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Abstract. The method recently developed by the authors for the computation of the multi-
valued Painlevé transcendents on their Riemann surfaces (J. Comput. Phys. 344:36-50, 2017)
is used to explore families of solutions to the third Painlevé equation that were identified by
McCoy, Tracy and Wu (J. Math. Phys. 18:1058-1092, 1977) and which contain a pole-free
sector. Limiting cases, in which the solutions are singular functions of the parameters, are also
investigated and it is shown that a particular set of limiting solutions is expressible in terms
of special functions. Solutions that are single-valued, logarithmically (infinitely) branched and
algebraically branched, with any number of distinct sheets, are encountered. The algebraically
branched solutions have multiple pole-free sectors on their Riemann surfaces that are accounted
for by using asymptotic formulae and Backlund transformations.
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1 Introduction

The third Painlevé equation is the following second order nonlinear ODE defined in the complex
plane,
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where «a, 3,7 and § are arbitrary constants. It is one of six second order ODEs known as the
Painlevé equations (denoted by P;—Pyr) that were identified in the early 1900s [4,|14,29,30]
as possessing the Painlevé property. This means that the solutions of the Painlevé equations,
known as the Painlevé transcendents, have no movable branch point singularities. Movable
poles, however, is a ubiquitous feature of the Painlevé transcendents and fixed branch points
and fixed essential singularities [21, p. 128] are also possible. The Painlevé transcendents, as
their name implies, generally cannot be expressed in terms of previously known functions [6].
They are notable not only for these and other analytical properties but also for their appear-
ance in numerous and varied applications. For example, the Py equation appears in general
relativity [31], the scattering of electromagnetic radiation [27], the Ising model [24] and the
study of two-dimensional polymers [38] among others.

It follows from the Painlevé property that a Painlevé transcendent can have a branch point
only at a fixed singularity of the Painlevé equation. Thus, we observe that in the finite complex
plane, Py solutions can have a branch point only at z = 0. The third Painlevé transcendent
is therefore generally multivalued, as are the fifth and sixth Painlevé transcendents, while Pr,
Py and Py solutions are meromorphic and hence single-valued [15, Ch. 1].
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The pole field solver (PFS), introduced in [11], is the only numerical method yet presented
that is capable of the efficient and accurate computation of the pole fields of the single-valued
Painlevé transcendents on extended regions in the complex plane. Closed-form solutions to
the Painlevé equations are known for special parameter values [8], but the PF'S opened up the
entire solution spaces of the Py, P;; and Py equations to computational exploration. Hence, the
PFS enabled the study of unexplored P;, Py and Py solutions, as reported in [11-13,32-34].
In [9], we extended the PF'S method to the computation of multivalued solutions of the Py, Py
and Pyy equations, thus making the solution spaces of these equations amenable to numerical
exploration. This paper is the first application of this enhanced PFS method to the survey of
a class of multivalued Painlevé transcendents.

In [25], McCoy, Tracy and Wu derived asymptotic formulae for Py solutions with parameter
values

a=—0F=2v and v=1= -9, (1)

(if 70 # 0, one can set v = 1 = —4§ without loss of generality in the Py equation, see |15,
p. 150]). We refer to the solutions that satisfy the asymptotic expansions of |25 as the MTW so-
lutions. The derivation of the asymptotics was initiated by their earlier work (with E. Barouch)
on the Ising model [3,37], in which the third Painlevé equation arose in their analysis of the
scaling limit of the spin-spin correlation functions. It is noted in [10] that, along with the
paper by Ablowitz and Segur [1], the work of McCoy, Tracy, Wu and Barouch was responsible
for the resurgence of interest in the Painlevé transcendents that occurred in the late 1970s.
The reasons for this are (i) that [25] was the first rigorous study on connection formulae for
the Painlevé transcendents, which is made even more remarkable by its publication before the
invention of the Riemann—Hilbert formalism for the Painlevé equations, and (ii) [3,37] were
perhaps the first studies in which Painlevé equations featured in a physical application.

For fixed v the MTW solutions are a one-parameter family of Py solutions that satisfy [25]

u(z;v,\) ~1=Al(v+3) Oy Tv /2722 z — 00, —g <argz < g, (2)
where A is an arbitrary parameter. Hence, the MTW solutions are pole-free far out in the
right half-plane, which make these solutions special since Painlevé transcendents typically have
poles all over the complex plane. Solutions that contain a pole-free sector, such as the MTW
solutions, have been known as tronquée solutions since 1913 [4], and have been identified and
studied for the P1—Py equations, see [2,7,|17-20,22,35]. Furthermore, numerical evidence in |9
suggests that tronquée solutions of Pyy also exist. In particular, for Py with v = 1 = —4§, Lin,
Dai and Tibboel proved in [22] that for every « and [ there exist (i) a one-parameter family
of tronquée solutions with u ~ 1, z — oo, —7/2 < argz < 7/2 and (ii) a unique tronquée
solution with u ~ 1, z = o0, —7/2 < argz < 3w/ ZE] We refer to these tronquée solutions
as the LDT solutions. The MTW solutions correspond to the one-parameter families of LDT
solutions with & = —f3, as we shall show in section 2.1, Put differently, if we restrict a, g
and the arbitrary parameter of the tronquée family (A, in the case of the MTW solutions)
to real values, as we shall do henceforth, then the MTW solutions correspond to the plane
(o, B,\) = (2v, =21, A), v, A € R in the parameter space of the LDT solutions. The MTW
solutions on the line A = 0 in the parameter space correspond to the rational solution v = 1,
see . According to the aforementioned results of Lin, Dai and Tibboel, this is the unique
tronquée solution with a pole-free sector of angular width 27 for the cases a = —f.

