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Abstract
We study the asymptotic behavior of the discrete analogue of the holomorphic map z%. The
analysis is based on the use of the Riemann-Hilbert approach. Specifically, using the Deift-Zhou
nonlinear steepest descent method we prove the asymptotic formulae which was conjectured in 2000
by the first co-author and S.I. Agafonov.



1 Introduction.

The nonlinear theory of discrete complex analysis goes back to 1985 Thurston’s talk 28] at Purdue
University and declares circle patterns to be natural discrete analogs of analytic functions [26], 27].
The word “nonlinear” refers to the basic feature of equations describing circle patterns. Often,
the so-called cross-ratio system is used for this. In [8] a discrete conformal map was defined as a
complex valued function on the square grid f : Z? — R? = C with the property that the cross
ratio on each elementary quadrilateral is -1:

(fn,m - fn+1,m)(fn+1,m+1 - fn,m+1)
(fnJrl,m - fn+1,m+1)(fn,m+1 - fn,m)

Here and below we abbreviate f,,, = f(n,m). The boundary data f(n,0),f(0,m) and the
evolution equation determine the whole map uniquely. A discrete conformal map is called
embedded if the interiors of different elementary quadrilaterals are disjoint.

Note that the definition of a discrete conformal map is Mobius invariant and is motivated by
the following characterization for smooth mappings: A smooth map f : D — C is conformal
(holomorphic or antiholomorphic) if and only if Vz€ D C C

) = [+ U+ etie) = (= +i0))
=0 (f(z+€) = f(z+e+1€))(f(z +ie) — f(2))
It is a very appealing problem to find discrete conformal maps corresponding to classical holo-
morphic functions. In the following we discuss a discretization of the holomorphic map z%. A naive
way to construct a discrete analogue of the holomorphic map z* would be to take with the
boundary data f(n,0) =n?/3 and f(0,m) = (im)%*?. However, as demonstrated in Figure (left),
the resulting lattice is not embedded and is far from its continuous counterpart. Hence this map
cannot be treated as a discrete z“.
The discrete embedded analog, Z®, of the function 2® exists and is shown in Figure [I(right).
To construct discrete Z% more involved methods coming from the theory of integrable systems are
required. Indeed, a crucial property of equation is its integrability [24, §]. In the following we
summarize some known facts about the discrete conformal map Z¢, see [9, [3], 6] for more details.
The discrete map Z“ was introduced in [6]. In order to construct an embedded discrete analog
of z® the following approach is used. Equation can be supplemented with the nonautonomous
constraint

= —1. (1.1)

=1

(fn+1,m - fn,m)(fn,m - fnfl,m) (fn,m+1 - fn,m)(fn,m - fn,mfl)
(fn—l—l,m - fn—l,m) + 2m (fn,m—l—l - fn,m—l) .

This constraint is derived within the theory of integrable systems. Solutions of satisfying
are singled out by an auxiliary special Fuchsian system, which yields formula (see Section
and [6l 3] for more details). This constraint is compatible with . A proof of the compatibility
based on the analysis of the corresponding Lax representation and the above mentioned Fuchsian
system is given in [9].

We assume that 0 < a < 2 and denote Z2 = {(n,m) € Z : n,m > 0}. To demonstrate that
the constraint indeed corresponds to a discrete Z® we investigate its continuous limit. The
right hand side of in the limit € — 0 for z =z + iy = ¢(n + im) gives

lim 2t G = fENUE) = f(z =) Ly (f(z+ie) = fR)(F(E) = f(z —io))
e—0 € fz4+e)— f(z—¢) € f(z +i€) — f(z —ie)

afpm=2n

(1.2)

= xfm‘Hny = Zfz»



Figure 1: Two discrete conformal maps with close initial data n = 0,m = 0: (Left) Continuous
holomorphic mapping 22/3 and the discrete holomorphic mapping with the “naive” boundary data
f(n,0) = n?? and f(0,m) = (#m)?/3. (Right) The discrete Z%/3: the boundary data is slightly
different from the “naive” ones. [Images by J. Richter-Gebert]

where we have used the holomorphicity of the limiting mapping. The corresponding limit of
becomes af = zf,, and its general solution is f(z) = 2% up to scaling.

This consideration and the properties z*(R;) = Ry and z%(iR;) = e®™/2R, of the holomor-
phic mapping z% motivate the following definition [6] of its discrete analog.

Definition 1 For 0 < a < 2 the dicsrete conformal map Z¢ : Zi — C s the solution of equations

and with the initial conditions
Z%0,0) =0, Z%1,0)=1, Z%0,1)= e/, (1.3)

The properties Z%(n,0) € Ry and Z%(0,m) € ¢*™/?R, are obvious. The existence of this map
was proven using the methods of the theory of integrable systems.

As it was shown in [3], the discrete conformal map Z¢ determines a circle pattern of Schramm
type, i.e. an orthogonal circle pattern with the combinatorics of the square grid. The points
Z%n,m) with even and odd n + m are the centers of the circles and their intersection points
respectively (see Figure . Moreover, this discrete conformal mapping was also proven to be
immersed, i.e. the neighboring elementary quadrilaterals do not overlap. Finally the embeddedness
of this mapping was proven in [I].

It turns out that the orthogonal Z¢-circle pattern can be defined in a pure geometric way
without referring to integrable equations. The corresponding rigidity result was obtained in [10]
by analysis methods. It reads as follows. For a € (0,2) the infinite orthogonal circle pattern
corresponding to the discrete conformal mapping Z¢ is the unique embedded orthogonal circle
pattern (up to global scaling) with the following two properties (see Figure [2f(left)):

(i) The union of the corresponding kites (elementary quadrilaterals) of the Z%-circle pattern
covers the infinite sector {z =re®® € C:r > 0,¢ € [0,an/2]} with angle an/2.



ZN

Figure 2: The discrete z2/3 as an infinite orthogonal circle pattern: one sector and the covering of
the plane. [Images by J. Richter-Gebert and T. Hoffmann]

(ii) The centers of the boundary circles lie on the boundary half lines Ry and e®™i/2R

For rational a = %, N €{2,3...} the rigidity of Z° follows from the rigidity results obtained
in [I8]. For example for the infinite circle pattern in Figure [2|(right) it reads as follows. Consider
an orthogonal circle pattern with the combinatorics shown in this figure, i.e. there is one circle
intersected by six neighboring circles and all other circles have exactly four intersecting neighbors.
Then an orthogonal embedded circle pattern that covers the whole plane and possesses the described
combinatorics is unique.

Our goal is to prove the following asymptotic behavior of f, ., = Z5,, as n,m — oo, which
was conjectured in [3].

Theorem 1 Let Z7 ,, be the above defined discrete analog of the power function z%. Assume that
0<a<?2. Then,

Zim=cla) (“57) (140 () ) Wt (1.4

+m
with
C(CL) _ F(l_ %)
r(1+%)

This asymptotics was proven for n = 0,1 in [3]. Also by elementary methods the corresponding
asymptotics without a formula for ¢(a) was proven for n —m = const in [2].
Theorem [1I] is the statement about the asymptotics of the solution of the Cauchy problem

for equations (1.1)) and (1.2]) determined by the initial data (1.3). Equations (1.1)) and (1.2)) are

nonlinear difference equations. It is difficult, if not impossible, unless solution is explicit or given



in terms of contour integrals, to perform global asymptotic analysis of nonlinear equations, both
difference and differential. The reason we are able to do this in the case of the Cauchy problem
for equations and is their integrability. The latter allows us to use the Riemann-Hilbert
approach - a noncomutative analog of contour integral representation and apply the nonlinear
steepest descent method of Deift and Zhou [I3] in our investigation.

As it will be shown in the main text, the function Zj ,, is intimately related to a certain col-
lection of orthogonal polynomials. Hence the necessity to use the orthogonal polynomial version of
the Deift-Zhou method [I5]. The Riemann-Hilbert problem corresponding to Z7 ,, is the problem
of a Fuchsian type - the associated system of linear differential equations has the regular singular
points only. Simultaneously, the problem is posed on a half-line. This is a rather rare situation
which leads to certain peculiarities in the implementation of the nonlinear steepest descent method.
In particular, support of the relevant equilibrium measure coincides with the whole half-line, and
the so-called “lenses opening” is not a local operation. Also, what is usually appear as a “global
parametrix”, here becomes a “local parametrix” near infinity. One more deviation from the stan-
dard situation is the need to use at some point (the proof of Theorem@ a rather sophisticated error
term estimates in the Hankel asymptotic series. More details on the Riemann-Hilbert problem we
are working with are in the main text.

Since we address the paper to a broad geometric audience we decided to make it self-contained.
In our presentations, we included all the details of the nonlinear steepest descent scheme, although
some of them are standard to the experts.

The proof with the use of the Riemann-Hilbert method needs a lot of preparatory steps which
in itself are of considerable interest. First, we need the Lax-pair formulation, then the setting of the
relevant monodromy data which is followed by its conversion into the Riemann-Hilbert setting. In
the course of these steps we will reveal the above mentioned connection to the theory of orthogonal
polynomials and the theory of discrete Painlevé equations. These connections do not help to prove
formula , while the results of our paper might be of interest in both these theories. With this in
mind, we make a detour from our main goal and discuss in Sections the orthogonal polynomials
related to Z¢.

Finally in Section [4] we define two discrete analogs of the logarithm function: the function
L(n,m) defining an orthogonal circle pattern (nonlinear theory) and Green’s function ¢(n,m)
(linear theory of discrete holomorphicity). The latter was introduced by Kenyon in [22]. We derive
their asymptotics at 72 = n? + m? — oo from :

1
L(n,m) = log(n+im)+7—log2+0(0g2T),
”
log r
ln,m) = logv/n?+m2+~+log2+ O ,  n-+m even.
r

Here ~ is Euler’s constant. The last formula has already been obtained by a different method in
[22].

As already been said, we start with putting the problem of investigation of the discrete conformal
map Z% into the Riemann-Hilbert formalism.



2 The Riemann-Hilbert representation for 7¢.

2.1 Isomonodromity of 7¢

The possibility to apply the Riemann-Hilbert technique to the asympotical analysis of Z% is based
on the integrability of the system ((1.1)) - (1.2)). The latter exactly means the following two facts.

Proposition 1 ([27, [8/) The nonlinear difference equation s the compatibility condition of
the following system of linear difference equations - the Lax pair |

\I/n—i-l,m - Un,m\Pn.my ‘Iln,m—i—l - Vn,m\Pn.ma (25)
where
1 —Uu 1 —v
Un,m = Un,m()\) = ( A f’m> ) Vn,m = Vn,m()\) = (_ A fml) ) (26)
Un,m Un,m
and

Unm = fn+1,m - fn,my Unm = fn,m—H - fn,m- (27)

In particular, this statement means that equation (1.1) implies the matrix relation,
Unint100Van () = Vies 1 (N0 (V). VA (2.8)

The following proposition was proven in ([3]), note that the isomonodromic constraint (|1.2)) was
obtained for a =1 in [23].

Proposition 2 The addition constraint is equivalent to the existence of a solution Wy, ,, to
satisfying also the following “X\ - equation”,

d B C D
a\pn,m = An,m\Iln,ma An,m = - 1 :_JSL\ + 1 TTK + T)L:ma (29)

where the independent of X matrices By, Cnm, and Dy, are of the following structure,

n U Un mUn—1.m
B - - n,m n,m+¥n—1, 2.10
e Un,m + Unp—1,m ( 1 Un—1,m ) ( )

m v UnmVn.m—1
C - nYm n7m n7m 2'11
n,m Un,m + Un,m—1 < 1 Un,m—1 ( )

D _ _% _%fn,m
nm = g . (2.12)
4

In particular, this statement means that the system (1.1)) - (1.2)) implies, in addition to ({2.8)),
two more matrix equations,

dUy,m ()

LS = Awtn WU (N) = Unn N An (V) VA, (2.13)
and AV (A
’ZX() = A1 NV = Van(N) A (A), VA, (2.14)



Equation is a Fuchsian liner system with four regular points (+1, 0 and oo). The
above statements imply that equations - describe discrete isomonodromy deformations
of system , and that the monodromy data of this system are the first integrals of -
(cf. [20]). Our first step will be the evaluation of these integrals for the particular choice of the
initial data corresponding to Z%. We shall start with the definition of the matrix valued
function ¥, ,,,(A) - a carrier of the monodromy data in question, by the equations,

Too(N) = A71% W1 (N) = Voo(\)Too(N), Pii(N) = U1 (N)Voo(N)Too(N),

Uy m(A) = Un—1,m(N)Un—2.m(X)...Uym ()
X VE),m—l(A)‘/O,m—2()\)---%,O(A)\PO,O(A)y n,m > 1, (215)

(1 0
o3 = 0 —1 .

In these equations, Uy, and vy, are defined via (2.7) with f,,, = Z2,,. The function A\~ 1%
as defined on the A -plane cut along the negative imaginary axis and fixed by the condition,

T <argh< o
—— r —.
g SMEAT T
It is also worth noticing that
det Wy (X)) = (A +1)"(1 = A)™. (2.16)
Proposition 3 The function ¥y, () is the common solution of linear equations , and .

Proof. The first equation in (2.5 is satisfied by construction. In order to see that the second
equation in ([2.5) is satisfied it is enough to observe that matrix equation (2.8) allows to switch the
matrices U and V in the definition of the function W, ,,(\) and re-write it in the form,

Upm(A) = Vim—1(A) Vim—2(A)...V 0(N)
X Un_Lo()\)Un_gp()\)...U070()\)\I/070(/\), n,m > 1. (2.17)
Verification of equation ([2.9) needs a little bit more work. Put

Frm()) = %\pn,m(x) — AN T (V).

