneously. The contradiction thus obtained shows that the case of parallel
lines is impossible, if n ¢ Z. Corollary 4.7 is proved. O
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Theorem 4.8 Letn ¢ Z,

1+ A—n+2 2 (n—m—1)
S = (I1-m)(n—m-2) (1—m)(n—m62)(n—m—3) form > 2

1
T = SnSm+1----
Heun equation (1.1) has a solution holomorphic on C*, if and only if
(2 —n+ )\)(4 — n)Tg,n — ,LLQ(’I?, — 2)T2,21 =0 (49)
Proof Set
Cm = Tm21 = Timt1,11, ¢1 =T 11,
A Cr "
Ay = ————— = Q_m, Mm > 1.
" (2 = n)m+1 "

The sequence (ay)r<—1 satisfies recurrence relations (4.5) for k£ < —2, as in
Subsection 3.3, and the series Zkgfl akz*k converges on C: here we have
rewritten the formulas from Subsection 3.3 for b = 0. One has

1*To 21 w .~ M
2-n)B-nd-n)’ ' 2-n)@B-n)

by definition. Substituting the latter formulas and [ =n — 1 to (4.6) yields
(4.9). This together with Corollary 4.7 proves the theorem. O

a_g =

4.3 Double resonant case: n,b € Z

Recall that we study the existence of solution (4.1) of Heun equation (1.1).
In the case under consideration b € Z, and without loss of generality we can
and will consider that b = 0. In this case a solution we are looking for is
holomorphic on C* and presented by a Laurent series E(z) = Y, ., apz®
converging on C*. Without loss of generality we will also consider that
l=n—12>0. One can achieve this by applying the transformation

O E(z) — e“(Z+Z71)E(—z*1),

which is an isomorphism of the solution space of equation (1.1) (written
in terms of the parameter [ = n — 1) onto the solution space of the same
equation with | = n — 1 replaced by —I, see [8, section 4, formula (39)]:

LE=2"E"4+ (<l+ 1Dz +p(1 =22)E' + A+ pul —1)2)E=0 (4.10)

It sends solutions of equation (1.1) holomorphic on C* onto solutions of
equation (4.10) holomorphic on C*.
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Theorem 4.9 Letl € Z,1 > 0. Equation (1.1) withn =141 has a solution
holomorphic on C*, if and only if its monodromy is unipotent. This happens,
if and only if equation (1.1) satisfies one of the two following incompatible
statements:

1) either it has an entire solution, i.e., holomorphic on C;

2) or the corresponding equation (4.10) has a nontrivial polynomial so-
lution.

Theorem 4.9 will be proved below. The sets of parameter values for
which statements 1) or 2) hold were already described in [7, 8, 11]. Let us
recall this description. To do this, consider the following matrices My, Ry
and numbers ag, &:

14+ 2 w2
M, = KD RO ) | Ry = MMy . for k> 1.

1
b
ap = ﬁRk,m for k> 1, ap = R,
& =&\ 1) = Aao + par = ARy 11 + p° Ry o1 (4.11)

Theorem 4.10 A Heun equation (1.1) withl =n—1¢€ Z, 1 > 0 has an
entire solution, if and only if & (A, u) = 0.

Theorem 4.10 is equivalent to Corollary 1.5. It was partly proved and conjec-
tured in [8, section 3, theorem 2| and proved completely in [11, 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 4.10. The above matrices M} and numbers aj 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 + 1)+ Nag — ulk + Dag_y + p(k + g1 = 0 (4.12)

here ko = —1. (If [ = 0, then koy = 0, but the corresponding sequence
ar, from (3.18) remains the same, as in (4.11), up to constant factor.) This
together with Theorem 3.5 implies that the sequence (aj) satisfies (4.12)
for K > 1 and the series E(z) = ZILOE apz® converges on C. Therefore,
LE = const, and the latter constant is the left-hand side of the relation
(4.12) corresponding to k = 0: that is, Aag + par = (A, p). This together
with the uniqueness of an entire function E for which LE = const (Theorem
1.3) implies the statement of Theorem 4.10. O
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To describe equations (4.10) with polynomial solutions, consider the
three-diagonal matrix

0 [ 0 0 0 0... 0
p(l—1) 1-1 2 0 0 0
e 0 u(l-2) —20-2) 3u 0 0
0 0 0 2u —-2(1—-2) (I-1)u
0 0 0 0 " 1-1

(4.13)
Hij =0if |i —j| >2; Hjj = —j(l—3); Hjjv1=pg; Hjj1=pnl—j+1).