The large-z asymptotics of the LDT solutions are given in [22]. However, as far as we are
aware, the MTW solutions are the only subset of the LDT solutions for which the connection

5Lin, Dai and Tibboel also proved the existence of other tronquée solutions. However, these solutions can
be obtained by scaling and rotating the tronquée solutions with v ~ 1, z — oo for —7/2 < argz < w/2 or
—7/2 < arg z < 3mw/2, i.e., by applying the transformation Tj defined and discussed in section
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formulae relating the large-z and small-z behaviors are known. As we shall find in section [6.2]
the small-z asymptotic formulae are crucial to an understanding of the symmetries and asym-
metries that the MTW solutions exhibit between the different sheets of its Riemann surfaces.
It is for these reasons that we singled out the MTW tronquée solutions for a first computational
exploration.

The remainder of this work is structured as follows. We first present the large-z and small-
z asymptotics of the MTW solutions. Recalling that the gamma function has simple poles
at the non-positive integers, implies that the cases v = —% — n, with n a nonnegative
integer, require special attention. Hence, we divide the parameter space of the MTW solu-

tions into the cases v > —%, v < —% and the limiting cases v = —1 — n. With the help of

2
our numerical method, we first explore the MTW solutions for these cases on a single sheet,
—m/2 < argz < 7/2, and then on multiple sheets (| arg z| > 7/2). Numerical results are pre-
sented in the form of modulus plots that show poles, zeros and branch cuts in the complex

plane, which are complemented in some cases by plots of the phase of the solution.

2 The asymptotics of the MTW solutions

2.1 The large-z asymptotics
The large-z asymptotics of the LDT solutions discussed above is [22] eqgs. (1.7) and (2.14)]

oo
a; _ s T
u~1+§ R Z — 00, ——<argz < —,
41z3 2 2

p

where k is an arbitrary parameter. The PFS used for generating the solution diagrams pre-
sented in this paper require starting values, u and u’. These will be obtained from expansions
such as the one above using the optimal truncation rule. To improve the accuracy of this
particular expansion we use the ansatz

=\ a; o, = ¢ T 7T
uwl—{—zz—;—kzdeQ <1+Zj>, Z — 00, —§<argz<§, (3)
j=1 j=1

to obtain higher order terms. Substituting into Py;p with v = 1 = —§ and matching terms

we find that
1 1

d:Z(ﬁ_O‘)_év (4>

and that the a; and ¢; are polynomial functions of o and 3. One can show, using the recursive
formulas for a; in [22], that for the MTW parameters (1)), a; = 0, j > 1. Thus, if we set
k= AL(v + )27 then, with MTW parameters o = —f8 = 2v, and (3) become (cf. ),
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If we multiply the Py equation with MTW parameters by u and expand w as in (3) with
aj = 0, then we find that, for z — oo, =% < argz < 7,

w(z;,A) ~ 1= AT (v 3) 27270 1/272 <1 +) C—j.) , 200, —g <argz < .

kvl 272 Z [ —4(j + Dejpr — 1 (2v 4 25 + 1) c]} 272+ 0 (e7%) ~0,

J=0



and thus the coefficients are given by

(2v+25+1)?

, >0 =1 6
16(]+1) Cj? j - bl CO ( )

Ci+1 = —

It suffices to consider only A > 0 since it is shown in [25] that

1

(7)

The formula is not valid for the values v = —% —n, n > 0. However, there are solutions

with v = —% — n that are related to the MTW solutions, which we discuss in section

2.2 The small-z asymptotics
221 0<A<l/mor0<o<1

The Prr equation with MTW parameters admits the formal small-z expansion

oo j+1

u(z/2) ~ Bz? {1 +)° ij,kzj—f’(j“—%)} .,  2z—0, —l<Reo<l1, (8

=1 k=1

where B is arbitrary and the b;; are unique functions of o, v and B [25]. It transpires that

bj1 =0, j > 3 |25, which implies that there are no terms of the form 2"~"? for n > 3, and
thus becomes

u(z/2) = Bz? {1 + bl,lzl_" +byozt T+ 627122_20 +0 (22)} , —1<Reo<1, (9)
where [25]
v B?v 1 [4v% — (0 —1)?
Bby = ————= Bbi g = ——— d Bby, = — (1
1,1 (1 — 0>27 1,2 (0 n 1)2, an 2,1 B [ 16(0 — 1)4 ] ( O)