In view of (2.13]), we have that

d d
FnJrl,m = E\I"nJrl,m - An+1,m\1’n+1,m = a (Un,mllln,m) - AnJrl,mUn,m\I]n,m

d
= (An—l—l,mUn,m - Un,mAn,m) \I[n,m + Un,ma\yn,m - An+1,mUn,m\Iln,m = Un,an,Tm

which means that
Fom(A) = Vs m (A Crn(A),



where the matrix Cp,(\) does not depend on n , but might depend on m and A. Similar arguments
based on the relation (2.14]) yields the m - independence of the matrix C, (),

Cm(A) = Co(N) = C(N).

It remains to notice that Fyo = 0 and hence C(\) = 0. This completes the proof of the proposition.
We shall now proceed with the establishing of the monodromy properties of the function

Upm(A) .

e The neighborhood of the point A = 0. This is the easiest. Indeed, from the definition (2.15)),
we immediately conclude that

_a

Wy (A) = WP (AT, (2.18)

where \Tfnzn()\) and [\/I\'n(fzn()\)]_l are holomorphic at A = 0. Moreover,

B0 = (5 ).

e The neighborhood of the point A = oo . With the help of a straightforward induction, one can
easy check that in the neighborhood of infinity, the function ¥, ,,,(\) admits the following
representation.

W (A) = TN, (2.19)
where
m4n 1
[ 2 I+ 0 if m 4+ n is odd
TOO = 10'3 —

meI if m + n is even

The functions \Tl%o%(/\) and [\Tfﬁj’f,i(A)]*l are holomorphic at A = co. Moreover,

0O e
( ) if m 4+ n is odd
[} [ ]

() (o0) = (2.20)

e 0
( ) if m +n is even
[ ] [ ]

The symbol “e” indicates that no specific conditions are imposed on the corresponding entry.
In other words, description 1} of the matrix \I/S)f,%(oo) is equivalent to the statement that
this matrix satisfies the following property,

95 00)]

=0, if n+m isodd and [\/I\lgff,{(oo)} =0, if n+m iseven.

11 12



e The neighborhood of the point A = —1, n > 1. The eigenvalues of the residue matrix —B,, ,,
at the point A = —1 are n and 0. Hence, by the general theory of differential equations
with rational coefficients (see e.g. [20]),

W (A) = UG (V) <1 ! ) E. (2.21)

where (I\f,(ljn?()\) and [(I\I;TT}L)()\)]_l are holomorphic at A = —1, and E does not depend on
A. (We note that the absence of the logarithmic terms at A = —1 follows from the very
definition of the function ¥, ,,(\).) Matrix E in formula (2.21) is defined up to the left

multiplication by a lower triangular matrix factor, and it can be brought either to the form,

E= <(1) C”im> (2.22)

jo (? é) (2.23)

(E11 = 0). We argue that the structure of the matrix £ must be the same for all n, m.
Indeed, let us suppose that

1 ¢ . 01
Enm = (0 nl’m), while Epy1m = (1 0).

Then, from (2.21)) it follows that

(E11 #0), or to the form,

Euin WO = H0) (e DT ) O (2.21)

where H(X) and H()) are holomorphic at A = —1 functions. On the other hand, the left
hand side of the last equation is nothing else but Uy, ,,,(\), which is holomorphic. Moreover,

the matrices H(—1) and H(—1) are invertible. Therefore, the cancellation of singularity at
A = —1 in the right hand side of (2.24]) is not possible, and we ran into a contradiction. The
reader can easily check that the similar contradiction arrises if we assume that

0 1 1 ¢
E?’L,m = <1 0) 5 E?’LJrl,m = (0 nJr117m> ,

as well as if we assume that

or



Observe now that in the case of option (2.23), the matrix E does not depend on m,n. In
fact, the same is true even if it is the option (2.22)) that is realized for all m,n . Indeed, using

again (2.21]) we see that

B0 = HO (o st = DT

where, as before, H(\) and H()) are holomorphic at A = —1 functions. Once again, the left
hand side of the last equation is Uy, ,,()), which is holomorphic, while the matrices H(—1)
and H(—1) are invertible. The cancellation of singularity at A = —1 is now possible, and it
is possible only if,
Cn+1,m = Cn,m-
Similarly,
_ 1 (enme1 —Cnm)A+1)7™\ ~
Bt (V50 =) (et = e DT G0y 2 v

where J(A\) and J(\) are again holomorphic at A\ = —1 functions. Holomorphicity of
Va,m(A) would then imply that

Cnm+1 = Cnym-

Just established independence of the parameter E, in the both its possible forms on n and
m allows us to evaluate it by analyzing the function W; (). We have,

1 -1 _ag, )\7% —)\%
U1,0(A) = Uo,o(A)¥o,0(A) = <)\ 1 >)‘ = ()\ZH \S > .

Consider the product

AT AT\ 1 =\ (1 0 _ =1
(A—ZH Ai ) (0 1) (0 (>\+1)—1> =Vio (N

It is straightforward that this product is holomorphic at A = —1 iff

mia

c=—e 2 .

Hence the matrix FE in representation (2.21)) is given by the equation,

1 —eiﬂTa
E = . 2.25
(0 1) (225)

The neighborhood of the point A =1, m > 1. Repeating exactly the same arguments as in
the previous case, we arrive at the following representation of the function W, ,,(A\) in the
neighborhood of the point A =1.

= 1 0
where \Tf%lzn()\) and [\Tl,gzn(/\)]_l are holomorphic at A = 1, and the constant matrix FE is
given by the same equation (2.25)). This completes the evaluation of the monodromy data of

the linear system (2.9)) corresponding to the discrete map Z®.

10



The branch of the function \~%/4 appearing in 1) 1) is defined on the A - plane cut along
the ray [0, —ioco) and it is fixed by the condition —%5 < arg\ < 37” . It also should be noticed that

the product,
Ty (M)A, (2.27)

is analytic and single valued on the whole finite A - plane. It is, in fact, a matrix polynomial.

Proposition 4 Representations (2.18), (2.19), (2-21)) and (with the matriz E defined in
) together with the single-validness of the product determine the function Wy, ()
uniquely.

Proof. Suppose that \Tlnm(/\) is another matrix valued function which admits representations
(2.18), (2.19), (2.21) and (2.26) (with the matrix E defined in (2.25)) and such that the product

Ty (A)AT73,

is analytic and single valued. Put

We first notice that

BN (] = (T (NS [T (WAE7]

and hence the function ©(\) is single valued. Secondly, because of , the inversion of the
matrix ¥y, (A) does not produce new singularities. Therefore, one can conclude that a priori, the
function ©(\) is analytic on C\ {0,00,1,—1}. At the same time, at the points 0, co and =+1,
the both functions which form the product ©(A) have exactly the same right singular factors which
cancel out in the product. Therefore, we conclude that the function ©(\) is, in fact, a constant

function,
©(\) = constant

Now, evaluating this constant matrix at A =0 we see that

O\ = (é I) : (2.28)

while the evaluation at A = oo yields

O\ = (' O) (2.29)

(regardless the parity of m + n ). Comparing (2.28) and (2.29) we conclude that

o) =1.

The proposition is proven.
It is important to emphasize that we do not need to prescribe a priori the 12 matrix entry of

the matrix @5?2,1(0) In fact, we shall use the equation,
Fm = =[T0), (02, (2.30)

11



as an independent definition of the map Z¢.

We conclude this section by noticing that the independence on n and m of the matrix £ means
again that the discrete map Z% describes a special one parameter family of discrete isomonodromy
deformations of system . In fact, this one parameter family can be also identified with a special
solution of a discrete Painlevé equation, namely of the d-PII equation, see [3]. Moreover, there is
also a connection to the continuous Painlevé equations. The map Z“ can be also obtained via
the Backulnd transformation of a special solution of the sixth Painlevé equation. This ” Painlevé
connections”, however, does not help in our main problem, which is the evaluation of the large n,
m asymptotics of the map Z%. Rather, the results of our paper might be used in building up a
comprehensive asymptotic theory of Painlevé functions. For the modern state of the art in this
area we refer the reader to the monograph [I7] and to the more recent source [12].

2.2 The Riemann-Hilbert setting.

i From now on we shall assume that m 4+ n is even. That is, we will first prove Theorem (1] for this
case. An extension of the statement of the theorem to the case of arbitrary parity of m + n will
be done in the last section of the paper, in Section [3.8

We start with summarizing the previous section’s considerations as the following theorem.

Theorem 2 Let W, () be the matriz valued function defined by the discrete conformal map
Zy m according to the equations . Then, the function Uy, ,,(X) = ¥(N) is the unique solution
of the following analytical problem.

e In the vicinity of A =1, the function ¥(X\) admits the representation,

T = TN <(1) ()\—Ol)m> ((1) —6175)’ (2.31)

where W (X) is holomorphic and invertible at A\ =1.

e [In the vicinity of A\ = —1, the function W(\) admits the representation,

() =TED( <(1) (Afl)”) ((1) _ellga>, (2.32)

where WED(X) s holomorphic and invertible at A = —1.

e In the vicinity of A = oo, the function ¥(X\) admits the representation,
W(A) = BEI)ATEBNTT, (2.33)

where \Tl(oo)(/\) s holomorphic and invertible at A = oo . Moreover,

B0 (0) = <: ?) .

12



e In the vicinity of A =0, the function ¥(X\) admits the representation,
T(A) = TON)AT8, (2.34)

where \TI(O)()\) s holomorphic and invertible at A\ = 0. Moreover,

O (0) = <(1) I) .

The branch of the function A\=%* in and 1s defined on the \ - plane cut along
the ray [0, —ioco) and it is fived by the condition —7 < arg\ < 37” )

e The product,
W(A)A273)

is analytic and single valued on the whole finite X - plane (it is, in fact, a matriz polynomial).

The map Z% itself can be recovered from the known function ¥ by the relation,

28 = — [T}, (0)]12. (2.35)

n,

We shall call the problem - - the monodromy problem, and we will be saying that
formula gives the monodromy representation of the discrete power function Z¢. We shall
now perform a series of equivalent reformulations of the monodromy problem which will eventually
transform it to a Riemann-Hilbert factorization problem posed on the ray [0, —ico).

Step 1. Put
B(N) = T(A)AT78, (2.36)

This simple transformation makes the new object - the function ®()\), a single valued function on
the whole A - plane. In terms of the function ®(\) the monodromy problem reads as follows.

e The function ®(\) is analytic on the finite A - plane.

e In the vicinity of A =1, the function ®(\) admits the representation,

D)) = 3V (N) ((1) (/\—Ol)m> (é —A_l“’g), (237)

where ®1)()) is holomorphic and invertible at A = 1.

e In the vicinity of A = —1, the function ®(\) admits the representation,

o) = oV () (é (Afl)n> (é _A_felga» (2.38)

where 6(*1)()\) is holomorphic and invertible at A = —1.

13



e In the vicinity of A = oo, the function ®(\) admits the representation,
mn

D(N) = DA, (2.39)

where ®(>)()) is holomorphic and invertible at A = co. Moreover,

) (00) = <: ?) .

e The function ®(\) is normalized by the condition,

(0) = <(1) I> .

In the vicinity of A =0 we have that (see (2.34))
d(N\) =0,
Therefore, equation becomes the equation,
Z@ = —$1,(0). (2.40)

(From now on and until Section we will usually suppress the indication of the n,m - depen-
dence.)

Step 2. Observe that equations (2.37) and (2.38]) can be rewritten in more uniform way, i.e.

2() = 200 (é RO 1)n> (é e ) ’ (2.41)

and

2() =2V ((1) (- 1)"9()\+ 1)%) (é o ) ’ (2.42)

with the functions dM(\) and (D ()) possessing the same properties as the functions ®1)(\)
and ®(-1()\), respectively. Let now Q1 and Q_; denote the discs of radius 1/2 and centered at
A=1 and A = —1, respectively. Define,

dL-1()) AeQ
X(\) = ) . (2.43)
D(N) (0 (A—l)_m()\+1)_"> AeC\QUQ

The function X (\) satisfies a certain factorization Riemann-Hilbert problem posed on the contour,

X =001 U001,

14
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Figure 3: Contour for the X - RH problem

which is depicted in Figure[3] The orientation of the circles which form the contour is counterclock-
wise. As usual, the orientation defines a + and a — side on each part of the contour, where the +
side is on the left when traversing the contour according to its orientation. The Riemann-Hilbert
problem which the function X (\) solves reads as follows.

Riemann-Hilbert problem for X(\)
e X(\) is analyticon C\ 3.
e The boundary values,

Xi(A):= lim X(\), (2.44)
NoA, NVexside of &

of X(\) on X exist point-wise, the limits in (2.44) are uniform, and the functions X4 (\)
are continuous. Moreover, the functions X4 () satisfy the jump condition,

X.(0) = X_(NG(\), res, (2.45)
where _
GO = <(1) eFAE(N - 11)—m(A+ 1)—n) |

e The behavior of the function X (\) at the point A = oo is described by the equation,

X(\) = <: ?) (I +0 (i)) AT N o0, (2.46)

e The function X (A) is normalized by the condition,

X(0) = (é I) <(1) (_?)m) (2.47)

We shall call the problem (2.45) — (2.47)) - the X - RH problem. In terms of the X -RH problem,
relation ([2.40) becomes the equation,

Z@ = (=1)™+1 X 15(0). (2.48)
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Step 3. Put
XANGA) AeC\QuUQ_1UI0,—ioc0)
Y(\) = (2.49)
X () AEQ U 4

This transformation moves the jumps from the circles ¥ to the ray ¥y = [0, —ico). Assuming
that the ray Yy is oriented towards infinity, we arrive at the Y - RH problem.