Theorem 4.11 [7, section 3] A Heun equation (4.10) with | € Z, 1 > 0 has
a polynomial solution, if and only if the three-diagonal matriz H + M\ d has
zero determinant.

Proof of Theorem 4.9. Let equation (1.1) have a solution E(z) =
Y okez aiz* holomorphic on C*. Equivalently, its series converges on C*

and the coefficients ay, satisfy recurrence relations (4.12). For k = —[ and
k = —1 respectively these relations take the form
Aa_;+ pu(l—=10ay_; =0, (4.14)
(I—=14+XNa_1—pu(l—1)a_s=0. (4.15)
In particular, they do not contain aj, j ¢ {—[,..., —1}. Therefore, given a
solution holomorphic on C* of Heun equation (1.1), its Laurent coefficients
ar, with =1 < k < —1 should form a vector (a_y, ..., a_1) satisfying equations
(4.14), (4.15) and the I — 2 recurrence equations (4.12) for intermediate
k= —l+1,...,—2. In other terms, the latter vector should be in the kernel of
the three-diagonal [ xI- matrix H of equations (4.12) with k = —1,..., —l: its

line number —k consists of the coefficients of the k-th relation; the coefficient
at a_; stands at the column number j.

Proposition 4.12 Let H be the latter matriz, and let H' be the transposed
matriz (4.13). One has

0 0 0 1
0 .. 0 -1 0

H=QH'+\d)Q ', Q=] ... 0 1 0 0
(-t 0 o0 0



The proposition follows from definition.

Case 1). There exists a solution of Heun equation (1.1) holo-
morphic on C* with a; =0 for all j € {—[,...,—1}, and [ > 1. Then
the series ) .~ aipz" is an entire solution, i.e., holomorphic on C: it sat-
isfies relations (4.12) for all k& by assumption and (4.15). It is known that
in this case each solution of equation (1.1) is holomorphic on C* and its
Laurent series does not contain monomials 27, j € {—[,...,—1} [9, lemma
3, statement 6].

Case 2). There exists a solution of Heun equation holomor-
phic on C* with a; # 0 for some k € {—[,...,—1}. In this case the
three-diagonal matrix H of relations (4.12) with k = —I,...,—1 has zero
determinant, by the above arguments. Hence, the matrix H 4+ AId, whose
transposed is conjugated to H (Proposition 4.12), also has zero determi-
nant. Therefore, equation (4.10) has a polynomial solution (Theorem 4.11).
It is known that if (4.10) has a polynomial solution, then the corresponding
equation (1.1) does not have entire solution [11, theorem 3.10]. Therefore,
cases 1) and 2) are incompatible. Theorem 4.9 is proved. O

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

5.1 Phase-lock areas in Josephson effect: brief description of
results and plan of the section

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

.od

qb:d—(f:—sinqﬁ—l—B—i—Acoswt, Aw>0, B>0. (5.1)
We fix an arbitrary w > 0 and consider family (5.1) depending on two
variable parameters (B, A). The variable change 7 = wt transforms (5.1) to
differential equation (1.17) on the two-torus T? = S! x S! with coordinates
(¢, 7) € R?/27Z2. Tts solutions are tangent to the vector field

’ = K (52)

&Z-%-H—i-lucosm ; B A
=1 w 2w

on the torus. The rotation number of the equation (5.1) is, by definition, the
rotation number of the flow of the field (5.2), see [1, p. 104]. It is a function
p(B, A) of parameters. (Normalization convention: the rotation number of
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a usual circle rotation equals the rotation angle divided by 27.) The B-axis
will be called the abscissa, and the A-axis will be called the ordinate.

Definition 5.1 (cf. [15, definition 1.1]) The r-th phase-lock area is the level
set {(B,A) | p(B,A) = r} C R? provided it has a non-empty interior.

Remark 5.2 : phase-lock areas and Arnold tongues. The behavior
of phase-lock areas for small A demonstrates the Arnold tongues effect [1,
p. 110]. The phase-lock areas are called “Arnold tongues” in [15, definition
1.1].

Recall that the rotation number of system (5.1) has the physical meaning
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.

It has been shown earlier that

- the phase-lock areas exist only for integer values of the rotation number
(a “quantization effect” observed in [5] and later also proved in [17, 16]);

- the boundary of each phase-lock area {p = r} consists of two analytic
curves, which are the graphs of two functions B = g, +(A) (see [6]; this fact
was later explained by A.V.Klimenko via symmetry, see [19]);

- the latter functions have Bessel asymptotics (observed and proved on
physical level in [22], see also [20, chaptrer 5], [2, section 11.1], [4]; proved
mathematically in [19]).