If the large-z behavior of the solution is given by , then ¢ and B are no longer arbitrary
but they become functions of A and v. Specifically, as demonstrated in [25], the connection
formulae relating the large-z behavior, , and the small-z behavior, @D, are given by

o=0(\) = ;arcsin(W/\) : (11)

and 01 )

el (5(0=0) T3 +0) +v)
I?(3(1+0) (31 —0)+v)

Since we let A > 0, we only consider (9)-(12) for 0 < 0 < 1, or 0 < A < 1/7. Henceforth we

use the notations u(z; v, A) and u(z; v, o) interchangeably to denote the MTW solutions.
Note from that B(o,v) vanishes when I'(3(1 — o) + v) is singular, i.e.,

B = B(o,v) =2 (12)

1
B(o,v) = 0, oc—0.=2v+2n+1, —n—§<1/<—n, n >0, (13)

where the inequality follows from the condition 0 < o. < 1. Likewise, B(o,v) becomes
unbounded if a pole of I'(1(1 + o) + v) is approached:
1

|B(o,v)| — oo, o—0.=—2v—2n-—1, —n—1<y<—n—§, n>0. (14)



The behavior of the coefficients B(o, v)b; 1 and B(o,v)b; 2 in in the limits (13) and (14) is
clear. The coefficient B(o, v)by 1, however, is bounded in the hmlt . )ifn=20 but unbounded
it n > 0:

26:T2(1)) 1
0_132151“3(0 V)b = 822 (—v)I'(2v)’ Vs 0 (15)
w) 1
B(o,v)bss n(n +2v) Blo,v) — 0, (16)

~64(n+v)* Blo,v)’
where 0 — 2v +2n+1, —n — % <v<-nandn>1in . We shall consider the MTW
solutions in the complex plane in the limits and in section

222 A=1l/mroro=1

The following small-z asymptotic formulae for A > 1/7 are valid on the positive real axis, R,
which we indicate by using the variable z. It is shown in [25] that in the limit A\ — 1/m, or

o—1, @D— become

u(x/2;y,7rI)N%x{ylnzx—C(u)lnx—kﬁ [02(1/)—1]}, r— 07T, (17)
where
Clv)=1+2v[3In2+2¢(1) — (v + 1)]. (18)

Here v denotes the digamma function (1) = I"/T") and lim, o 1/(4v)[C?(v) — 1] = 3In 2+ (1).
The cases
v =—n, n>1, (19)

for which the constant C(r) becomes unbounded will be discussed in section 1.2, The cases
can be considered as special cases of the large-B limit with v — —n — 1 and thus
o. — 1.

2.23 A>1/moro=1+42iu, p>0

Small-z asymptotic formulae for A > 1/7 were derived in [25] only for » = 0. Here we also
consider the case v # 0, v € R. For A > 1 /7, we let

A = cosh(mu)/m, >0, = o=1+42ipu. (20)
Using the properties I'(1 + 2) = 2I'(2) and I'(Z . becomes
F2(—i,u)F(1 +v+ z,u)
21+ ip) (v —ip)

_ _Q%igﬂemﬂaﬂmgF@+wu)—2mgFUM%—ubg&} (21)

and for z — 0% ([9) and simplify to
u(z/2;v,cosh(mp)/m) = B(l4 2ip,v)z [brg + 2*# 4 bya**] + O (2%),

B(1+ 2ip,v) = 2730#

= {— + B(1 + 2ip, v)2** + B(1 + 2iu, y)x%u] + 0 (2°),

Ap?
= L el +sinfer] 40 (), (22
where
d(x,v, 1) = 2uln(z/8) — darg [[(ip)] + 2arg [T'(v + iu)] . (23)



2.3 An example of an MTW solution

The bottom-left frame of Figure (1] depicts the modulus of an MTW solution with parameters
v =3 and =2 (see (20)) on the annulus 1071° < |2| <15, —7 < argz < w. We shall find it
instructive to depict some solutions in the (-plane, which is related to the z-plane according
to z = e¢/2. The (-plane region corresponding to the annulus in the z-plane is the rectangle
—27 < Im ¢ < 27, 21log(1071%) < Re ¢ < 2log(15), see the top frame of Figure . Since the
branch point at z = 0 is mapped out of the finite (-plane, the solution is meromorphic in the
¢-plane [16]. As noted in [9], this makes it convenient to compute Py solutions in the (-plane,
which is the approach we used to compute the MTW solutions. Henceforth we refer to the
solution on the region —m < argz — 27s < 7, or —27 < Im ( — 47s < 27, as the solution on
the s-th sheet of the Riemann surface. We indicate the presence of a branch cut in the z-plane
with a dashed line on the negative real axis (R™). For the MTW parameter values (1)), the
poles of Pyp solutions are of first order with residue +1 or —1 in the z-plane, indicated by red
and yellow circles, respectively, see Table [l The zeros of the MTW solutions are simple and
are indicated by squares, likewise described in Table [l Conspicuous in the bottom-left frame
is the pole-free sector contained in the right half-plane, in accordance with the large-z formula
. The poles are arranged as spirals in the z-plane which, as noted in [9], appears to be a
common feature of the multivalued (but not the meromorphic) Painlevé transcendents. The
modulus of the solution has an up-down symmetry in the z and { planes since the solution
in the upper and lower half planes are conjugate. This is a consequence of the fact that for
real parameter values, the MTW solutions are real on arg z = 0 (which corresponds to the real
(-axis), as indicated by the asymptotic formulae above.