Riemann-Hilbert problem for Y (\)
e Y ()\) is analyticon C\ Xg.
e The boundary values of Y (\) on ¥y \ {0} satisfy the jump condition,

1 wA)e W
Yi(A\) =Y_(N) , A e X\ {0}, (2.50)
0 1

where ar  _a amw, -2
w(\) = 2isin 7@5(—1)7”*” = 2isin ?)\?,

and
©(A) = mlog(A — 1)+ nlog(A+1).

e The behavior of the function Y (\) at the point A = oo is described by the equation,

R 1 e?A_% . .
V() =Y () (A=1)293(A4+1)2% (2.51)
0 1

where Y(®)()) is holomorphic at A = oo, and

709 (00) = (: f) .

e The behavior of the function Y(\) at the point A = 0 is described by the equation,

iTa

R 1 e A 2(A=1)"\+1)™"
Y(\) =Y (2.52)
0 1

where Y(O()) is holomorphic at A =0, and

7o0=( 1) (o i)
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One can easily see that the function Y(©()\) in representation (2.52) is just the function X (A).
Hence, from ([2.48]), we conclude that in terms of the Y - RH problem, the discrete Z¢ is given by
the equation,

7% = (=1)"17D(0). (2.53)

The Y-RH problem is depicted in Figure [4 This problem is the final step in the series of
transformations of the original monodromy problem ([2.31]) — (2.34]). The Y-RH problem provides
the Riemann-Hilbert representation for the conformal map Z which we formulate as the following
theorem.

Figure 4: Contour for the Y - RH problem

Theorem 3 Let Y (\) be the matriz valued function defined by the discrete conformal map Z¢
according to the equations (2.49), (2.44), (2.30), and . Then, the function Y (X) is the unique
solution of the Riemann-Hilbert factorization problem - . The map Z% itself can be
recovered from the known function Y by relation .

Remark 1 In the setting of the Y - RH problem, equation can be replaced by the relation,
Y(\) = (: ?) (F+om)A™5", A= o, (2.54)

while equation — by the relation:
1 e\ /1 0
Y= <0 1) (0 (—1>m> (1+001) ; 1 ;A0 (259)

More precisely, this means that the more detailed formula (2.51) follows from condition and
jump relation , and similar is true for formula .

The asymptotic solution of the Y - RH problem will be our goal now. However, before we
proceed with the relevant analysis, we want to make a brief algebraic detour and to discuss a
little bit the connection of the Y - RH problem (2.50)) - (2.52]) to a certain system of orhtogonal
polynomials.
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2.3 Connection to orthogonal polynomials.

The behavior of the function Y'(\) at infinity, which is indicated in Remark [l together with the
upper triangularity of the jump matrix G(X), shows that the Y - RH problem belongs to the
type of the Riemann-Hilbert problems which appear in the theory of orthogonal polynomials and
random matrices [16] (see also monograph [I1] and survey [19]). Indeed, the solution Y () of the
Y - RH problem admits the following orthogonal polynomial representation.

P, wlw)e—PH)
Pi(\) ax i, U dy
Y(A) =M : (2.56)
27i 1 Pp_q(p)w( )E*W(H)
_Kp’f—l(/\) T Rk on = “M_l; dp
where .
kj _ n ’m’

2

Py(X) and Py_1(\) are the last two members of the collection {P(A)}F_, of the monic polynomials
determined by the orthogonality conditions,

P(MNwNe™#Ndx =0, j=0,..,1—1, 1=0,...k, (2.57)
3o
and hy_1 is the squre of the norm of the polynomial P_1()), i.e.
hior = | Peoit(MNTw(W)e PWNdx = / P2 (Nw(N)e ?NdA, (2.58)
20 E()

The pre-factor M in (2.56) is the constant matrix uniquely determined by the structure of the
matrices Y () (c0) and Y(©(0), see (2.51) and (2.52). The map Z® can be expressed in terms of
the polynomials Pj(\) as well. The corresponding formulae are,

1
P;(0)

iTa

Y resy-r (Pk()\)e A5 (A - 1) (A + 1)—") . (2.59)

7%= —

1 eMTa dm—1 o
- P OIA 5 (A 1*"’
P4 (0) (m—l)!d)\m—1< (ONTEQ 1))

iTa

A= T (B0 )|

It is worth noticing that the orthogonality condition (2.57)) can be also re-written in a simple residue
form

Y resyan (PI(A)e"’E“ )\j_%e_‘f’(’\)) = resioa (PZ(A)e”Ta)\j‘%(A — 1)+ 1)—”)

A=—1

iTa

e 2 a1 4
(m — 1) dAm—1 (Pl()\p\ *(A+1) ) ‘,\:1
+£ﬁ (P(A))\j_%()\fl)_mﬂ =0 j=0,.,0—1 (2.60)
(n—1ldan1\"! S ‘
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which, in fact, allows one to extend the original finite orthogonal polynomials system {P;(A\)}F,
to the infinite system {P;(\)};2, .

The orthogonal polynomial connection described in this subsection will make a little appearance
in the rest of the paper. Mostly, we will use it as a motivation for certain steps in our asymptotic
analysis. Therefore, we skip the formal discussion of the existence of the orthogonal polynomials
P;(X\) which can be also considered as a direct consequence of a prior existence of the function
Y (A). We also skip the derivation of the formula itself. It is standard (cf. [16], [I1]).
One only have to be a little bit more careful, comparing with the usual cases, when deriving the
asymptotic condition from formula . Usually, in the Riemann-Hilbert approach to
orthogonal polynomials the weghts participajting in the orthogonality conditions are appeared to
decay very fast at infinity, i.e., faster then any power. This is not the case with our weight, which
itself has a power-like decay at infinity. This, in particular, means that the error o(1) in
can not be replaced by O(A~!), as it possible to do in the usual situation. Indeed, in our case,
o(1) = 0(A~/?).

As it is always the case with the orthogonal polynomial Riemann-Hilbert problems (see e.g.
[11]), one can extract from fromula and orthogonality conditions or a Hankel
type determinant representations for both, the solution of the Riemann-Hilbert problem -
and for our main object - the map Zj,, . Indeed, let

H, = / MwNe N, s=0,1,...2k—1=n+m—1, (2.61)
Yo

be the moments of the weight w(\)e=¥M) and let

Hy Hy .. H_,
H Hy .. H

Hi = {Hrtj}jh=0,..01-1 = . 1<k
Hiy Hp .. Hyo

be the corresponding [ x [ Hankel matrix. Define also the augmented Hankel matrix,

Hy, H, .. H_, H
Hy Hj H,  Hi

Hii(N) = det | ..... o i<k
H—, H Hy—o Hy—
1 A P N

i.e. the Hankel matrix H;y; with the last row replaced by the row of the successive powers of A.
Orthogonality condition (2.57)) is a linear system for the coefficients of polynomial P;(\). Applying
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to this system Cramer’s rule and after some simple manipulations (see again, e.g. [11]), we will
arrive at the equations,
det Hizr1(A det Hiaq
‘Pl(>\) — + ( ) ;= + 7
det H; det H;
which, in conjunction with the formulae (2.56|) and (2.59)), provide the determinant representations
for the solution of the Y - RH problem and for the discrete power function Z¢.

It is worth noticing that the integral in (2.61)) can be evaluated by residues, so that the moments
H, can be expressed in the following form,

(2.62)

iTa

. ez arn—t s_a _n
H, = 2m (m —1)tdxm—1 </\ *A+1) ) ‘)\:1
omi €24 ATEN—1)™ 2.63
2 _
* 7m(n— ) dAn—1 ( ( ) ) ‘,\=71' (263)

Alternatively, the moments H can be expreseed in terms of the hypergeometric functions,

H, = (—1)*2ri

a
F(mjn L+ 3 8>F<m,1—a+s;m+n;2>. (2.64)
I'(%-s)(n+m) 2

The determinant formulae for Z7 , similar to the ones presented above have already been
obtained (without any use of the Riemann-Hilbert analysis) in [4]. However, the size of the de-
terminants det Hy , det Hyy1, det Hi(A), and det Hy41(N\) which appear in the representation of
Y(\) and Z%, grows unboundedly as n,m — oo which makes these determinant formulae useless
for the asymptotic analysis. We want to stress that this is a general feature of the orthogonal
polynomial theory. That is, the Riemann-Hilbert problem is used to evaluate the asymptotics of
the determinants appearing in the representations of orthogonal polynomials; not the other way
round. This is also the reason why we decided to point out at the relation of the Riemann-Hilbert
problem - to the system of orthogonal polinomials - . The latter might
be of interest of their own, and the results of our paper might be used for the describtion of the
large k behavior of the polynomials Py(\), as well as of the Hankel determinants det H; whose

generating moments Hg are given by the formulae (2.63)) or ([2.64)).

Remark 2 In the special case a =1 everything of course trivializes. The unique solution of -
is, as expected, fnm = n+im = Z%,=1 and the Y -RH problem admits an explicit (i.e.,
no growing with n and m nontrivial matriz products) solution. We discuss this issue in detail in
Appendiz C.

3 Asymptotic analysis.

In the asymptotic analysis of the Y - RH problem we will follow the Deift-Zhou nonlinear steepest
descent method for oscillatory Riemann-Hilbert problems [13]. More precisely, we shall use the
adaptation of the method to the Riemann-Hilbert problems arising in the theory of orthogonal
polynomials and random matrices which was developed in [15] (for a pedagogical exposition of the
method see again [I1] and [19]).
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In our presentation we will use the specific terminology accepted in the nonlinear steepest
descent method, such as “g - function”, local and global “parametricies”, etc. (see e.g. [11]).

Following the methodology of the nonlinear steepest descent method, we will perform a series of
additional transformations of the Y - RH problem. The aim is to arrive at the RH problem whose
jump matrix is approaching the identity as n,m — oo . In the process of these transformations, we
will solve in closed form certain local Riemann-Hilbert problems and assemble these local solutions
into a piece-wise analytic matrix valued function which will approximate solution of the whole Y
- RH problem. This, in turn, will produce our main results - the asymptotic formula .

3.1 First transformation Y — 7T

The first step in the method of [I5] is the introduction of the so-called g¢-function. Let us briefly
describe this notion. For more detailed exposition we refer the reader to monograph [11]).
Orthogonal polynomial representation (2.56)) of the function Y'(\) implies that
_n+m

Yii(\) = M1 Pr(N), k= 5

On the other hand, taking a hint from the general theory of orthogonal polynomials on the line
with positive weights (see e.g. [I1]), one can suggest that, as n? +m? — oo,

Pi(A) ~ eIV, (3.65)

where

9 = [ log(r ~ i), (3.66)

and dvg(\) is the equilibrium measure corresponding to the potential ¢(\). This, means that
dvg(\) is an extremal point of the "energy” functional,

e- | 0 / log A — v (v (s) - / ),

considered on the space of Borel measures on ¥ satisfying the restriction,

/ dv(\) =k (3.67)
o

It is not very difficult, at least on the heuristic level, to see that the Euler-Lagrange equations
for the functional £ have the form,

g+(A) + g—(A) — p(\) = constant, A € J, (3.68)

where J means the support of the measure dvy(\) and subscrips £ indicates the relevant boundary
values of the function g(\). Also, condition (3.67)) yields the asymptotic condition,

g(A) ~ Eklog\, X\ — oo. (3.69)

Remember that ¢(A) = mlog(A — 1) + nlog(A + 1). This means, in particular, a rather slow
grows of the potential ¢(\) at the infinity and hence a natural assumption that the support J of
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the equilibrium measure divy(A) should in fact coincide with the whole semi-line 3. Therefore,
one can look at the problem - as at a scalar Riemann-Hilbert problem posed on the
semi-line 3¢ = [0, —ico). The problem can be solved by standard techniques which yields the
following formula for the g - function.

g(\) = mlog(1 4+ V) +nlog(i + V). (3.70)

Here, v/ is defined on the plane cut along %y = [0, —ico) and the branch is fixed by the condition
—m/2 < arg A < 3w/2. For the logarithmic function, logw, its principal branch, i.e. —7 < argw <
7 is taken.

We shall not attempt to transform the above heuristic considerations into a rigorous proof of
the asymptotic relation . Instead, in accord with the method of [15] we shall use them as a
motivation for the first transformation of the Y - RH problem:

Y(A) = T(\) := Y (A)e 9Nos, (3.71)

with the function g(A) given by formula . It is also significant, that exactly the same function
g(\) appears in explicit solution of the Y - Riemann-Hilbert problem in the case a = 1, see .

Let us see how does the Y - RH problem change under the transformation . As it will
become clear soon, the usefulness of this transformation is based on the following properties of the
function , first three of which have already appeared as the Fuler-Lagrange equations ,
(13.69)).

e g(A) is analytic in C)\ [0, —io0],
e as A € [0, —io],

g+(A) +Fg-(A) =mIn(l = A) +nln(l + X) +imn = () + imn, mod (27), (3.72)

e as A\ — 00,
m-+n

g(\) = 5 In A+ o(1), (3.73)

as A — 0,
T

9(N) = Sn+ (m - in)V + 0(N). (3.74)

In view of the asymptotic formula (3.73)), transformation (3.71)) regularizes the behavior at infinity
in the setting of the Riemann-Hilbert problem. Indeed, for the new function 7'(\) we have that at
A=,

T =T (A =127 41)Eme o

crmon () (o (), - (0 D ). o
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where T\(OO)()\) = l/}(oo)()\) is holomorphic at A = co. The behavior at A = 0 does not change
much. Indeed, the asymptotic equations (2.52) and (2.55) are transformed into the equations,

iTa

1 e AN 2(A=1)""A+1)™"

T(\) =TOM) 9N (3.76)
0 1
and
. eiga)\_i
() ) L)) aea o

respectively. Here, T O = }7(0)()\) is holomorphic at A = 0, and equation 1' becomes
7% = (—=1)™1 79 o). (3.78)

Simultaneously, the jump relations (2.50) transforms into the relations,

)
=70 (7" 9N). e o (3.79)
where
h(A) = g+(A) —g—(\) = mlog 1 i_ g + nlog i i_ g, A€ Y. (3.80)
Put (cf. - .
H(\) = exph()) = (1 - g) (1 ! g) . (3.81)

Observe, that this function admits an analytical continuation on C\ [0,i00]. Indeed, the continu-

ation is given by formula itself with /A defined on the \-plane with the cut along [0,i00)
and the branch is fixed by the condition —37/2 < arg\ < 7/2. We remind that in the case of the
functions g(A\) and A** the cut for VX is [0, —ico) and —7/2 < arg A\ < 37/2. The function
H()\) has a pole at A =1 and a zero at A = —1. In what follows, a crucial role will be played by
the following lemma.