- each phase-lock area is an infinite chain of bounded domains going to
infinity in the vertical direction, each two subsequent domains are separated
by one point, the separation points lying outside the horizontal B-axis are
called the adjacency points (or briefly adjacencies), see Fig.1;

- for every r € Z the r-th phase-lock area is symmetric to the —r-th one
with respect to the A-axis (symmetry of equation (5.1)).

In the present section we obtain functional equations satisfied by non-
integer level curves {p(B, A) = r} of the rotation number (Subsection 5.1)
and the boundaries of the phase-lock areas (Subsection 5.2) using relation
of equation (5.1) to Heun equation (1.1) (recalled below) 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 algebraic set of the parameters corresponding to the
existence of a polynomial solution of equation (4.10). Afterwards we discuss
open problems and possible approaches to them using the same results on
Heun equations.
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period=3.14159 omega=2.

dimensionless sine amplitude

dimensionless dc bias

Figure 1: Phase-lock areas and their adjacencies for w = 2. The abscissa is
B, the ordinate is A. Figure taken from [8, p. 331].

5.2 Reduction to double confluent Heun equations. Entire
and polynomial solutions: special boundary points of
phase-lock areas

Set

d = ez¢7 » = e = 6zwt.

The complexified equation (5.1) is equivalent to the Riccati equation

de
dz

(1 + p(2? + 1)@ — i(@? —1)).
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period=6.28319 omega=1.

dimensionless sine amplitude

dimensionless dc bias

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

The latter is the projectivization of the following linear equation in vector
function (u,v) with ® = 2, see [11, subsection 3.2]:

r_ 1
U= 2iwzu (53)
u =272 (=(lz 4 p(l + 22)u+ 57-v)

This reduction to a system of linear equations was earlier obtained in slightly
different terms in [3, 13, 8, 17]. It is easy to check that a function v(z) is
the component of a solution of system (5.3), if and only if the function
E(z) = el*v(z) satisfies equation (1.1) with n =14 1 and

A= (%)2 — 2. (5.4)



period=8.97598 mu=0.7

dimensionless sine amplitude

1.5 -1 -0.5 o0 0.5 1 1.5
dimensionless dc bias

Figure 3: Phase-lock areas and their adjacencies for w = 0.7.

Theorem 5.3 (see [11, theorems 3.3, 3.5]). For every w > 0,1 > 0 a point
(B,A) € R? with A > 0, B = lw is an adjacency for family of equations
(5.1), if and only if | € Z and the corresponding equation (1.1) withn = 1+1
and p, X as in (5.2) and (5.4) has a nontrivial entire solution, i.e., if and
only if equation §(A, u) = 0 holds; & is the same, as in (4.11).

Remark 5.4 The statement of Theorem 5.3 holds, if and only if the mon-
odromy operator of Heun equation (1.1) with n = [ + 1 is trivial. This
follows from [8, theorem 3] and [15, proposition 3.2].

In what follows we will use the next proposition.

Proposition 5.5 Let w > 0, (B, A) € R?, and let p = p(B, A) denote the
corresponding rotation number. If (B, A) does not lie in the interior of a
phase-lock area, then the monodromy operator of the corresponding Heun
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period=12.5664 omega=0.5

dimensionless sine amplitude

-1 20.5 0 0.5 1
dimensionless dc bias

Figure 4: Phase-lock areas and their adjacencies for w = 0.5.

equation (1.1) withn =1+1, 1= g has eigenvalues e™ (P~ and =P+,
In particular, the latter pair of eigenvalues is the same for all other points
(B, A") with the same B and p(B,A’) = £p(B, A)(mod2).

Proof Let A1, Ay denote 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. If r = p(B, A) ¢ Z, then the monodromy of the corresponding Riccati
equation is an elliptic M6bius transformation conformally conjugated to the
rotation by angle 27r. Therefore, it has two fixed points with multipliers
e*2mr . The latter multipliers are ratios of the eigenvalues )\, and without
loss of generality we consider that % = e¥™"_ On the other hand, A\;\s =

e~ 2™ by Proposition 4.1. This implies that the eigenvalues under question
are equal to £e™("=) e+ In the case, when r € Z, the point (B, A)
lies in the boundary of a phase-lock area and the monodromy of the Riccati
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period=20.944 omega=0.3

dimensionless sine amplitude

-1 20.5 0 0.5 1
dimensionless dc bias

Figure 5: Phase-lock areas and their adjacencies for w = 0.3.