v=05 p=2 \=268e+02/7

_15 1 1 Il 1 1 _10 1 1 1 1 1 1 1 1 1 1 1 1
—-15 -10 =5 0 5 10 15 107 107° 10® 1077 10°°® 10°° 107% 10 1072 107! 10° 10t
Re z X

Figure 1: An MTW solution with v > —1 for the case A > 1/ on the annulus 107 < |z| < 15
(bottom-left frame), its corresponding region in the (-plane (top frame, z = €%/2) and on the
positive real axis of the z-plane (bottom-right frame). In the latter frame the small-z and
large-z asymptotic approximations, (red) and (green), respectively, are divided by x
and superimposed on the computed solution (blue), which is also divided by z.



Table 1: The markers used in the diagrams to indicate poles and zeros of the MTW solutions in
the z and ¢ planes (z = €%/?). In a neighborhood of a pole or zero at z, one has u ~ ¢;(z — 2)*
with £ < 0 or k > 0, respectively. Making this substitution in Py;; and taking the limit z — 2
readily yields the order k£ of the pole or zero as well as the leading order coefficient c;. We
assume that zo # 0 (poles and zeros at the origin will be discussed in section . A simple
pole (or a simple zero) at zy with residue £1 (or ¢; = u/(29) = £1) corresponds to a simple
pole (or a simple zero) at (5 = 2logzy in the (-plane with residue j:l/g—z = 4279/ (or
o =+ = £5¢97).

Poles Zeros
| c_1=+1 ® | c =+1 ]
z-plane
c_1=-—1 O|lc=-1 O
co1 =122 | @| ¢y = +1e%/? | m
(-plane ! ' 2
.1 =292 0| =—3e 1

The bottom-right frame of Figure |1 shows the solution on argz = 0 with the large-z ()
and small-x asymptotic formulae; note how these formulae match the computed solution.
As expected from , the solution is oscillatory with an infinite number of zeros accumulating
onargz =0as z — 0 for A\ > 1/m. If A < —1/7, infinitely many poles accumulate on R,
see (7)), in which case the limit point z = 0 is a non-isolated singularity. For fixed v, the poles
or zeros become more closely spaced on the real (-axis as u increases, see and . For
fixed v and p, the spacing of the poles or zeros on the real (-axis is uniform, see Figure [1| and
with # = €¢/2, which implies that in the z-plane the spacing is proportional to z and thus
decreases exponentially as z — 0 on arg z = 0.

3 MTW solutions with v > —% on the Oth sheet

3.1 Fixed v, varying A\

For MTW solutions with a fixed value of v, where v > —%, the pole field dynamics on the
Oth sheet can be divided into three stages: 0 < A < A, (recall that A = 0 corresponds to the
solution u = 1), A\, < A < 1/7 and A > 1/7. Figure [2| depicts pole fields in these stages. In the
first stage, as A is increased from zero, a pole field moves horizontally to the right from the left
half-plane (leftmost frame). In the second stage, the moment \ exceeds A, (our computations
indicate that A. ~ 0.1/7) then, in addition to the horizontal rightwards movement of the pole
field for increasing A, there is also a slight vertical movement upwards (in the upper half-plane)
and downwards (in the lower half-plane) as poles from the neighboring sheets (sheets +1 and
—1) move through the branch cut (middle frame). In the third stage, as A is increased beyond
1/m, the branch point z = 0 acts as a ‘zeros source’ along R according to and the
movement of poles into the right half-plane along arcs that emerge through the branch cut is
continued (rightmost frame). If we compare the middle frame of Figure 2| (for which p = 0),
the bottom left frame of Figure[l| (x = 2) and the rightmost frame of Figure [2 (1 = 5), we find
that in the upper half-plane there are poles on five, six and eight arcs, respectively. In these
frames the numbers of poles in the annulus 10719 < |z| < 5 are, respectively, 8, 37 and 172.



v =0.5, A = 5.0e-003/7

v=0.5, p =5, A= 3.32e+006/7

O,

0 10
Re 2
Figure 2: The typical evolution of an MTW solution with v > —% on the Oth sheet as A

is increased. The bottom left frame of Figure [I] is also a member of this sequence, slotting
between the second and third frames.

We emphasize that, unlike the creation of an infinity of zeros (for A > 1/7) or poles (for
A < —1/7) on R*, the profusion of poles away from R* in the stage A > 1/7 is not due to any
pole creation process. Rather, as we shall observe in Figure these are poles from sheets
neighboring the Oth sheet that move through the branch cut as the pole density on these sheets
rapidly increases for A > 1/7.