Lemma 1 For all m,n > 0, the positive function |H(X)| is greater than 1 in the first quadrant,
and it is less than one in the second quadrant.

Proof. Follows immediately from the simple geometric fact that [1+v/A| > [1—vA| and |i+V)\| <
li— VA | if A lies in the first quadrant. If A lies in the second quadrant the inequalities are reversed.

3.2 Opening of lenses and the second transformation 7" — S

As it is usual at this stage of implementation of the nonlinear steepest descent method, we observe

that
() (oo O D) oty ) s
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and go from the function 7'(A) to the function S(A) defined by the equations,

( _11 1 0) A€ Q,,
—H7 (N (V) 1

SO =T(\) 1 0 eo (3.83)
H\wy ') 1 :

¥ A Q. U,

where €, () is the region in the right (left) half-plane between the rays ¥y and X; = {\ :
RA = QA ¢ >0} (B2 ={A: RA= —cQ\, ¢ > 0}). The rays ¥; and X, similar to the ray %o,
are oriented toward infinity. The functions w; and wo are given by the equations,

wi(N) = 2isin %)\_%, and wa(A\) = 2isin %)\_%e”“ (3.84)

The regions €2; and €, are depicted in Figure [o} The Riemann-Hilbert problem in terms of the
function S(A) reads as follows.

22 Z1

) Q,

Figure 5: Contour for the S - RH problem

e S()\) is analyticon C\T', ' =%XgUX; UXs,

e The jump conditions are described by the equations,

1. as A€ Xp,

S.(\) =S (\) (_wol o ‘”é”) (3.85)
2. as A€ Xy, ) ) X .

=50 (1o 1) (3.56)



3. as A€ Yo,
R 1 0
5100 =5-0 (gt 1) 3.7

S(\) = <: 0) (r+0 <i)) ((1] :) (3.88)

® as A\ — 00,

X(A—1)293(\ +1)273e 9N 1 0 \eo
H\)wy'() 1 b
I A Q U,
e as A — 0,
S\ = (é I) ((1) (_%m) (r+om) (3.89)

0 1

(1 5" )\*%(/\ —1)7"(A+ 1)n) —9(Nos ( 1 O)

~

A%QTUQI,

Let Us = {|A\| <0 < 1} denote a small neighborhood of A = 0. In this neighborhood, with the
cut along the part of the ray [0, —ioco], one can define the holomorphic function,

1+VA i+VA > 1
ho(A) =mlo +nlo =2(m —in \FA—}— ap\Fta, 3.90
o) = mlog T2 mlog V2 = 2m—inVA+ 3 oy (3.90)

The function hg(A) satisfies the following properties,

H(\)  AeUs, R\>0,
exp ho(A\) = (3.91)
H71(\) XeUs, R)x<O.

Moreover, one can also observe that, for all A € Us N [0, —ioc0)

X .
9(\) = 5ho(N) = % log(1 — \) + glog(l )+ %Tn (3.92)
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where the branches, which are holomorphic in Uy, are considered for the logarithms in the right
hand side.

Similarly, in the neighborhood U5 = {|A| > 1/ > 1} of the point A = oo, we can define the
function heo(A)

A F+ VA 1
+\F+nlogz+\f = —iw(m—i—n)+2(m+in)—+2bk)ﬁk*%.

1
1= i~ o

In the neighborhood Uj s, the function heo(A) satisfies the properties similar to that of ho()),
ie.

heo(A) =mlo (3.93)

H(\) A€ U5, RA>0,
exp hoo(A) = (3.94)
H_1(>\) )\EUl/(g RA <0,

and

hoo(N) = % log(1 — \) + glog(l FA)+ %rn (3.95)

N | =

9(A) —
for all A € Uy ;5N 1[0, —io0),

Equations (3.91] - [3.92) and (3.94] - 3.95) allow us to reformulate the S - Riemann-Hilbert

problem in the following, more compact way.

Riemann-Hilbert problem for S(\)

e S(A) isanalyticon C\TI', I'=%qU X UXs,

e The jump conditions are described by the equations,

1. as A€ Xp,
’ 0 w(A)
5. =50 (5 “0) (3.96)
2. a8 A€ Xy,
= 1 0
5.0 =50 (1 iy 1) (3.97)
3. as X\ € Xo,
2 SN =S_(\ 1 0 3.98
=50 (o 1) (3.99)
e as A — 00,
S(A) = <: ?) <I+O (i)) AT T93CNTT8 e 3o (Vs (3.99)
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where the matrix C' is a piece-wise constant matrix - valued function defined by the equations,

1 0
( 1 ) A€ Q,,
—wy 1

1 e
C= 1 3.100
<0 1 ) 1 0 A ey, ( )
wy e " 1
\I A ¢ Qr U le
and
wo = 2isin % (3.101)
e as A —~ 0,
_ (1 e\ (1L 0 —Znos —40301)\§93 30N

S(\) = <0 1) (0 (_1)m>6 2 (I+O(/\)))\ 1730 \1%3¢7 2 , (3.102)

where C' is defined by the same equations ({3.100)).
In terms of the S - RH problem, the discrete Z¢ is given by the equation,
7% = (—1)"*+e=5759)(0), (3.103)
where R )
SO(A) = §(\)ezhoNas \=Gos o1 \Gos (3.104)
— is the holomorphic (and invertible) matrix factg\r in the right hand side of (3.102)). Similar factor
in the right hand side of (3.99) we shall denote S(®)()), i.e.

S (X)) = §(A)ezt=Nos y~Gos o1 zGos (3.105)

The S - Riemann-Hilbert problem is depicted in Figure 3. We can completely switch to this
Riemann-Hilbert problem in our analysis of the discrete conformal map Z%. That is, in addition
to Theorem (3|, we can formulate the following theorem.

Theorem 4 Let S()\) be the matriz valued function defined by the discrete conformal map Z¢
according to the equations (3.83), (3.71), (2.49). (2-43), (2.36), and (2.15). Then, the function
S(A) s the unique solution of the Riemann-Hilbert factorization problem - (5.103). The
map Z% itself can be recovered from the known function S by relation .

Remark 3 It is worth noticing that, since 0 < a < 2, the condition at A\ = 0 can be a priori
relazed. Indeed, it is enough to demand that

S(A) = O(AFO(1)AT%, A =0, (3.106)

More detail behavior at X =0 which is featured in will be then a consequence of and
the jump relations. (Of course, one still needs to formulate properly the normalization condition at
A=0).
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Now, we can highlight the role of Lemma Due to this lemma, as m,n — oo, the jump
matrices across the rays 31 and X5 become exponentially closed to the identity matrix away from
the points A =0 and A = 0o, and hence the S - problem is getting localized. This suggests that
the approximate solution of the S - RH problem can be assembled from the two local parametrices
- the solutions of the local Riemann-Hilbert problems at A = 0 and A = oo, and the global
parametriz - the solution of the Riemann-Hilbert problem associated with the jump across the ray
0. In the next three subsections we will construct these three parametrices explicitly, and in
subsection [3.6| we will assemble them into the piece-wise analytic matrix valued function, which we
will denote S(®*)()\). In subsection we will also show that S(@)(\) is indeed a parametriz for
the solution of the full S -problem, i.e., that the matrix quotient, R(\) := S(A)[S®)(A)]~! solves
the Riemann-Hilbert problem whose jump matrices are uniformly closed to the identity. The last
fact, by the general arguments of the Riemann-Hilbert theory, will allow us to prove that S (as)()\)
is the genuine asymptotic solution of the S-Riemann-Hilbert problem. The just described strategy
is standard for the nonlinear steepest descent method. The difference comparing with the usual
situation is technical - the global parametrix is not, simultaneously, the parametrix at the infinity,
as it happens in the usual applications of the Riemann-Hilbert method. The reason lies in the
Fuchsian origin of the Riemann-Hilbert problem we are dealing with.

We shall start with the construction of the global parametrix.

3.3 Global parametrix.

The global parametrix for the solution of the S- RH problem, which we will denote P(gl)()\) , is
defined as the solution of the following Riemann-Hilbert problem posed on the ray .

e PU()) is analytic on C\ Xy,
e The jump conditions are described by the equation,
(9D vy — plad) 0 w(A)
PN = PN (—w‘l()\) 0 ) A€ X\ {0} (3.107)

We note that in the setting of the P) _ RH problem we do not prescribe any special behavior
either at A = 0 orat A\ = oo. Hence the parametrix P¥)()\) is defined up to the left multiplication
by the matrix valued function analytic on C\ {0}. This non-uniquiness, however, will not affect
the construction of the approximate solution to the S - RH problem.

A solution of the P - RH problem can be easily found. Indeed, we notice that for all

A e Xo\ {0},
0 w(A)\ _ \~ i 0 ~ 2isin %”e%ia N
~w A 0 - e 2 0 +

oo aTm
21 sin 5
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: 1
where 1 = v/e™@ — 1. Diagonalizing the matrix (_01 O) , we also have that

1

0 1 _1- 1.2 -3
10 =T o3 T =T "A* A *T, where T = E (3.109)

IS

L
2 2
Combining (3.108)) and (3.109)) we arrive at the following representation for the jump matrix of the
P) _ RH problem.
<_w 0 W(A)> _ )\:%‘7377031"—1)\;% AI%Tn_U3A%U3-

This equation suggests that the the global parametric can be taking in the form,

[N

1
_ 93 a 2 a -
PO = T ryooni™ a0 T reate, g et (3.110)

1
2 2
We shall now concentrate on constructing the parametrices to the solution of the S - problem
at points A=0 and A =00
3.4 Parametrix at A =0.
Expansion (3.90]) implies that in the neighborhood Uy,
h2(\) = 4(m—in)2<)\+ZCj)\j>, (3.111)
Jj=2

where the coefficients c¢; satisfies the uniform estimate,

lex| < % k>1, nm>0. (3.112)
Therefore, the equation,
£0\) = h2(\) = 4(m — in)? (A +3 chJ’), (3.113)
Jj=2

determines a conformal change of variables in the neighborhood Us :

Us — D(0) = {€: €] < 1?6}, r=+/m2+n2 (3.114)

The action of the map A — £ on the part of the contour I' of the S - RH problem, which
is inside of the neighborhood Uy is indicated in Figure [f] We shall assume that the rays X are
actually slightly deformed so that inside of the neighborhood Us they coincide with the pre-images
of the rays I'y, which satisfy the following conditions,

™

arg ey, = —

5 — 20, (3.115)
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4726
Figure 6: The local map A — £
T 3T
argcle, = 7~ 20, arglr, = o — 20, (3.116)
where -
0 =—arg(m—in), 0<6< 5 (3.117)
Define /€ on the £-plane cut along the ray I'g and fixed by the condition,

—%—29<arg§< 3%—29.
Then, we will have that, for all 8,

e s
7§+§§mm@m<myﬁm§

)

IE)

™
- 11
- (3.118)

that is, for all #, the images, under the map £ — /€, of the rays I'; and I's and of the sector
between them lie in the right half plane R/€ > 0.
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Observe that inside of the neighborhood Uy, cut along the curve g, we have that hg(\) =
VE(A) . Therefore, the jump matrix Gg of the S - RH problem inside of the neighborhood Uy

can be written down in the form,

Gs(\) = e3VEN T3 \—F03 1 \§03,—3VEN)03

)

where the piecewise constant matrix L is given by the equations,

L= —lo_ira woe ELO) A€ EOOU57
—wy € 2 0

1
Lz(l 0>EL1, A€ X1 NUs,
Wy 1

L:(e 1 O):LQ, A€ X NUs,

—mia, ,—1
Wy 1

(3.119)

and wg is defined in (3.101)). Therefore, the map, A — &, transforms the Us - part of the S - RH
problem into the following model RH problem which is formulated for a matrix function ®(©(¢)

defined on the £-plane.
o dO)(¢) is analytic on C\T¢, Te =ToUT; UTy,
e The jump conditions are described by the equations,
oV = o eavErsg—ioseiose—avios,
where L =Ly if £€l'y, k=0,1,2.

e as £ — o0,

i
2

N[

2O =¢in| <I+ 0 <1>) 0 TgE
i Ve

N[ —

e as £ — 0,
20() = 8O (g i Cgine 2V

where the matrix-valued functions ®(©(¢) is holomorphic at £ =0,

30(6) = B(1+0(0)), det () = 1,

(3.120)

(3.121)

(3.122)

(3.123)

and the piece-wise constant matrix - valued function C' is the same as in (3.100) with €, ;

replaced by their images via the map A — £(A), i.e.

—wy 1

—1_—ima
wy e 1
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< . > —5 —20 <argf < T —20,

1 0
( ) %{—29<arg§<37“—29,

I %—29<arg§<%{—20,

(3.124)



The branch of the function ¢4 is define on the &-plane cut along the ray Ty and fixed by the
condition &Y% >0 as € >0, ie.

——%——20<2Hg§<:%;——2& (3.125)

The problem is depicted in the Figure [7| (for the case m > n).