equation is parabolic, The monodromy of the Heun equation has multiple
eigenvalue given by same (now coinciding) formulas. The correct sign should
be the same for all the points (B, 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. The sing is “+” at each adjacency,
since the corresponding monodromy is trivial (Remark 5.4). Hence, it is
“+” everywhere. This proves the proposition. a

Theorem 5.6 Letw >0, (B,A) € R?, B,A>0,]= g, w= %, A= ﬁ—
w2, p=p(B,A). The double confluent Heun equation (4.10) corresponding
to the latter A\, p and l has a polynomial solution, if and only if l,p € 7Z,
0 < p = l(mod2) and p < I, and in addition, the point (B, A) lies in
the boundary of the phase-lock area number p and is not an adjacency. In
other terms, the points (B, A) € R corresponding to equations (4.10) with
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polynomial solutions lie in boundaries of phase-lock areas and are exactly
their intersection points with the lines | = g = p(mod2), 0 < p <, except
for the adjacencies, see Fig. 6.

A
d j
Ly L

o TR
"N

Figure 6: Approximate phase-lock areas for w ~ 0.27; the marked points
correspond to equations (4.10) with polynomial solutions.

Proof It is known that every point (B, A) € Ri corresponding to equation
(4.10) with a polynomial solution lies in the boundary of the phase-lock area
number p, and one has l,p € Z, | = g = p(mod2), 0 < p < 1 [7, corollary
6 and theorem 5]. In addition, (B, A) is not an adjacency [11, theorem
3.10]. Let us prove the converse: if (B, A) satisfy all the latter statements,
then the corresponding equation (4.10) has a polynomial solution. Indeed,
if (B, A) € R? lies in the boundary of the phase-lock area number p, | € Z
and p = [(mod2), then the monodromy of Heun equation (1.1) is unipotent,
by Proposition 5.5: the corresponding eigenvalues are equal to e~ ™11 = 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 (4.10) has a polynomial
solution, by Theorem 4.9. Theorem 5.6 is proved. O

38



5.3 Equation on non-integer level sets of rotation number

For given w > 0 and r > 0 set
L, = {(BvA) € R? ‘ p(BvA) = T}v L[r] = uvz:l:r(mod2)Lv-

We consider that r ¢ Z: then each L,, v = £r(mod2) is an analytic curve,
the graph of an analytic function B = g,(A). Here we write down analytic
equations defining the set L, in the complement R2\ Y], where

Sy = Us{(B.A) € R? | 1 = g = Lr(mod2)}. (5.5)

For every (B, A) € Ly, the corresponding Heun equation (1.1) has a mon-

odromy eigenfunction of the type

r—1 B
2

al:77
w

E(z) = zbZakzk, b=
kEZ
by Proposition 5.5. On has b,b +1 ¢ Z, if (B, A) ¢ Xpj. Therefore, the
analytic subset L, \ ¥, C (R2\ ¥jy) is described by equation (4.4). Let us
write it down explicitly. The corresponding matrices My, Rk, Sm, Tm, see
(3.9) and (3.23) are

1 + )\ 12 M2 12
My, = (k+5)2=F  (R+5)2=T |, Ry = MMy ...,

1_|_ A—1+1 “Q(TTZ*m)
S, = (%Lm?)(%tmq) (%7m+1)(%70m71)(%”7m72) ,

T = SpSpmst .- ..

Theorem 5.7 Letw >0, r € R. The set Ly N (R2\ Yyy) is defined by the

following equation in (B, A) € R2\Z‘[T], where B = lw, A = 2u, \+pu? = 25

2"

r—1 r+1
1
=+

Proof A point (B,A) € R?\ ¥ is contained in Ly, if and only if
p = p(A, B) = £r(mod2). Or equivalently, some of the corresponding mon-
odromy eigenvalues e™(Fr~ equals e2™ = (") The latter statement is
equivalent to (5.6), by Theorem 4.3. This proves Theorem 5.7. O

— DRy, 11To11 + i Ri 1 To21 = 0. (5.6)
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5.4 Description of boundaries of phase-lock areas

Proposition 5.8 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 cor-
responding Heun equation (1.1) is parabolic: has multiple eigenvalue.