For solutions with v > 0, zeros appear on R* only in the third stage when A > 1/m. For
solutions with —% < v < 0, however, a single zero appears on Rt for A < 1/7 in the small-B
limit with n = 0 (this zero is visible in the top-left frame of Figure . As we shall find in
section poles appear on RT in the small-B limit if n > 0. These facts are consequences of
an: the boundedness of Bby; for n = 0 and the unboundedness of Bb,; for n > 0
in the small-B limit.

Note that the absence of a dotted line on R~ of the leftmost frame in Figure[2]indicates the
absence of a branch cut and thus a single-valued solution. However, this solution cannot be
exactly single-valued since it would require ¢ = 0 in but A # 0 and thus o # 0. However,
due to limited numerical accuracy, the branch cut of the computed solution is not resolved.

Since the solution in the upper and lower half-planes are complex conjugates for real pa-
rameters, a single-valued solution is real-valued on R™. If a Py solution with real parameters
has a pole or a zero on R™, then the solution is real-valued on R~ within the radius of con-
vergence of the Laurent or Taylor expansion about the pole or zero since all the Laurent or
Taylor coefficients are real-valued. Hence, the presence of poles and zeros close to R™ in the
left frame of Figure |2 indicates that the solution is nearly single-valued.

We have found that solutions with half-integer v-values are the only solutions that are
nearly single-valued during the first stage when 0 < A < A, with poles and zeros close to the
negative real axis. When \ exceeds A., the poles and zeros on R~ ‘split’ in which case R~ is
unambiguously a branch cut, as shown in the middle frame in Figure [2| Solutions for which
v is not a half-integer are multivalued for all A\ > 0, with poles and zeros above and below
the branch cut. We shall observe a similar phenomenon again in Figure [0, where solutions
with (approximate) negative half-integer v-values are nearly single-valued for 0 < A < A, with
poles close to R™, while the other solutions are multivalued for all A > 0. In section we
shall discuss one-parameter families of solutions with negative half-integer v-values that are
related to the MTW solutions and that are exactly single-valued for all values of the arbitrary
parameter. The small-z or large-z expansions give no indication why it should be that
MTW solutions with half-integer v values are nearly single-valued for small A\. In particular,
o =o(\)in ,Which determines the type of branch point at z = 0, is independent of v.
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3.1.1 Pole-free regions

The distinctive feature of the MTW solutions is their pole-free regions in the right half-plane.
It follows from that the entire right half-plane is pole free as z — oo. However, as Figure
illustrates, there may be poles in the finite right half-plane and the pole-free region varies
significantly as a function of the parameters. The dependence of the pole-free regions on the
parameters can be understood intuitively and analytically by considering only the second term
of the asymptotic expansion :

m(z;v,\) = A2 T (v + 1) 2777122 (24)

This is based on the observation, which follows from (f]), that a O (m(z;v, \)/z) approximation
to the solution can be constructed by considering only m(z; v, \):

)\
L+m(z;v,A) =u(z;v,\) + O (M) : z — 00, —g <argz < g (25)

On the region |0 > 7, the error of the estimate becomes unbounded as z — oo. However,
we shall find that in the finite plane, the estimates derived from ([25)) can also be reasonably
accurate in the left half-plane.

If, as in Figure [2, v is fixed and ) is scaled by €%, t € R, then

—v—1/2
m(z;v,e*)\) = \27% F(l/ + %) 27272t ( : ) m(z —t;v, k),

z—1
¢ v+1/2
= (1——> m(z —t;v, k),

z

t
= m(z—tv,k)+0O (;) ) |z| > |t|. (26)

We conclude from and that the pole-free region is displaced horizontally by approxi-
mately ¢ units if A is scaled by e* and this approximation improves as |z| increases. Hence, the
approximate horizontal displacements from the left to the middle fame and from the middle
frame to the right frame in Figure [2| are, respectively,

1 1 1
t= 5 log (m) ~ 2.65 and t= 5 log (cosh(57)) = 7.51. (27)

To test these estimates, we construct an interpolant through the poles and zeros on the bound-
ary of the pole-free region in the upper half-plane of the solution in the left column of Figure[2]
which is indicated by a yellow curve. Then we translate the interpolant horizontally to the
right by the amounts in (these interpolants are also shown in Figure [2)) and measure
the horizontal differences between the translated interpolants and the poles and zeros on the
boundaries of the pole-free regions. The horizontal differences are shown in Figure [3] As
expected from (26]), the accuracy of the estimated horizontal displacements improves with |z|.
Furthermore, the errors in Figure [3[ confirm the remark above, viz. that reasonable estimates
can be derived from even if the boundary of the pole-free region is in the left half-plane,
as in the left column of Figure [2]
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Figure 3: The error of the estimates of the horizontal displacements of the pole-free regions
in the second and third columns of Figure |2l Each dot represents the difference between the
real part of a pole or zero on the boundary of the pole-free region in the second or third column
of Figure [2| and the yellow curve in that column.