Figure 7: The contour for the ®© - RH problem

The same remark as in the case of the S-problem can be made, i.e., since 0 < a < 2, in the
setting of the ®(© - RH problem it is enough to demand, that

(&) = 0(E~570(1)¢i7, £ —0. (3.126)

The normalization condition comes from the fact that we want the “interior” function
dO(£(N)) to match asymptotically, as n,m — oo, the “exterior” function P¥)(\) at the bound-
ary of Us. In other words, to specify the behavior of ®(©) (&) as £ — oo, we must look at the
behavior of PY)(\) at A = 0. To this end, we notice that the function PUY(\) can be written
in the neighborhood Ujs in the form,

N[ =
N[>

P (\) = E(A)E(N) 17 BB (3.127)

[N
N[

where )
A\ 478
E(\) = <£()\)> (3.128)
is holomorphic at A = 0. Indeed, in view of (3.113]), we have that

EQ):(%WV—mwéﬁ(1+§:quim::@0n—mwﬁ“(I+§:C&V) (3.129)

51 j>1

where C; are (diagonal) matrix coefficients of the Taylor series indicated. Equation (3.127)) ex-
plains the choice of the normalization condition at £ = oo which we made in the model problem
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(3.120] - 3.122)). The holomorphic factor E(z) has no relevance to the setting of the Riemann-
Hilbert problem in the & -plane; it will be restored latter on, when we start actually assembling the
parametrix for S(A) in Us.

Remark 4 [t should be noticed that solution of the Riemann-Hilbert problem (3.120) - (3.129) is
not unique and is defined up to the transformation,

10
3O (¢) - 30 (¢), (3.130)
k 1

where k is an arbitrary complex number. As with the setting of the Riemann-Hilbert problem for
the global parametriz, this non-unigness will not affect the construction of the approrimate solution
to the S - RH problem. In fact, the unigness can be formally achieved if the error 0(5*1/2) wn the
normalization condition is replaced by the error O(¢€71). However, as it follows from the
explicit solution of the problem, which is presented in Appendiz A, this error can not be achieved
for the generic value of a. It also can be observed, that with the help of the gauge transformation
the normalization condition at infinity can be replaced by the condition,

1
o (¢) = <I+ 0] (é)) £=103 ’ T oseios, (3.131)

MBS

NO|—=

A
2

as & — oo. With this modification, the setting of the Riemann-Hilbert problem for the function
<I>(0)(§) will provide the unigness property of its solution. We prefer, however, to stay with condition

3.121)) and keep in mind the possibility of the gauge transformation (3.130).

Similar to the model problems appearing in [14] and [29], the model problem (3.120]) - (3.122])
admits an explicit solution in terms of the Bessel functions. In order to see this, let us make the

following simplifying substitution,
0O (£) = WO (g)ygdonem2vErs, (3.132)

In terms of the function (% (¢), the Riemann-Hilbert problem (3.120) - (3.122) reads:
o U(O)(¢) is analyticon C\T¢, Ie =ToUT; UTy
e The jump conditions are described by the equations,
0 0
VAR A AL (3.133)

where L0 =LY if ¢ €Ty, k=0,1,2, and

LY =577 Loy = L =0 Ly = (3.134)

)
)

-1 0 eiﬂzﬂ 1
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e as £ — o0,

NI
N

(0) (¢ — ¢—Los LY e
v () =¢ o <I+O<\/g>>e (3.135)
2 2
e as £ =0,
wO(&) = Bo(1+0(&) )¢ 17 Cy (3.136)

where By is related with the matrix B from (3.123]) by the relation,
By = Bn°3, (3.137)

and the piece-wise constant matrix - valued function Cj is defined by the equations,

1 0
( ina 1) —5 —20 <argf < 7 —20,

1 3=l
Co = 2isin 7y 1 0 3.138
0 (0 1 > (im ) %{—20<arg£<37”—29, ( )
ez 1
I %—29<arg§<?§f—29,
As before, the condition at £ =0 can be replaced by
O =01 i70(1), ¢ —o0. (3.139)

Figure 8: The contour and jump-matrices for the ¥(®) - RH problem
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A distinguished feature of this Riemann-Hilbert problem is £ - independence of its jump matri-
ces. Following the standard arguments (see e.g. [I7]) we derive from this fact that the “logariphmic
derivative” of the solution W((£)) of the problem,

dv &) o
“:ﬁ?‘*(@'o(

is continious accross the contour I'¢ and hence is analytic on C\ {0} . Moreover, the (differentiable

in £ !) asymptotoc expansions (3.135]) and (3.136|) tell us that,

),

0 0 -1 1

1 1 1 1 1
G L Leim0 () ghoa, (3.140)
4 10 4 0 1 ¢
as £ - oo, and
A(g) = —%300330—1. (3.141)

as & — 0. Combaining these estimates with the analyticity of A(£) on C\ {0}, we arrive at the
conclusion that A({) is a rational function admiting the following representation,

0 0 a 1
1 1
10 68 —«
where a and b are some complex numbers satisfying (as it follows from (3.141])) the determinant
constraint,

(3.142)

o’ 4 B =d.

Using the gauge transformation (3.130) with x = —«a we can actually eliminate the diagonal entries
of the matrix A(£) and reduce A(&) to the form,

0 0 101

_'_7
4\1 o) % \2 o

(3.143)

Hence, the solution of the Riemann-Hilbert prioblem ([3.133|) - (3.136]), if exists, can be choosen in
such a way that it satisfies the matrix linear differential equation,

=

avr©() 1 0)
ol L | e (3.144)

Put o o
0i(©) =) (©), ¥a(©) = v (©),
for j=1 or j=2. Then from (3.144) it follows that

d1(§)
a

P2(§) = 4¢ (3.145)
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while the function (&) satisfies the second order linear ODE,

Py 1dp 1 a®\
@ e e (1) =0 (3:140)

By the change of variables, .
i
=3VE  ni(®) =y,
equation (|3.146)) becomes the standart Bessel equation,
d®y  1dy a®
294,229 1— — =0. .14
d22+zdz+< 422>y 0 (3.147)

Therefore, for the solution of the model Riemann-Hilbert problem (3.133]) - (3.136)) the following
ansatz might be suggested,

2 i 1 i
10 H£3/2( Ve) H(—(Z/2 (5v%)
v O)(¢) = oo,
@ (i @ (i
0 48] \GeH 0 (5VE) H 4y (5V9)
where H (_la%(z) are the Hankel functions forming a basis for the solution space of (3.147), and C'(®)

is the constant matrix whose choice could depend on the sector on the £ - plane. Next proposition
specifies exactly how the matrix C(® should be chosen.

Proposition 5 The following formulae define a solution of the problem (3.133) - (3.156]).

2 i 1 i
JE % 0 H(_(z/z (5\/5) H(—cz/2 (5\/3) _
v (¢) = 5 i
026 \ &), (5v8) &1 . (5V5)
I —5 —20 <argf < —20,
3m 20 < < 3T _ 26,
X (2 cos T8 1) 4 argl < 3 (3.148)

ez2 1

1 0
(M ) T —20 <arg{ < 3T — 20,

which in addition satisfies the following specification of the asymptotic condition ,

1 i
1 1 2 2 1

w0 (g) = g1 (I + —U,+0 ()) ezVers, 3.149
&) 7E : L (3.149)

2 2

where the constant matriz Wy is off-diagonal and is given by the equations,
0 (] 2
1—
U, = = 4a . (3.150)
Pp1—1 0
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The proof of the proposition is based on the known algebraic and asymptotics properties of the
Hankel functions and it is presented in detail in Appendix A.

Having constructed the function ¥(%(£) and hence the solution of the model problem ®()(¢)
the local parametrix at the point A = 0 is defined by the equations,

A )i

PO = EN2O(g(N) <> (3.151)
§(N)

Taking into account the holomorphicity of E(X) in Us (see (3.128)), we conclude that inside of

the neighborhood Uy, the function P(O)()\) has exactly the same jumps as the solution of the S -

ag.
problem is supposed to have. Indeed, just as it is with the function E()), the right factor T/\/\)) i
is holomorphic in Us and replaces the functions §i%"3 in the 0 - jump matrix (3.120) by the
functions AT1%8 . In this way, the ®© - jump matrix (3.120) transforms into S -jump matrix
(13.119). By the same reason, the singular factors of the right hand side of (3.122]) transforms into
the singular factors of the right hand side of (3.102). In other words, if S()\) is the solution of the

S - problem, then
S)[PO(X)]™! = holomorphic function in Uy . (3.152)

At the same time, on the boundary of the neighborhood, {(\) — oo as m,n — oo . Therefore, the
function ¥ (£()\)) can be replaced there by its asymptotics (3.149)), and we can see that on the
boundary of the neighborhood the following matching relation with the global parametrix P99 (\)

takes place (cf. (3.127)).

1
r2

PO()) = (1 1 ATEOY NI 4 O ( >) PUD(N), XedUs, n’+m?— . (3.153)

Qo4

1
VEQR)
PUY

We notice that again the factor ( & /\)) was important in bringing the leading asymptotic term

of (3.121)) to the form of (3.127).
Near the point A\ = 0, the parametrix P()()\) admits the representation (cf. (3.89)),

PON) = POM\)A~ 19307320 (Nos (3.154)

In the last step of our evaluation of the asymptotics of the function Z% we will need to know exactly
the matrix P(®(0). The explicit formula for this object is presented in the following proposition.

Proposition 6 The matriz factor ]3(0)(0) in the right hand side of (3.154]) is given by the equa-

tions,

20 VT _A3~§  _9me2ILp (L) Azts

~ . . nal'(=%) VT
PO(0) = AxBATE™ = . (3155)
a s —1_¢ —a—21a a _l,a
ot gt
where
A =2(m —in) (3.156)

The proof of the proposition needs some extra work with the Bessel functions, and it is moved to
Appendix B.
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3.5 Parametrix at A\ = 0.

The construction of the parametrix at A = co can be done in a complete analogy with the con-
struction of the parametrix at A = 0. However, we can considerably reduce the calculations by
using the symmetry of the problem with respect to the map A~ 1/X\.

Let Uy/s be the image of Us under the map A — 1 /XA. We assume that the pieces of the
contours Y inside of the neighborhood U;,; are the images, under the map A +— 1/A, of the
respective pieces of ¥ inside of the neighborhood Us. We notice, that the map preserves the
orientations of the contours: the “+7 - side of ¥, NUs goes to the “+7 side of X NU; 5 and the
“7 - side of X NUs goes to the “-” side of Xy N Uy 5. Secondly, we observe that

ho <i> = hoo(A) +im(m + n). (3.157)

We also notice that arg1/\ = arg A and hence the branches of all the power functions are preserved,

and, in particular, L
\/T 1
AV
PO(X

Consider now again the zero parametrix ). By construction, it solves the following local

RH problem in the neighborhood Uy .
o POY(N) is analytic in Us \ (Ek N U5>
e The jump condition is described by the equation,
PO = PO (N)ezhoNeos y—Gosp ATosgm3hoNos -\ e 53 1 Uy (3.158)

e as A — 0,
PO()) = PON)A~T93CATo8¢2h0(Nos (3.159)

where the matrix-valued function ]3(0)()\) is holomorphic at A =0.

e on the boundary of Us, the following matching relation with the global parametrix (3.110))
takes place,

PO() = <I+ 0 <1)> PUY(N), XedUs, n®+m?— o, (3.160)
T

which , in fact, can be specified as it is indicated in (3.153]).

The problem is depicted in Figure [0
Let us indicate explicitly the dependence of the parametrix P(O)()\) and the matrices L and
C' on the parameter a, i.e., we put,

PON =PO\a), L=La), C=Cla).
We argue, that the parametrix at A = oo can be defined by the equation,

P (\) = ¢, PO) (; —a> (3.161)

We have to check that so defined matrix-valued function solves the following local RH problem in
the neighborhood of infinity, Uys.
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Figure 9: The local P - and P(>®) - RH problems

e P(®)()) is analytic in Uiss \ <Ek N Ul/(;)
e The jump condition is described by the equation,
PP (2) = PRI (N)esheMNosy=gos [ ATosem3heo N3 X e 3 N Uy 5 (3.162)
® as A\ — 00,
P(\) = PO (\)A 5930\ G93 ¢ 2o (Vo3 (3.163)
where the matrix-valued function ]3("0)()\) is holomorphic at A = co.

e on the boundary of U, s, the following matching relation with the global parametrix (3.110)
takes place,

PI(N) = <I +0 <1>> PN, X€dlUy n*+m?— oo (3.164)
T

The problem is depicted in the same Figure 7.

The first condition is trivial; indeed, we have already indicated that under the map A — 1/X
the segments X N U;/s become the segments Y N Us with the preservation of the respective
sides of the segments. In order to check the jump relations , we should use and the
obvious equation,

Lk(—a) = Lk(a) = Lk. (3.165)
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We would have that (taking into account that m + n is even),

PO =arr? (§i-a)

— 0’1P(0) (} _a> eéhoo(/\)der%iﬂ'(ern)Us)\*%03Lk(_a))\%as6*%hoo(/\)03*%i7r(m+n)a3
_ %

= PEOO)()‘)B%hm()\)as)\figsLk/\%gg’eféh‘”()‘)%, A€ XENUyys.

Since the matrix C' satisfies the same relation (3.165)) as the matrices L , we would have condition
(3.163)) at A = co with

~ —~ /1 \
P> (\) = 5, PO) <A; —a>. (3.166)
Finally, we observe that
_— 1
1 a3 [ 2 o
o PO [ =:—a | =0 X4 nTOENIo3
A 1o
2 2
1 1 i
o3 2 2 a o3 2 2 “ .
=01\ 0101 N3N = \T 4 nTOENIT = ple )()\)
1 i 1 ;
2 "2 3 2

Therefore, on the boundary of U5, we have,

P)()) = <I +0 (i)) o1 P9l) (; —a> = (I +0 (i)) PU(N), n?+m? = oco.