Proof The point under question lyes in the boundary of a phase-lock area,
if and only if the flow mapping of the vector field (5.2) for the period 27
(restricted to the coordinate ¢-circle) is parabolic: has a fixed 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. O

Proposition 5.9 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(e™2™" 1) and a pair of unipotent matrices: the inverse to the
Stokes matrices at 0, cf. [15, formulas (2.15) and (3.2)]. Therefore, if the
monodromy of a Heun equation (1.1) is a multiplication by scalar number,
then the Stokes matrices are trivial, and the monodromy coincides with
the formal one. Hence, both monodromies are scalar and given by the
above diagonal matrix with unit eigenvalue. Thus, they are trivial. The
proposition is proved. O

The condition saying that the monodromy has multiple eigenvalue is
equivalent to the statement that it has eigenvalue +e~ ™%, by Proposition
4.1. This is equivalent to the statement that there exists a multivalued
solution 2% 3~ _, axz* of Heun equation with b € {—%, —1}: a monodromy
eigenfunction with the above eigenvalue. Heun equations (1.1) satisfying the
latter statement will be described below by using the following proposition.
Afterwards we deduce immediately the description of boundaries of phase-

lock areas.

Proposition 5.10 Let a Heun equation (1.1) have a Jordan cell monodromy.
Then its eigenfunction is either invariant, or anti-invariant under the invo-
lution #:

(H#E)(2) = 2wz "1 (E'(z71) = pBE(z71).

The proposition follows from the fact that the involution # sends mon-
odromy eigenfunctions to eigenfunctions (Proposition 4.2).
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Case 1: [ ¢ 27, b = —%: the monodromy eigenvalue equals

e~™ = 1. Then the monodromy operator of Heun equation (1.1) is a
Jordan cell, by Proposition 5.9. Consider the matrices

1 + Az? uzz?
M, = ]f_T ’fQBI s R = MMy .. .. (5.7)

Theorem 5.11 Let A+ p? = 75, w,pu # 0, n=1+1, [ ¢ 2Z. The mon-

4027
odromy operator of the corresponding Heun equation (1.1) has eigenvalue
e ™ if and only if
Ro’gl + wl(Rogl — R0711) =0. (5.8)

with some choice of sign.

Proof The corresponding eigenfunction E has the form

E(z) = z_éf(z), flz)= Zakzk is holomorphic on C*. (5.9)

keZ
Equation (1.1) is equivalent to recurrence equations (1.6) with b= —4:
, I l l
(]{7 — Z + A)Cbk — M(k + i)akfl + M(]i? — 5 + 1)ak+1 =0. (510)

The series f(z) should converge on C*. The above matrices M} and Ry
coincide with those constructed in (3.9), and they are well-defined for all
k € Z. Therefore, the coefficients ay, k > 0 are given by formulas (3.12) up
to common constant factor, by Theorem 1.9:

2

fo21, a1 = p Roan- (5.11)

ag =

Now we will use the condition of (anti-) invariance #E = +FE (Proposi-
tion 5.10), which takes the form

l
Zakzkfé = j:Qw(Z(k: — §)aszkfé — ,uZaszéfkfl),

keZ keZ keZ

or equivalently,



The free (zero power) term of the latter equation is equivalent to the relation
(1+lw)ap + 2wpa_1 =0, (5.13)

which is in its turn equivalent to (5.8), by (5.11). Therefore, existence of
the above solution E implies (5.8).

Let us prove the converse: each equation (5.8) implies the existence of a
solution (5.9) of Heun equation. To do this, consider the action of the trans-
formation # on the formal series (5.9) (with f not necessarily converging).
It sends formal solutions of Heun equation (equivalently, formal solutions of
(5.10)) to formal solutions. (The proof of symmetry of Heun equation under
the transformation # uses only Leibniz differentiation rule and remains valid
for formal series.) The space of formal solutions is two-dimensional, and it
is identified with the space of its initial conditions (a_1,ag). The transfor-
mation # is its involution. Its eigenvalues are equal to £1, and the cor-
responding eigenspaces are defined by initial conditions that satisfy (5.13).
Therefore, both eigenspaces are one-dimensional and are exactly character-
ized by equations (5.13), since both equations (5.13) are nontrivial. Thus, a
formal solution (ax)kez of recurrence relations (5.10) is #-(anti)-invariant,
if and only if its coefficients a_y, ag satisfy (5.13) with the corresponding
s1gn.