3.2 Fixed )\, varying v

In Figure , A is fixed and as v > —% increases, the angular widths of the pole-free regions
in the finite plane increase. Specifically, let z* be the location of the outermost pole or zero
on the boundary of the pole-free region in the upper half-plane of a solution in Figure [ z*
is indicated by a yellow open circle in the top-left and bottom-right frames of Figure [d For
the v = —1 (top-left frame) and v = 2 (bottom-right frame) solutions, argz* = 0.517 and
arg z* = 0.607, respectively, which is an angular displacement of 0.097.

To estimate the angular displacement of the pole-free regions between the frames in Fig-
ure [4 we find the angular displacement of the modulus of m(z;v, A), for fixed A and a change
in v of ¢, by solving the following equation for d:

‘m(rei(9+6);l/+c, )\)‘ ) F(y_|_ %_1_0)
‘ =27 oy |7 expl2 0 —cosf)] = 1.
Im(rei®; v, \)| T+ 1) r~¢exp|—2r(cos(f + ) — cos )]
We find that
T 1
§=8(r,0,,¢) = cos™ {_%bg [MT)C % + COS9} —0, beloq]. (28

Due to the up-down symmetry of the modulus of the MTW solutions with real parameters, it
is sufficient to consider # > 0 in . In the limit » — oo, it follows from that is a
valid estimate for the angular displacement of the pole-free regions only if —5 < 6 < 7; in this
limit there is no angular displacement,

r—00

1
lim 0(r,0,v,c) =0, O§9<g, V,V+C7é—§—n, n > 0.
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In the finite plane, we shall estimate the angular displacement of the pole-free regions using
(28), not only in the right half-plane but also in the left half-plane. Close to the imaginary
axis, i.e., for = 7 — e with 0 < [¢| < 1, can be simplified to

F(V‘I‘%)
F(V"‘%‘FC)

L 0="_¢  0<|]<1. (29)

1
d =~ glog [(47“)c

and if § = 7, then (28)) becomes

1
=sin"t{ —1 Ar)e | ———2
d = sin {2r og [( T)

Im 2

Im 2

-10 10 -10

0 10 -10 0 10 -10 0
Re z Re z Re z

0 10
Re z

Figure 4: The typical variations between MTW solutions with v > —% and a fixed A (A =1/=7
in this case). Note the slight differences in the pole fields close to the branch cut and how

the angular width of the pole-free region increases with v. The second solution in the top row
(v =0, A = 1/m) is related to the correlation function of the 2D Ising model [25,37].

To test the estimate , we construct an interpolant through the poles and zeros on the
boundary of the pole-free region in the top-left frame of Figure [d, which is shown as a yellow
curve. Then we displace angularly every point of the interpolant by d(r, @, v, c), defined in
, to obtain the approximate pole-free boundary in row 1, column 2 of Figure E| This
angularly displaced interpolant is then displaced angularly again, according to , to obtain
the approximate pole-free boundary in row 1, column 3 of Figure[dl This is repeated to obtain
the remaining approximate pole-free boundaries in Figure [4]

Figureshows plots of the angular displacements , in blue, and the approximate angular
displacements , in red, for the solutions in the corresponding rows and columns of Figure .
The errors in the final frame of Figure 5| are obtained by measuring the differences between the
real parts of the poles and zeros on the boundaries of the pole-free regions and the angularly
displaced interpolants. Figure [f] confirms the expectation from Figure [d} that the estimated
angular displacements of the pole-free regions are positive and decrease monotonically for
sufficiently large 7.
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Figure 5: The angular displacements (blue) of the estimated boundaries of the pole-free
regions of the solutions in the corresponding rows and columns of Figure [ as well as the
approximate angular displacement (red). The error of the estimated boundaries increases
from frame to frame. Hence, the bottom row of dots in the bottom-right frame are the errors
for the estimated pole-free boundary of the solution in row 1, column 2 of Figure [] and the
top row of dots are for the solution in row 2, column 4 of Figure [4]

4 MTW solutions with v < —% on the 0th sheet

For the MTW solutions with v < —%, the large-z formula and the small-z formulas are dis-
continuous functions of the parameters; see with v = —% —n,n >0, , and .
However, we shall find that except for transitions through the critical parameter values, the
pole dynamics of the MTW solutions with v < —% are similar to those with v > —%.

4.1 o <o,

As for the MTW solutions with v > —%, a pole field moves horizontally to the right from the
left half-plane as o (or A, see (11])) is increased from zero. Figure |§| shows pole fields with
o < 0., where o, is defined in and (14). We observe that 2| —v] + 1 rows of poles are
dislodged from the pole field on the left when v ~ —% —n and that these rows of poles undergo
a reciprocal transformation when v transitions through the critical value —% — n. This can
be ascribed to the sign change of the gamma function in the large-z formula during this
transition. As v decreases in Figure |§|, poles and zeros emerge through the branch cut and
there are changes in the angular widths of the pole-free regions that can be quantified using
). .