That is, the matching condition (3.164]) is satisfied. This completes the proof that equation ((3.161])
indeed defines a parametrix for the S - RH problem in the neighborhood of A = co. It should be
also noticed that from (3.153]) the similar specification of (3.164] follows,

PN\ = | T+ )\_igf’al‘lfil(fa)al)\ioi” +0 (12> PN, Xe oU, s, n?+m? — oc.
¢(3) '
(3.167)
In addition, formula , together with implies the following expression for the
matrix ﬁ(‘x’)(oo).

. - n(3) g

P®)(x0) = ¢ PO)(0; —a) = (3.168)
—a T Axlia a—2 1 a\ Al_ga
2 ATt 27 r(5) An
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3.6 Asymptotic solution of the S - RH problem
It is convenient to pass from the matrix-valued function S to the function (cf. (3.105))),

SO\ = [§(°°>(oo)} S(N). (3.169)

The function S (M) satisfies the same S - RH problem except that the condition at infinity li
is replaced by the more standard condition,

e as A\ — 00,

S(\) = <1 +0 <i>> ATE93 O\ T3 ghoo (Vs (3.170)

The solution S(A) of the S - RH problem can be recovered from the solution S(A) of the S -
RH problem via the equation ~
S(A) = MS(\N), (3.171)

where the matrix M is uniquely determined by the properties,

M = <: (.)) , MD = (é I) <(1) (_2)m> i) (3.172)

where the matrix D is the left constant matrix factor in the representation of the solution S (A)

at A=0 (cf. (3.89),
SO\ = D(I + O(A)) PRt LTI CL PR LIICVEY (3.173)

JFrom (3.172) it follows that

1 i i i
M12 = 0, M11 = Dille_?n, M21 = (—1)m+167nD21, MQQ = (—1)m€7nD11 (3174)

This in turn means that

~ D (%
S%g) = Mi1D1o = £6_7n.
D1y

The last equation allows us to rewrite (3.103]) in term of the S - function,

D D
Za — (_1)m+16—z7rnD7i — _Dii’ (3.175)

where we again took into account that m+n is even. We shall now present the asymptotic solution
of the S - RH problem.
Define the piecewise analytic function,

PO XeUs,

SEI(A) = POI(N) A e Uy, (3.176)

PUD(X)  XeC\ (UsUUyy,),
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and consider the matrix ratio,
R(A) = P (c0)S(A)[S) (A)] 1. (3.177)
The function R()) is the piece-wise analytic matrix-valued function whose jump-contour is

Sp=0Us UoU, s U U, (3.178)

where Zgo) and Zgo) denote the segments of the rays »; and Yo, respectively, included between
the curves OUs and OU, 5. It should be noted that, since the functions S(\) and the function
5(@5)(\) share the same jump matrices on the ray %y and on the parts of the rays ¥; and ¥, which
are inside the neighborhoods Us and Uy/s, the function R()) is continuous across these pieces
of the contour I'. On the contour Xp, the function R(\) solves the following Riemann-Hilbert
problem.

e R()) is analyticon C\ Xp.
e The jump conditions are described by the equations,

1. as A € Zgo),

Re(3) = R-(WPT(Y) <H1(A)1wf ') (D o] (3.179)
2. as A€ Zgo) ,
Re(3) = R- (WP (H(A)i;lm (1]> ) (3180)
3. as A€ 90Uy, B
R.(\) = R_(\)PP()\) [P“’)(A)] (3.181)
4. as A € 9Uyys, |
R.(\) = R_(\)P9(N) [P<°°>(A)] (3.182)

e The function R(A) is normalized by the conduition,
R(oo) =1 (3.183)

It is also worth noticing that at the node points of the graph X the function R()) is bounded
and its monodromy at each node point is trivial. The R - RH problem is depicted in Figure
Let Gr(\) denote the R-jump matrix. Then, in view of Lemma (1| we have that there exists
a positive constant ¢y such that
GrA) =140 (e @), (3.184)

for all A € Zgo) U Ego), as n,m — oo. Simultaneously, the estimates (3.160)) and (3.164) imply
that
1
Gr(\)=I1+0 () , (3.185)

r
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Figure 10: The contour for the R - RH problem

for all A € OUs U U, s, as n,m — oo. Taking into account (3.153) and (3.167), we can specify
estimate (3.185)) as

1 1 1
GrN) =T+GYN +0 <r2> , GO0 = = AT 43 \ 17 (3.186)
if A € 9Us and
oo 1 oo 1 1 = 1
Gr\) =T+G™ N +0 (73) . G0 = A"1%6, 0 (—a)o A173 (3.187)

1
¢(3)
if A € 9U;,5. We note that, because of the off-diagonal structure of the matrix Wy (cf. (3.150))), the
matrix functions Ggo)()\) and Ggoo)(/\) are holomorphic in Us \ {0} and U5\ {oo}, respectively.
In their turn, asymptotic relations (3.184]) and (3.185)) yield the estimate,

L

1T = GRIlL, (S p)nLe(Em)NLe (Br) < —or>1 (3.188)

with some positive constant L. The standard arguments [I3] (see also Theorem 1.5 in [19]) lead
then to the asymptotic relation,

b
(14 [ADr

uniformly on every closed subset of CP! outside of the contour Xp. Hence we arrive at the
following asymptotic representation of the solution of the S - problem.

Theorem 5 . Let g()\) be the solution of the S - problem. Then,

R(\) :I+O( ) n? +m? — oo, (3.189)

S0 = [P (00)] o <I +0 <(1+1|)\)7“>) SE(N), n® 4 m? - oo, (3.190)

uniformly on every closed subset of CP' outside of the contour Lg .
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3.7 Asymptotics of Z¢. The completion of proof of theorem [1| for the case of
even n+m

The matrix factor D from (3.173)) is given by the equation,

~

~ -1 0
D= [P<°O>(oo)} R(0)P©(0). (3.191)
This, together with (3.189) yields at once the asymptotic equation,

D= [P (e0)] (1 +0 (i)) PO©), n’+m® - 0. (3.192)

We will need, however, a more detail information about the structure of the estimate (3.192]).

Proposition 7 .The matriz entries of R(0) satisfy the estimates,

Riu(0) =140 <:2> . Rp(0)=1+0 <:2> . Ri(0)=0 (i)  Ra(0)=0 (i) .

Proof. The matrix function R(\) admits the following integral representation (see again [13], [19]),

RO\ =1+ 217”/2 p(m(i_—iR(m)d’“" AeC\ Sk, (3.193)

where the matrix function p(A) = R_(\) solves the singular integral equation,

1 p(p)I — Gr(p))
AN)=1+— d A€ Xp. 194
() * 2mi /ER = A K € &R (3.194)
In ((3.194), the singular Cauchy operator in the right hand side is defined by the formula,
1 I—- I—-
1 / p()I — Gr(p)) iy = lim / p()( G/R(M)) .
21 Jx, o= A N—A, Ne—side of ©p /g = A

Equation (3.194)) is considered as an equation in Ly(Xpg). (From the general theory (see again
[13]), it follows that estimate (3.188]) implies the large r solvability of equation (3.194)) (which, in
fact, we have a priori for all » > 0 ) and the estimate

L

2 or>1 (3.195)
T

1 = pllLy(sg) <

Applying this estimate to (3.193)), we come to the conclusion that

R(0) =1+ ﬁ g (I_GAR(A))dA +0 (:2> , (3.196)

as n? +m? — oco. Taking into account ((3.184)) and (3.186)), (3.187) we see that one can replace
in (3.196)) the contour of integration by the union dUsU 90U, s, and the difference I — Gr(A) by

—Ggo)()\) and —Ggoo)()\) . In other words, we have that

R(0) = I — resA:(%GgO)(A) - resAZOO%G?‘”(A) +0 (:2) , (3.197)

44



and remembering the off-diagonal structure of the matrices Ggo)()\) and Ggoo)(/\) , the proposition
follows.
Denote

pik = (POO)jx, i = (P (00)) -
Then, taking into account that det P(>)(c0) = det PO)(0) = det B = i/2 (see (3.155) and (3.123),
we would have from (3.191) that

D11 = —2igaopn (Rll(o) — 2 Ry (0) + P2 Raa(0) q12p21R22(0)> ) (3.198)
q22 b11 q22P11
and
Do = —2iga2p12 (Rll( ) = 12 By (0) + P2 Ry (0) - T2 Ry (0)> (3.199)
g22 P12 gq22P12

Using Proposition |7| and recalling explicit formulae for the matrices ]3(00)(00) and PO 0), ie.,
formulae (3.155) and (3.168)), respectively, we derive from the equations (3.198) and (3.199) the
following estimates for the matrix entries Di; and Dis ,

. 1
Dy = —22(]22]911 (1 +0 <73>> s (3200)

and .
D1y = —2igoop12 <1 + 0 <T’2)> . (3201)
Substituting (3.200)) and (3.201)) into (3.175)) we obtain that,
1
70— P2 <1+o< ))
b11

or, looking one more time at (3.155|),

2 1
70 = _jg~2a—20p2 (—%) A® (1 +0 <2>) . n?4+m? - oo (3.202)
T

s

Taking into account the definition (3.117) of the branch of the argument of m — in and the
assumption that 0 < arg(m + in) < 7/2, we see that

A = 2% 2" (n 4 im)?,
and therefore,
A% = 29 sin 772a (n+1im)®.
The last equation allows to rewrite (3.202)) as

Z% = ntim lsin—F2< a)g
2 us 2/ 2

1 r—-% ri—2¢
Lo T2 (L 4) 2 (£3) o _L(1-3)
2/ 2 r(1+4)2 r(1+%)
equation (3.203)) is equivalent (1.4)) and hence Theore is proven for the case of the even sum
n+m.

(3.203)

—_
+
Q

7N

=

N——

N——
3
+
3
1
8

Since,
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3.8 Extension to the general case.

We need to extend the validity of asymptotic formula to the case of the odd value of the sum
n—+m. It is obvious that this will be achieved if we, still assuming the evenness of the sum n+m,
will be able to extract from the considerations of the previous sections not only the asymptotics
of fnm but the asymptotics of the quantities fp41,m or fnm+1 as well. In order to have that, in
virture of equations , it is enough to find the asymptotic behavior of the discrete derivatives
Up,m and Uy g, .

We start with noticing that from (2.10) and (2.11)) it follows that

_ (Bam)n

Unpm = (B )21 3 (3204)

and

(Cn m)ll
Upom = ———. 3.205
o (Cn,m)Ql ( )
Matrices B, and C,y, , in their turn, can be determined through the left holomorphic factors
in the representations (2.21) and (2.26) of the function W, ,,(\) near the points —1 and 1,

respectively. Indeed we have,

00
0 1
and
~ 0 0\ -1
G = ~mT L, (1) [wh.m] (3.207)
0 1

If we trace all the transformations which we made when moving from the original monodromy

problem ([2.31)) - (2.34) to the final S - problem (3.96|) - (3.102)), we will easily find out that

and

T () =S

n,

~H'WNw'y) 1/ \o A+
Taking into account that H(—1) =0 and H (1) =0, we see that

1 0
D (-1) = S(-1) :
0 (-2)"
and
1 0
o) (1) =5(1) ,
0o 2m
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and hence equations (3.206]) and (3.207)) can be rewritten directly in terms of the function S(\),

0 0
Bpm = —nS(—1) S1(-1), (3.208)
0 1
and
0 0
Crm = —mS(1) STH1). (3.209)
0 1

(We remind that we always suppress the indication of the dependence of S(A) on n and m.) Asa
consequence, the basic relations and for the discrete functions w, ,, and v, can
be replaced by the equations,

(S(=1))12

Up,m = m7 (3.210)
o= B
B (8(1))2e”

(From the formulae (3.171]) and (3.177) it follows that the solution S(A) of the S - RH problem
can be written in the form of the product,

and
(3.211)

SO = M [P (00)] T RS ()

Taking into account (3.172)) and (3.191)), the last equation can be transformed into the relation,

1 —fam\ /1 0 . B

SO\ = e~ 3 nes [13@)(0)] RYO)R(N)S@(N),
0 1 0 (~1)™

which in turn implies that,

S(+1) = S()) = i
0 1 0 (—1)m
—~ —1
% [p(o) (0)} R®) plab)(£1), (3.212)
where 1
R®) = RYO)R(£1) = T+ 0 () L =T o oo (3.213)

When deriving , we have used the fact that +1 ¢ C\ (Us U U;/5) and hence S(@8)(£1) =
P (£1) in accord with definition of the parametrix (). It also should be noticed
that the matrix entries of R*) admit the same type of specification of the estimate as in
Proposition [7]

Equation allows us to estimate the quantities (S(£1))12 and (S(£1))22 involved in
the formulae (3.210) and (3.211). To this end, we first notice that, as it follows from equation
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(3.110) and the convention about the branches of the multivalued functions used in (3.110) (i.e.,
—m/2 < arg A < 3m/2), we have that,

PU(£1) = . . : (3.214)
%e%mﬂ) ing= 2 (a=1)

where o = 0 in the case PW)(1) and o =1 in the case P¥)(—1). Secondly, taking into account
that det P(O(0) =4/2 (cf. (3.123)), we can write

R 1 P22 —DP12 N
[PO)] ' = -2 b= (POO) (3.215)
—P21 P11

Substituting (3.214) and (3.215)) into (3.212)) and skipping some strightforwrad though tedious

calculations, we arrive at the following representations for (S(#£1))12 and (S(&£1))s22.