Fix the one-sided solution >, ; axz* of recurrence relations (5.10) for
k > 0. It satisfies (5.13), by (5.8). The sequence (aj)r>_1 extends uniquely
to a two-sided formal solution (ag)gez of (5.10) (a priori, not necessarily
presenting a converging series for k — —00), since the coefficients at ag4q in
(5.10) do not vanish. The latter formal solution should be #-(anti-)invariant,
by (5.13) and the previous statement. Hence,

l
ar = 2w ((—k — 5)61—1: — [a_(k11))

by (5.12). The series Y, _, arz* converges on C*: it is bounded from above
by converging series 2w > ;o (k + [I] + p + 1)|axz*|, by the latter formula.
This together with the above argument proves the theorem. O

Case 2: [ ¢ 2Z+ 1 and b = —H'le the monodromy eigenvalue
equals —e ™ #£ 1. Then the monodromy of equation (1.1) is a Jordan cell,
as above. Consider the matrices

L+ A 2 X 2
M, = (k=32 :=32-5 |, Ry = MpMpy, .. .. (5.14)
1 0
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Theorem 5.12 Let A+ p? = 125, w,p #0, n=1+1,1 ¢ 2Z+1. The
monodromy operator of the corresponding Heun equation (1.1) has eigen-
value —e™™" | if and only if

R1711 + 2wu(R1711 — Rl’gl) =0 (5.15)

with some choice of sign.

Proof We are looking for a double-infinite solution

E(z) =25 f(2), f(z) =Y ar" (5.16)

of Heun equation (1.1) with f holomorphic on C*. That is, with ay, satisfying
recurrence relations (1.6) for b = —!, which take the form

1 12 -1 I1—1
(k= 5)* = 5+ Nag = pulk - —5=)ans + pu(k —

)ak_H =0. (517)

The above matrices My and Ry coincide with those constructed in (3.9),
and they are well-defined for all k € Z. Therefore, the coefficients ag, k > 0
are given by formulas (3.12) up to common constant factor, by Theorem 1.9.
In particular,

1
b

1 2 4
631,11 =———Ry11, a1 = LRl,Ql = iRlQL

a0 = S b(b+ 1) 21

Ryo1 =

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

I+1 -
Zakzk_HTl = :I:Qw(Z(k: — _; )akz_k_l?1 - MZ%Z_ _HTI),

or equivalently,

I+1 _ .
Zakzk = iQw(Z(k - T)akz R _ uZakz )

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

(I +2wp)ag £ w(l —1)a; =0, (5.18)

which is equivalent to (5.15). The rest of proof of Theorem 5.12 is analogous
to the proof of Theorem 5.11. O
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Corollary 5.13 Let w, > 0, A+ p? = ﬁ, >0, n=101+1, B = lw,
A =2puw. 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: & (A, u) =0;

2) Heun equation (4.10) has a polynomial solution: det(H + A\Id) = 0,
where H is the | X l-matrix from (4.13);

3) 1 ¢ 27 and equation (5.8) holds;

4) 1 ¢ 27+ 1 and equation (5.15) holds.

Proof If one of the above statements holds, then (B, A) lies in the boundary
of a phase-lock area, by Proposition 5.8 and Theorems 4.9, 5.11, 5.12. Con-
versely, let (B, A) lie in the boundary of a phase-lock area. The monodromy
of the corresponding Heun equation (1.1) is parabolic, by Proposition 5.8. It
is unipotent, if and only if some of the two incompatible statements 1) or 2)
holds, by Theorems 4.9 and 5.3. Otherwise, the monodromy has Jordan cell
type with eigenvalue e =™ #£ 1. Therefore, one of the statements 3) or 4)
holds, by Theorems 5.11 and 5.12. Statements 3) and 4) are incompatible:
they correspond to Heun equation (1.1) with monodromy having multiple
eigenvalue e~ ™ or —e~™ respectively. This proves the corollary. O
Proposition 5.14 Letl € Z. For given w,u > 0 and n =14 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) € R? lies in the
boundary of a phase-lock area with a rotation number p =1+ 1(mod2).

Proof For [ € 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
p = p(B,A) (Proposition 5.8). Thus, e™*°~) = _1 for both signs, by
Proposition 5.5. The latter equality holds if and only if p = [ 4+ 1(mod2).
Conversely, if a point (B, A) with [ = g € Z lies in the boundary of a phase-
lock area, and p(B, A) satisfied the above equality, then the monodromy
eigenvalues are equal to —1, by Proposition 4.1. The proposition is proved.

O

5.5 Conjectures on geometry of phase-lock areas

Here we state conjectures that are motivated by numerical simulations and
theoretical results of [7, 8, 11, 15]. In what follows for every r € Z we denote

L, = the phase-lock area number 7.
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The next five conjectures are due to the first author (V.M.Buchstaber) and
S.I. Tertychnyi.