The first six solutions in Figure [§; have a fixed value of o (and thus of A) and the final
six solutions in Figure i have a different fixed value of A. Hence, we apply the formula (25).
for the angular displacements of the estimated pole-free boundaries, separately to the two sets
of six solutions in Figure [§l The resulting angular displacements are shown in Figure [7} in
blue, along with the approximate angular displacements (2). in red, as well as the errors of
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Figure 6: The pole dynamics of MTW solutions with v < —% preceding the approach of the
critical o value, i.e., 0 < g.. The solutions with 0 < v < —1 and v < —1 have the parameter
values 0 = 4.8 - 1075 and o = 4.8 - 107°, respectively.

4.2 o0 — o,

4.2.1 Numerical observations

As o is increased from the small values in the caption of Figure [6] the rightward horizontal
movement of the pole fields is continued. As ¢ increases through the critical value o, a finite
number of poles appear on R™ in the z-plane, which corresponds to R in the {-plane. Figure
shows the transition through o, in the {-plane for three of the solutions in Figure[6] The first
row of Figure [§ shows a solution in the small-B limit with n = 1; the second row shows
a solution in the large-B limit with n = 1 and the third row shows a solution with the
critical parameter value ([19)) with n = 2 (which is a special case of the large-B limit with
n=1and v — —2).

In the left half-plane we find that as o — o (left column of Figure [8]) poles and zeros are
equally spaced along vertical lines. The vertical spacing between the two pairs of zeros (first
row) or poles (second and third rows) is 27/|v + 1| and the spacing between the single vertical
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Figure 7: The angular displacements (blue) of the estimated pole-free boundaries of the
solutions in the corresponding rows and columns of Figure [6] along with the approximate
angular displacement (red). The errors (shown in row 2, column 2 and row 3, column 4)
of the two sets of five angularly displaced estimated pole-free boundaries show that the yellow
curves in Figure [6] are reasonable estimates of the actual pole-free boundaries.

row of four poles (first row) or four zeros (second and third rows) is 27/|v|. Furthermore, the
spacing is symmetric about Im ¢ = 0. Thus, the pairs of zeros or poles and the single vertical
row of poles or zeros are at, respectively,

(2k + 1)mi

2 1)m
M and C:x2+—’
v

ke Z,
v+1

where x; and 25 depend on o and x; < x5 < 0. Figure [§ shows the solution on the Oth sheet
(|lm ¢] < 27), but we have found that the spacing holds on all the sheets (|Im ¢| > 27).

As 0 — o, the poles and zeros move infinitely far into the left half-plane, z; < x93 — —o0
in . As o increases through o, the poles and zeros return from Re ( = —oo along

keZ, (31)

where z; < x9, see the second column of Figure In the z-plane (recall z = e¢/?), the
movement of the poles and zeros from to corresponds to a rotation through 7 /(2v+2)
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Figure 8: Round(—v) poles appear on Rt in the z-plane, or R in the (-plane, as o increases

through o, defined in and .

(mod 27) and 7/(2v) (mod 27). The appearance of poles and zeros on Im ¢ = 0 as ¢ increases
through o, see (31)) with & = 0, corresponds to the appearance of poles and zeros on Rt in
the z-plane.

In Figure [§| there is no perceptible change in the pole fields in the right half-plane as o
transitions through o.. This is to be expected since the large-z formula , unlike the small-z
formulae @—, is a continuous function of the parameters in the limit o — o, for fixed v.

Our numerical solutions indicate that the observations in and generalize as follows
in the small-B and large-B limits. In the limit 0 — o, there are pairs of zeros (in
the small-B limit) or poles (in the large-B limit) at

(2k + 1)mi (2k + 1)mi (2k + 1)mi

= == e = n — 3 32
(=at v+n ¢ v+n—2’ 6 y[;2”2]1+V—|—n—|—2—2(n/21 (82)
and there are pairs of poles (in the small-B limit) or zeros (in the large-B limit) at
B (2k + 1)mi B (2k + 1)mi B (2k + 1)mi
C=o2 v+n—1" C=mat V+n_37~--7C—132[(n—1)/21 + v+n+1-2[(n—-1)/2]
(33)

where k € Z. If n is odd, as in Figure |8 there is a single vertical row of poles (in the small-B
limit) or zeros (in the large-B limit) at

2k + 1)
(= Tpp1 + %, k e Z, (34)

15



where 7 < --+ < x,41 < 0. If n is even, there is a single vertical row of zeros (in the small-B
limit) or poles (in the large-B limit) at the points in (34). As in Figure [§| if 0 — o, then
ry <o < xppp — —ooand if 0 — of then the poles and zeros return from Re ( = —oo and
the p01nts at which they reside are as in , . ) and ( , except that (2k + 1) is replaced
by 2k. The upshot of this is that round(—y) poles appear on R™ in the z-plane as o increases
through o, in the small-B and large-B limits.