(S(ED)2 = A~ famB, (S(£1))22 =B, (3.216)
where
A= —pe~Fn— 2 (1+ae) <p22 (Rﬁ) —eFRE)) ~ pro (Rgf) - e%RS))) , (3.217)
and
B = —p(—1)mes 1) (—p21 (Rﬁ) - e%R%)) +p1y (Rgf) - e%Rg;@)) . (3.218)

Substituting, in turn, these equations into the right hand sides of formulae (3.210)) and (3.211]), we
obtain that (we remind that we are still assuming that m +n is even),

P22 (Rﬁ) - iRS)) — P12 (Réf) - iRé?)
—p21 <R§I) - iRE?) +pu (Réf) - iRéE))

Un,m = _fn,m + )

" P22 (REL) - R} ) — P12 (Rg{) - Rg))
—p21 (Rﬁr) - Rﬁ?) + P11 (RSL) - Ré;)) 7

respectively. Remembering now equations (2.7)), the last equations become in fact the equations
for frn41m and f m41, respectively. That is we have,

Unm = *fn,m +

P22 (Rﬁ;) — iRg?) — P12 (R;) _ iRé;))

pn (B~ iRY)) o (B - iBG)) (3.219)

fn+1,m =

and
P22 (Rﬁr) - Rﬁ?) — P12 (Rg{) - Ré?)

—p21 (Rﬁ) - R@) + i (RS) - RS)) |

Jnmt1 = (3.220)
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We are ready now to produce the asymptotic formulae for f,41.,, and f, m+1. Indeed, taking
from (3.155) the exact expressions for pj;, we derive from (3.219) and (3.220) the relations,

2 1— 4pk_
fot1m = _2'2_2‘1_2MF2 (_3) AC A

T 2 1+ %/’i_’
and ) | a
— XK
— ;o202 %2 (_9> Ao-_ ARt
Jnmr = =i - 2) 7 1+ 4k,
where

L _RY -imy Ry R
T p) _ . p) T pe) (=)
Ry " — iRy R3" = Ry

Using estimate (3.213)) for the matrix entries of R(™) we see that

/i_:i+0<1>, n+:—1+0<1), r — 00.
r r

Simultaneously, we observe that

o_pi(122 oL
AC = A <1+A1+0<r%>>,

2a 1
A =A%1—- — —
i(1-5+0(3))

where we have introduced the notations,

and

(3.221)

(3.222)

(3.223)

(3.224)

(3.225)

Ay :=2(m—i(n+1)), Ag:=2(m+1—in), r1=+m+1)2+m?, and ro=+/n?>+(m+1)>2

Equations (3.223)), (3.224)), and (3.225|) imply that
1— &k 1
A A _pasfir0(=)),
I+ Xk- i

1— %k 1
A BT _ Ag (1 +0 (2>> :
1+ ZH“F 5
Therefore, formulae (3.221)) and (3.222]) generate the asymptotic equations,

2 1
o = =iz 200 (0 g (140 (5 ) ) or o0

and

and

2 1
Famon = —i27 220 (L4 g (1 e ()) 73 00

i 5
Comparing these equations with (3.202)), we immediately conclude that

F(1-%) (n+1+im\° 1
=gy (F5) (0 (Gmre)) 7o

and

o (80 (110 ) o

This proves Theorem |1| for an arbitrary parity of the value of the sum n + m.
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Figure 11: Discrete logarithm function L(n,m) as an orthogonal circle pattern. [Image by T. Hoff-
mann]

4 Discrete logarithm and Green’s functions

Considered in this paper discrete function Z¢ with 0 < a < 2 can be used to construct discrete
analogs of logarithmic functions. The corresponding functions in the linear and nonlinear theories
of discrete holomorphic functions were constructed in [22] and [3] respectively. In this section we
present the corresponding results and derive the asymptotics of these functions.

The circle pattern described by a discrete logarithm function L(n,m) is presented in Figure
As it was shown in [3] it can be obtained from the discrete Z in the limit a — 0 by the
following formula (see [3] [7, 9] for more details):

@ —1
L(n,m) = lim M

a—0 a

(4.230)

There is another discrete version of the logarithmic function closely related to Green’s function
of the discrete Laplace operator on a isoradial graph, i.e. on a rhombic embedding of a quad-graph.
The system

Zn+1,m — Znom = Wn+lmWnm, Znm+l — Znm = iwn,m+1wn,m (4231)

describes a relation between solutions zy, ,, of the cross-ratio equation (|1.1]) and solutions wy, ,, of
the Hirota equation

Wy,mWn+1,m + iwn—&-l,mwn—i—l,m—i—l — Wn+1,m+1Wnm+1 — iwn,m—i—lwn,m =0.

The geometric meaning of the Hirota variables is the following: for even n + m they are positive
w(n,m) € Ry and describe the radii of the corresponding circles, for odd n 4+ m they are unitary
w(n,m) € S and describe the rotation angles at the intersection points of circles (see [7, ] for
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details). We denote by W%(n,m) the Hirota function corresponding to the the discrete Z¢, i.e.
describing the radii and the rotation angles of the Z% circle pattern. Then as it was shown in |7} [9]
the formula

d
{(n,m) = %Wafl(n,m)m:1 (4.232)

describes the discrete logarithm function in the linear theory. The latter satisfies the discrete
Cauchy-Riemann equations

lnym+1)—L(n+1,m)=i(l(n+1,m+ 1) —L(n,m)).

At even n+m this is Green’s function of the discrete Laplace operator on an isoradial quad-graph
introduced by Kenyon [22].

Theorem 6 When r? = n? +m? — oo the following asymptotic formulas hold for the nonlinear
discrete logarithm (orthogonal circle pattern)

1
L(n,m) =log(n +im) +~y —log2+ O <0Tg2r> , (4.233)
and for the linear Green’s function:
1
l(n,m) =logvV/n?>+m?+~y+1log2+ 0O ( ogr) , n+m even, (4.234)
r

where v s Fuler’s .

Proof. The formal derivation of the asymptotic formulae and is easy. Asymptotics
is obtained by a direct differentiation of estimate with respect to a and putting then
a = 0. To obtain the second formula we observe the identity W¢(n,m) = |Z3,, ,,, — Z; .| at even
n+m due to the mentioned above geometric interpretation in terms of the radii of the circles. After
that the asymptotics is a result of a simple computation including again the differentiation
of estimate (|1.4)) with respect to a, this time at @ = 1. What is needed is the justification of the
legality of differentiation of estimate . To this end it is enough to establish the following two
facts: (a) the validity of estimate for the complex values of a in the small neighborhoods of
the points @ =0 and a =1 and (b) the analyticity of the map Z®, at least for the large n?+m?,
in these neighborhoods. In what follows we will show that these two facts indeed take place.

Applying to the Hankel asymptotic series the error term estimates (10.17.14) and (10.17.15)
from [25], one can arrive at the following bound to the error term in

‘o <1>‘ <m\a2—1|]a2—9\exp{|a2_1|\/iﬂ-}. (4.235)

£/~ 64f¢] 4l

This bound shows that the error term in and, as a consequence, the error term in
are uniform in the small complex neighborhoods of the points @ = 0 and a = 1. This in turn
implies the same uniformity of the estimates - (3.187) for the jump matrix Gr(\) of the
R-RH problem. In addition, we notice that estimate is also uniform with respect to the
complex a in the indicated neighborhoods in view of the equation,

T]le_é = eTTNT,
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This means that the key estimate is valid for the complex @ in the small neighborhoods
of a =0 and a =1 with the universal constant L and, as a consequence, that the final estimate
for the solution R(A) of the R - RH problem is uniform in these neighborhoods. This
uniformity is obviously inherited by the estimates for R;;(0) given in Proposition 7| Let us notice
that

Q12 _ _a P21 _ P22 a

q22 A" pu P12 A
Therefore, the estimates , and, as a consequence, our final result - estimate
for the discrete map Z¢ are uniform in the small complex neighborhoods of « =0 and a = 1.
Let us now show that the map Z¢ is analytic in these neighborhoods.

The analyticity of Z¢ with respect of a, in fact its meromorphicity, is an immediate corollary of
the formulae of Section Indeed, equations shows that the moments H, are polynomials
in a and e 2 ; actually, they are linear functions in ez with polynomial in a coefficients. In
virtue of , the polynomials P;(\) are meromorphic in a and, in view of so is the map
Z®. We only have to be sure that a« =0 and a = 1 are not, at least for sufficiently large n?+m?,
its poles. This is true and follows from . Together with the uniformity of this estimate in
a in the small neighborhoods of @ =0 and a =1 this allows us to differentiate estimate (3.202))
which is equivalent to with respect to a. The proof of Theorem |§| is completed.

Remark 5 In order to be able to exploit the analyticity - uniformity arguments for justification of
the differentiation with respect to a when deriving (4.234), one can use the formula,

d a a d a
%W (n,m) =W»n,m)R <dlog< nt1m an>>,

which is valid for real a .

Formula (4.234]) is the asymptotics of the discrete Green function derived by Kenyon [22].
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5 Appendix A. Proof of Proposition

The proof is formal: we will just check that the function ¥(©) (&) determined by the right hand
side of the formula (3.148)) solves the Riemann-Hilbert problem (3.133)) - (3.136]).

First we check the jump relations. The correct jumps across the rays I'y and I’y follows
immediately from the definition (3.148]). Consider then the jump across the ray I'g. We have,

0 —a/2( VEy) —a/2( VEy)

S
+S
—~
e
~—
|
B
o o=
®
N
Q
Q
w

2) \&H) ) (V) &H 5 (5VE,)
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and

e 193

o) HE), (Ve HY, (GVE)
I (GVE) el GVE)

o 1 0
2005% 1

The ray I'g is the cut for all the multivalued functions involved. In particular,
VE = e e

The Hankel functions H, ,51’2)(2) are defined on the universal covering of C\ {0} and satisfy there
the relations (see e.g. []),

HW(ze'™) = —e ™ HP) (2), HMV(ze7) = 2cosmvHWY (2) + e ™ H?) (2), (5.236)
HP (ze7™) = =™ HWM(2), H®(2¢"™) = 2cos mvHP (2) + ™ HWM (2). (5.237)
Therefore,

)t )T ),
s (1) <= ()

and the above formula for % (€) can be rewritten as,

\Ifﬂo)(é’):ﬁ (% 0) e ¥ —“/2( vEy) _elgaH—a/z( VEy) ( 1 0)
P02 \e T (e e g, (v ) \ 2

<
xet (2 cos =2 )

or

) T 3 0 —a/Z( VEy) —eF H a/2( VEL) via,,
v (f) = 7 _ _ " e 493
_ima ima g 2 i
0 25 e 2 df —a/2( \[4‘) —e 2 %H—Q/Q (5 54’)
xe 403 e 18 1 0
_ima 2cos 5 1
—2e” 2 cos 2 1

’LTra.

H(—la/Q( VEL) —e'FH —a/2( VEy)

I
i
~

N[
(@)
~_
o
-
3

0 26) \e % 1), (3VE,) —eF §HS), (V)
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“ 1 0 1 0
—2008% 1 QCOS% 1

N 5 0 ”“HEIJ/Z(WQ) —¢ T H —a/Z( VEy) .
_ VT "1t 0s (5.238)
P \0 og) \em i), (3 e ® AH, (3VE.)
i From it follows that,
0 1
v®(¢)
-1 0
NG 3 0 ¢ H —a/2( VEy) —e? H(—2a/2( V&) 0 1 .
= — e 107
2 ’LTFG, Zﬂ'(l
0 2¢ dH(—la/z( VE) —e: dH a/?( VEL) -0
Jr 3 0 ¢FH a/2( VEy) e H —a/2( VEL) .
= — e "z 93
2 zrra _i7ra
0 2¢ iH(Qa/z( VE) e d a/2( VEL)
1
3 0 a/2(\[+) Ha/?(\['i‘) .
J; 2 e = w(e), cer,
02/ \ZH® ,(5vE,) #£H"), (3VE.)

Thus the function ¥© (&) defined by ([3.148)) satisfies all the prescribed jump condition. Next, we
have to prove the asymptotics (3.135)) and (3.136]). Consider (3.135) first.

The large z behavior of the Hankel functions is given by the classical formulae (see [5] and

[25]),
HW(z) = \/761'(3—”2”—1) (1 +0 (1)> , (5.239)
Tz z
z— 00, —m<argz <?2m,
and
@) () = 1] 2 o-il-5-7) L
H)(z) =1/ —e 24| 1+0( - ), (5.240)
Tz z
z— 00, —2m<argz<T.

We remind that these asymptotics are uniform in every sub-sector of the indicated sectors on the
universal covering of C\ {0}. We shall also assume that i = €™/ in the all arguments of the

Hankel functions H* 1, 3)2 ( \/E) . Consider the closed sector between the rays I'g and I'y, i.e.,
~ T 9 <arge < T —20. (5.241)
2 4
For all 0 <6 < m/2 we have that
3T rge< T
5 SABES
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and hence 3
B gy

while

5
—T <argiV/e < —”.