Conjecture 5.15 Each phase-lock area L, is a garland of infinitely many
connected components separated by adjacencies A, 1, A, 2 ... lying in the
line { B = rw} and ordered by their A-coordinates.

Remark 5.16 It was shown in [15, theorems 1.2, 3.17] that for every r € Z
the abscissa of each adjacency in L, equals lw, | € Z, 1 = r(mod2); 0 <1 <r
ifr>0r<Ii<0ifr<0.

Conjecture 5.17 For every k > 2 the k-th component in L, contains the
interval (A r—1, Ar k).

Conjecture 5.18 For every given £ € N all the adjacencies A,j, r =
1,2,..., lie on the same line, see Fig. 1-5; its azimuth depends on k.

Conjecture 5.19 The first component of the zero phase-lock area lies in
the square with vertices (0,£1), (£1,0).

For | € N let P, € {B = lw} be the point with maximal A—coordinate
that corresponds to Heun equation (1.19) with polynomial solution.

Conjecture 5.20 All P; lie on the same line, see Fig. 7.

Conjecture 5.21 As w — 0, for every r the set L, := L, N{A > A, 1}
accumulates to the A-axis.

In what follows we will discuss in detail the next two conjectures that
are closely related to Conjectures 5.15 and 5.17.

Conjecture 5.22 For r € N the phase-lock area with rotation number r+1
does not intersect the line

A, = {B=uwr} CcR?%

Conjecture 5.23 For r € N the phase-lock area with rotation number r
does not intersect the line A, _s.
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period=20.944 omega=0.3

= N w

dimensionless sine amplitude

o

-1 -0.5 0 0.5 1 1.5
dimensionless dc bias

Figure 7: Phase-lock areas for w = 0.3; the marked points correspond to
Heun equations (1.19) with polynomial solutions. They are described by
Theorem 5.6.

Remark 5.24 Conjecture 5.22 implies Conjecture 5.23. Indeed, the points
(B, A) with A > 0 large enough of the phase-lock area L,, r € Z lie close to
A, i.e., they are separated from the line A,._s by A._1. This follows from
the fact that its boundary consists of graphs of two functions B = g4, (A)
and g4+,(A) — rw, as A — +oo (follows from results of [19]). Each one of
Conjectures 5.22, 5.23 together with [15, theorems 1.2, 3.17| (see Remark
5.16) imply Conjecture 5.15.

A possible strategy for Conjecture 5.22. If the boundary of the
phase-lock area with rotation number r + 1 intersects the line A, then the
intersection points correspond to parabolic monodromy operator of Jordan
cell type with both eigenvalues equal to -1 (Proposition 5.14). That is, some
of equations (5.8) or (5.15) should hold at each intersection point.

Conjecture 5.25 Let | € N, and let the parameter p satisfy some of equa-
tions (5.8) if I ¢ 2Z, or (5.15) if [ € 2Z. Then the double-valued eigenfunc-
tion E from Proposition 5.14 gives a periodic solution of the corresponding
Riccati equation having rotation number between 0 and .

Conjecture 5.25 would imply Conjecture 5.22.
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A possible strategy for Conjecture 5.23. We know that for w > 1
the statements of Conjecture 5.22 and hence Conjecture 5.23 hold (Chap-
lygin Theorem argument, see [6, lemma 4] and [15, proposition 3.4]). The
adjacencies of a phase-lock area with rotation number p cannot lie on lines A;
with [ #Z p(mod2), see [15, theorem 3.17]; this also follows from Proposition
5.14. Suppose that for a certain “critical” value w = wy < 1 the boundary
of the phase-lock area number [ 4+ 2 > 0 moves from the right to the left, as
w decreases to wp, and touches the line A; at some point (B, A), as w = wyp.
Then there are two possibilities for the corresponding Heun equation:

- the associated Heun equation (4.10) (equation (1.1) with [ replaced by
—1) has a polynomial solution. But this case is forbidden by Buchstaber—
Tertychnyi result [7, 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
5.24) implies that both boundary components of the phase-lock area with
rotation number [ + 2 are tangent to the line A; at the point (B, A).

Conjecture 5.26 For every w > 0 for every adjacency (Bo, Ap) € R% of
any phase-lock area the branches of its boundary at (A, B) cannot be both
tangent to the vertical line B = By.

Proposition 5.27 Conjecture 5.26 implies Conjecture 5.23, and hence, 5.15.

The proposition follows from the above argument and Remark 5.24.