Therefore, in sector (5.241) and for all § we can use for the functions H“ (1.2) (R/E) formulae

a/2
(15.23915.240f). This gives the following asymptotic representations for these functions and their
derivatives as £ — 0o, —5 —20 <argé <7 — 20,

Y (L e) = it et vE (1102 (5.242)

—a/2 2 ﬁ \/E ) .
4y i\/é _ et e (140 (L (5.243)

dg o2 27 VE |

1

9 ) 2 _mia,_1 1
H(_Q)/Q (2\/5> v ¢aezVe <1+0 ) (5.244)

d (2) Z . 1 _ mia 3 l
dgH—a/Q < \/g> - Qﬁe 4 g 1e2 < O ( >) (5245)
In the same sector, the function W((£) is given by the equation (cf. (3.148)),
(b 0N (HORGVO HNL v\
vO(¢g) = R e’ 1, (5.246)
2 i
0 2/ \&H®) ), (5v8) &HY; (5VE)

Combaining this formula Wlth equatlons (5.242)) - (5.245)) we arrive at the desired large £ behavior
of WO)(¢) in the sector . Indeed, substituting (5.242]) - (5.245|) into the right hand side of
(5.246))and performing the tr1v1al matrix multiplications, we have,

lgmienVt (1 +0 (ﬁ)) —feient (1 +0 (ﬁ))

VE

H\_/

N[ =

vO() =
seied e (140 () serierivi(1+0(F))
i
1 2 2 1 1 T us
=£ 1% 1+0 <)> 65\/5‘73, =00, ———20<argf{ < - —26. 5.247
et (0 ) (1ro( ¢ " ae<’ (5.247)
Next we consider the sector between the rays I'y and T's, i.e.,
3
T 29 <arge <5 —20. (5.248)
4 4
For all 0 <6 < 7/2 we have that
3 < ¢ < 3
4 = gC > 10



and hence 3 3
- @W < arg € < @W’ (5.249)

while

T < arz§<7—7r
g = MBS =g

Therefore, in sector ((5.248)) and for all 8 we can again use for the functions H (_103)2 (%\/E) formulae

(5.239H{5.240)). The function ¥(?(¢), however, is now given by the equation (cf. (3.148)),

(2) (i 1 (i
b0\ (VO HUL GV 1o
vO(g) =4~ et | . (5.250)
o 2) \gn, e gmuve) L
Therefore, instead of ((5.247, we shall get now,
1 _ i 1 0
2 T2
w0 =gt [T (1 Lo (})) oo [
b ¢ S
1 _ i 1 0
2 T2
e o)L 1V, (5.251)
14 I\ vE

3
£ = o0, Z—Qegargﬁgzﬂ—%.

At the same time, in the sector we have inequality . Therefore, in the asymptotic
formula the lower triangular matrix in the right hand side can be droped, and we arrive at
the desired large & behavior of the function W(®(¢) in sector .

Finally, we consider the sector between the rays I'y and I'g, i.e.,

%ﬂ —20 < argé < 3? —20. (5.252)

This time, for all 0 < 6 < /2 we have that

and

This means that we can continue to use asymptotic formula (|5.239)) for the function H M) a/2 ( \/E)

but can not use formula (}5.240|) for the function H( )/2 ( \/E) . At the same time, in sector (|5.252]),
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the function W) (¢), is given by the equation (see again (3.148)),

1 H(Q) i H(l) i
\P(O)(g) _ \/,7.‘_ (2 O) —a/2 (2\/5) —a/2 (2\/5) 6%“03 ( 1 O)
2 ) '
0 26) \ g, (0v8) 40, (20

10
(]
0 2

or

H(2L3/2 (5V€) +2¢” 5 cos %GHQQ (5v€) HSILB/Q (5V€)

d (2) na d pr(1) d (1) i
H —a/2 ( \/E) +2e” = cos Td?H a/2 ( \/E) Hfa/2 ( \/g)
Observe now that from the second equation in ([5.236)) it follows that

) i i in
H®, (2@) 2 cos T HY), ( \/5) — R, ( NG ) .
Hence formula (5.254)) can be rewritten as,

$ 0
wmf( J
0 2

e HH —a/2 (5v€e™) H(—113/2 (5v%)
x ™1, (5.255)

6_%%-’{(—13/2 (3vEe™™) & H(li/z (5v%)

We also observe that

—§<arg<\/e ”)S

This means, that we can use in the sector (5.252) formula (5.239)) for the both H* @) a2 functions
in ((5.255)), i.e., for the function H ( Ve~ m) as well as for the function H( )/2 (4/€) . This
gives us in the sector (5.252)), in add1t1on to (5.242) and (5.243)), the asymptotic equations (cf.

e

(5.244) and (5.245)),
(1) ) Zir\ 2 mia 11 1
AT >—ﬁ“f (10 (). 520
Ay (1 feein zm( <1>>
dgHa/2<2\/ge ) 2f Teie 140 %)) (5.257)

as £ — oo. Substituting these estimates, together with the estimates (5.242) and ([5.243)), into
(5.255) we obtain the desired large & behavior of the function W(9(€) in sector (5.252). Indeed,
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we have that (cf. (5.247)),

e (140(F)) —seietV (140 (%))
vO() =
seien® (140(%)) st 2 (140(F))

This completes the proof of the fact that the function \II(O)(f) given by the formula (3.148)) satisfies
the asymptotic condition (3.135|).

Let us now show that the asymptotic condition (3.135) can be actually written in the form

(3.149). To this end we need to calculate explicitly the term of order 1/4/€ in (3.135)). This term,
as in fact the whole asymptitic series that can be written in the right hand side of (3.135) m does

not depend on the sector in &-plane. Let us then choose the sector —Z — 20 < argé < T — 26
where the function W(©)(€) is given by formula (5.246). We will need the first corrections to the
asymptotic equations ((5.239)) and (5.240]). They are given by the formulae (see again [5] and [25] ),

HO () = ] 2 eilz=%-%) (1 il 2
57(2) ¢ +1 %= +0 =) ) (5.259)
z— 00, —m<argz<?2m,

and )
2 . vw_m 4 —1 1
2 —i(z—E—-T .
HP(2) =] e (== —-1%) (1 —im 40 <Z2>> : (5.260)
z— 00, —2m<argz<m,
These formulae, in turn allow us to replace relations (5.242)) - ([5.245)) by the following more detail
asymptotics,
1 ) 02 mia 1 1 U1 1
(,CB/Q < \/E) = —17\/77_6 1 ¢1e 2 ¢ <1 — 75 +0 <§>> ) (5261)
d (1) i i mia, 3 _1.,F P —1 1
—H = 1— - .262
dé‘ a/2< \/E> 2ﬁe4£ ie 2 \/E +O é. ) (5 6 )
@ (i _ 2 w11 Y 1
H'), (2\&> Nl EaeaVei (14 \/g“LO ) (5.263)
d (2 { 1 _mia, 3 1., Y1 —1 1
—H — = 1 - .264
dé —a/2 <2\/g> 2ﬁe 4 g 1e2 + \/E +O § ) (5 6 )

where wl = 11“2 (cf . Substituting equations (5 d .261 (] 64[) into (]5.246[), we have that
(cf. (B.217))

el (1 0()) il (- o (1)

e (15512 0(()) et (152 40 ()

! Actually the exact value of the coefficient 11 is not that important. What is important is that it is the same
value in all the eqautions (5.261]) - ([5.264]), and that it appears in these equations where it appears.

('b

v =
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1 i Y1 Zapy
=408 2 +L ’ ’ +O<1> e2VEos
i 3 $\w —4(¥1 —1) <
2 2
Y1 Lap 1 1 1 _i
2 271 2 2
L J +O<2> | e vEes
S\ f-n) i 5o
0 P1 —3
1 1 2 T3
= ro(G)| 0 ) o
Y1—1 0 7 3

and this is the asymptotic equation (3.149)).

To complete the proof of Proposition [5] it is enough to notice that the known expansions of
the Hankel functions Hl(,l’z)(z) at z = 0 guarantee the behavior indicated in (3.139) and hence
the asymptotic condition . In fact, in Appendix B we derive representation (]@ directly

from (3.148) and calculate explicitly the relevant matrix By, see equations ((6.271]) - (6.273) .

6 Appendix B. Proof of Proposition [6]

The proof of Proposition [5| is based on one the basic properties of the Bessel equation, which is
the possibility, rooted in the relations - between the Hankel functions, to evaluated
explicitely the Stokes multipiers associated with the irregular singular point A = co. The proof of
Proposition [6] exploits another fundamental property of the Bessel equation, which is the possibility
to solve explicitely the Connection Problem associated with the two singular points of the equation
- the regular point at A = 0 and the irregular point at A\ = co. This possibility is bassed on the
classical relation between the Hankel and the Bessel functions (see again [5]),

H{V(2) = Z.Sirll — [J(2) - Ju(z)e™"7], (6.265)
HP(2) = isii — [h(2)e™ = T (2)], (6.266)

Using (6.265]), (6.266]), we can transform formula (3.148) into the following representation of

the function W0 (¢) which is more suitable for the study of its behavior near £ =0.

1 _ima iTa
5 0 e 2 —e 2
N R wia 7
v (¢) = -5 J(€) e 03@
0 2¢ -1 1 2
(1 —T 20 <arg{ < T — 20,

1 0
( ) %—20<arg§<37“—20,

2cos Tt 1 (6.267)

1 0
(em > %—29<arg§<%ﬂ—20,
\
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where we denote,

J(E) =
Observing that
e_mTa —e iga
-1 1

—27sin %e 1

I—as2 (5VE)

oI
N[

Jay2 (5V%)
deJas2 (5VE)
—2¢sin %%WTG e
0 e_iTTa
0 7
J() ==
25 SIDT

0
1) —5 —20 <argf < T —20,

0

1) %{—29<arg§<3§—20,

%—20<arg5<?ﬂf—29,

(6.268)

(6.269)

Using the known convergent series expansions of the Bessel function J,(z) at z = 0 (see again

[50),

T =2 JIT(

o (1Y
v+j+1)

J=0

2\ 2Jtv
(5

we derive from (6.269)) the asymptotic representation of U0 at ¢ =0. We have,

a—2 ﬁ _ima —a—2 \/77- iTa
et 2 Rt
\11(0)(5) — (I + O(£)>5—103
_ a—2 a\/m _ima —a—2 aﬁ iTa
2 r-9° - 2 r+) ¢’
1 0
iTa _3_29<ar <£_297
(-6 5 1) 2 gf 4
i —2isin %eim _eili“
X o Ta v 10\ .
sin % 0 o ze (e_m; 1) 7—20<arg§< 7—29,
I %—29<arg£<?ﬂf—20,
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Noticing that

. . ga  ima ira “‘T‘l
. —2isin e 1 —e 1 2e 0 L orgn=
. TQ - . ’
S11 -~ iTa i _ma
2 _ima i o
0 e 4 0 sin%“e 0 1

and taking into account some of the basic properties of the I' - function, we conclude from (|6.270))
that, as £ -0,

_Qaap(_ﬂ—%) _2_a_2ﬁr (=3%)
vO(e) = (1+0©)¢ i
a_ V7 —a—2 1a a
2wty XA ()
1 0 x x
(_eiga 1> —5—2¢9<arg£< 1—20,
1 2isi}1ﬂ
« 1 0 2 3 (6.271)
0 1 (e‘iga 1) 20 <argd < =F — 20,
1 %—20<arg§<%—2«9,
a_ /T —a—2_1 a
—2 al(—2) 2 ﬁr (—3) .
- (1 + 0(5))5—10300, (6.272)
rly -rrar(-g)
r(-%) e

where the matrix Cp is the same as in (3.136]). The comparison of representation ((6.272)) with
equation (|3.136)), yields the following explicit formula for the matrix By in (3.136)),

Tty 2 )

aF(—%) VT
By = ) (6.273)
a_AT _9—a—21a_ _a
e ()
and the formula,
_oga__ VT _9—a—2_11n _a
Pty 2w )
B= , (6.274)
a_ /T __9—a—21ina _a
Paen VR

for the B -matrix in (3.123]). We are now just one step from the formula for PO (0) . Indeed, the
definition of P (\) (see equation (3.151)) implies that
]3(0)()\) — E()\)i(ﬂ)(g()\)) <)‘> %03'
§(A)
Therefore,
PO(0) = A2 BAT5%, A = 2(m — in), (6.275)

and equations (3.155)) and (3.156|) follow from (6.274)).
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7 Appendix C. The a =1 case

As it has already been indicated in Remark 2 in the case a = 1 the unique solution of -
is, as expected, fnm =mn+im = Z% 4= . Correspondingly, uy ,» =1 and vy, =i for all n and
m . This in turn implies that, for all n and m, the matrices U, ,, and V, ,, from the Lax pair
are given by the simple formulae,

UnmN) =UN) = y VamA) =V(\) = . (7.276)

The corresponding function W,, ,,(\) is given by the equation (cf. (2.15])),
Uy m(A) = UMV ™A™4%5, (7.277)

Matrices U and V' are commute (as they should !) and their simultaneous diaganalization can be
written down as follows,

VA 0 1+vVXA 0
UM =Q QL V=@ Q1 (7.278)
0 1+ivA 0 11—V
where
1 1
Q= : (7.279)
iV =iV
Combining equations ([7.278) with (7.277) we arrive at the following explicit (i.e., no growing with

n and m nontrivial matrix products) representation of the function W, ,, in the case a =1.

(1 — iV )1+ VX" 0 1
\Iln,m()\) = Q Qil)‘izgs
0 (14 iV )1 — VA)™
1 0 |
—Q ™ 3178 eINTB Q1N 5s (7.280)
0 (T4+N)"(1—-x)m
where
g(\) = mlog(1 4+ V) + nlog(i + V). (7.281)
The corresponding solution Y (\) of Y - RH problem ([2.50)) - (2.52)) is given by the equation,
% 0 i
Y\ =Q ' e~ 2983 (7.282)
LHT() (-1
where m "
1 A ' A
Ho(\) = [~ VA ik VA (7.283)
11—V i—V/A
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We note that H 1(:i:l) = 0 and hence the function , as it should, has no singularities on
C\ [0, —ioc0) .

No analog of the equations (7.280]) or ([7.282) is known for the generic non-commutative case
a # 1. However, as we have seen in the main text of the paper, the objects g(\) and Hy(A) which
appear in the explicit formulae for the solution of the Riemann-Hilbert problem -
in the trivial a = 1 case also play central roles in the asymptotic analysis of this problem in
the case of general a.

Remark 6 For generic a, one can attempt to modify ansatz by replacing the factor A" 103
by the factor A"198 . This would lead to the replacement of equation by the equation,

(=D"a-Ho(\)\
Y\ =Q e~ 27 eINes (7.284)

[N

wherek )

i
2v/A
The reader can easily check that the function Y (X) defined by this formula would satisfy all the

conditions of the Rimeann-Hilbert problem except it would not be analytic on C\ X .
Indeed, since a_ is not zero for all a # 1 the right hand side of (7.284) )has poles at A = +1 .

0y = (il _ z‘e%”aAl‘T“) .
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