A possible approach to Conjecture 5.26 could be studying equations (5.8)
and (5.15) defining the boundaries and to see what happens with them when
the “non-resonant” parameters approach the resonant ones. A first step is
done below.

5.6 Description of boundaries of phase-lock areas near adja-
cencies. Relation to Conjecture 5.23

Let us write down equation (5.8) on the boundaries in a neighborhood of a
line Ay, lo € 2Z. Let us recall the formulas for the corresponding matrices:

4+ A 2
12 12
K-L 20 Ry = MMy .. ..

My, = Mk(Aalu?l) =
1 0
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Equation (5.8) for the boundaries is
Ro21 £ wl(Ro21 — Ro11) = 0.

Note that the matrices M}, are analytic in a neighborhood of the line [ = [
except for the matrix M, , which has pole of order one along the latter line.
2

One hos 12 -1 AN\ B-1/ 10
4 M?‘(( 0 0)7L 1 ( 1 o))'
Set 2
R =2 —Ro, X=M...My_,.
One has

B A ,u2 l%—l2 1 0
R_X<<0 0)—|— 1 10 R%)Jrl’

Ao &, (A ) 0
(0 0) Ry iz = < "o o)

by (4.11) and since the matrices Ml—o—i-k'()\’ w, o), RLOH{:()\, i, lp) coincide with
2 2
the matrices My, Ry preceding (4.11) with [ = ly. Therefore,

R = &,(\ 1) (ﬁ; 8) +OU—1o). (5.19)

Now equation (5.8) can be rewritten as
Rgl + wl(R21 — RH) =0. (5.20)

Taking into account asymptotics (5.19) one gets asymptotic form of equation
(5.20):

glo ()\, M)(X21 + wl(Xgl — Xll)) + O(Z — lo) =0. (521)

Now let us consider the case, when [y € 2Z + 1, and let us write down

equation (5.15) in a neighborhood of the line A;;. The corresponding ma-
trices from (5.14) are

1+ A 12 & l
My, = (k=52-2  =52-Z2 | Ry = MMg1....
1 0

Set
2 -2

R:
4

Ry, X =M .. .My ,: X =1Id, iflo=1.
2

1 :
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Analogously to the above calculations, we get asymptotic relation (5.19).
Together with (5.15), it implies

flo ()\, /,L)(XH + QOJZ(XH — Xgl)) + O(l — lo) =0 (5.22)

Set, 1
Gulw, 1) = &\ ) = &5 — 1%, ).

Conjecture 5.28 g—% # 0 at zeros of the function & for everyl € Z, 1 > 0.

Remark 5.29 The above matrices X are both non-degenerate for [ = Ij.
This implies that in formulas (5.21) and (5.22) the multiplier at ¢, is non-
zero for at least one choice of sign.

Conjecture 5.28 together with the above remark would imply that for
every | € Z at every adjacency in the line A; at least one boundary compo-
nent of the corresponding phase-lock area (depending on the above-chosen
sign) is transversal to the line A;.

Proposition 5.30 Conjecture 5.28 implies Conjectures 5.26 and 5.23.

Proof Conjecture 5.28 implies that no adjacency can be born from a tan-
gency of both boundary components with a line [ = lg, Iy € Z, by transver-
sality (the above statement). In other words, it implies Conjecture 5.26, and
hence, Conjecture 5.23, by Proposition 5.27. O

Open Question 6. Study the degeneracy of equation (5.6) on non-
integer level curves of rotation number, as the latter number tends to an
integer value. The level curves should degenerate to boundaries of phase-lock
areas. How to retrieve equations (5.21) and (5.22) on the boundaries and
equation (A, u) = 0 on the adjacencies from asymptotics of degenerating
equation (5.6)7

5.7 Asymptotic behavior of phase-lock areas for small w

D.A Filimonov, V.A.Kleptsyn, I.V.Schurov, V.M.Buchstaber and S.I.Tertychnyi
have done numerical simulations studying what happens to the phase-lock
areas, as w — 0. They have observed that after appropriate rescaling of the
variables (B, A), the phase-lock areas tend to open sets (which we will call
the limit rescaled phase-lock areas) whose components partition the whole
plane somewhat similarly to a chess table turned by 7, see Fig. 5 for w = 0.3.
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Open Question 7. Study what happens with the phase-lock areas, as
w — 0. Study the separation curves and adjacencies of the limit rescaled
phase-lock areas. To do this, it would be helpful to study the asymptotics
of the functions (;(w, ) in variable p with fixed w and their zeros, as w — 0.
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