4.2.2 Theoretical observations

We now attempt to reconcile the observations above with the small-z formulae @f. We
confine our attention to the positive real axis, z = x > 0, or, equivalently, the real (-axis.
Starting with the observations: it follows from , and that if o — o, then there
are no poles or zeros on the real (-axis, see also the left column of Figure |8l Since the large-z
formula is strictly positive on R, we conclude that if o — o, then the solution is strictly
positive on R*. Only when o > o, do poles or zeros appear on the real -axis (see right column
of Figure . Thus, if ¢ > o,, then the solution changes sign on RT.

We now consider the small-z expansion @ on the positive real axis. For o, defined in ((13)

and ,

o0<o0.= B(o,v)>0 and o >o0.= B(o,v)<0. (35)

Thus, if 0 — o, then the first two terms of @D, Bz? and Bby iz (see (10)), the dominant
terms in the limit z — 0T, are strictly positive, which is consistent with the observations
above. In the large-B limit (| . ) with 0 — o, we deduce from that the leading order
term, Bx?, is negative, with B arbitrarily large negative, while the large-z formula is positive.
This is consistent with the presence of at least one pole on the real (-axis, see the second and
third rows in the right column of Figure . In the small-B limit with o — o, the first
term of @ is negative; the second term is positive; the third term, Bb; 927, is negative
but negligible, see , and the fourth term, Bby;2*77, is negative and bounded if n = 0, see
, and negative but unbounded if n > 0, see ([16)). This indicates the presence of at most
two zeros and, if n > 0, one pole on RT in the limit x — 0%. This is consistent with the
observations in (32)), and (with (2k + 1) replaced by 2k) according to which a pair of
zeros appears on Im ¢ = 0 if n > 0 and at least one pole appears on Im ( =0 if n > 0 in the
small-B limit (as in the right column of the first row of Figure .
Suppose v = —n — QL, where n, ¢ and m are non-negative integers, E and m are relatively
prime andyz—n—%#—n—%. Then o, = (m — £)/m if 0 < 35 < 1 (see ), and
= (l—m)/mif L <5 <1 (see (14) and the comment below i This implies that if
o & 0., then the small—z formula @ is approximately an expansion in powers of 1/m and thus
the solution behavior in the limit z — 0 is approximately that of an m-branched solution. If
the solution has m distinct branches in the limit z — 0, or equivalently, Re ( — —oo, then
the positions of the poles and zeros close to z = 0 should repeat every m branches. That is,
the sequences (32 and ( should be 4mm-periodic in the imaginary direction, which
is indeed the casd H For example in Figure |§| we have, in the first to third rows, respectively,
m =~ 1, m = 2 and m = 1. Thus, the positions of the poles and zeros are 4m-periodic in the
vertical direction in the first and third rows and 8m-periodic in the second row, which is also
evident in and . Recalling that a pole or zero on the lines Im { = +27 correspond to
a single pole or zero on R~ in the z-plane since z = /2, we find that the number of poles and
zeros in the left half-plane is conserved in the first and third rows of Figure [§| (for example,
three poles in the left and right columns of the first row) but not in the second row. This is

If v < 0 is irrational so that v # —n — Qm’ then the solution has infinitely many distinct branches in the
limit z — 0 and thus the pole and zero positions are not periodic in the vertical direction.
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because m = 1 in the first and third rows and m = 2 in the second row. However, if one counts
the number of poles and zeros in the left half-plane in the second row on m = 2 sheets, e.g.,
on —27 < Im ¢ < 67, then the number of poles and zeros are conserved.

In the limit ¢ — o, the poles and zeros at , and move infinitely far into
the left half-plane, 1 < --- < x,41 — —o0, which implies that the poles and zeros coalesce
in the limit at z = 0. Since the pairs of poles and zeros have residues and derivative values,
respectively, of opposite signs (see Figure |8) they effectively cancel in the limit when they
coalesce. This leaves the single vertical row of poles or zeros at that coalesce in the limit
at z = 0 but on different sheets. If a Py solution with MTW parameters admits a pole at
z = 0, then it is a simple pole with residue c_; = —2v, as one can confirm by substituting a
Laurent expansion about z = 0 into Pyp. This is consistent with the first row of Figure |8] in
which three poles with ¢_; = 41 coalesce at z = 0 in the limit ¢ — o, resulting in a pole at
z=0with c.; =3~ —2v = —2(—1.4999). Now, the reciprocal of an MTW solution is also an
MTW solution, see . Thus, if an MTW solution has a simple pole with c_; = —2r at z = 0,
then the reciprocal of this solution is also an MTW solution and it has a simple zero at z = 0
with ¢; = 1/c_1 = —i. Furthermore, if n poles with c_; = +1 of an MTW solution coalesce
at z = 0 to form a pole with residue n, as in the first row of Figure [8| then the coalescence
of n zeros at z = 0 must result in a zero at z = 0 with ¢; = 1/n. Thus, in the third row of
Figure [§] in which v = —2 and four zeros with ¢; = 1 coalesce, we have ¢; = 1/n = 1/4, which
is consistent with the fact that ¢, = —5 since ¢, = —5> = 1/4 = 1/n. The solution in the
second row of Figure |8 has two distinct branches (m = 2) in the limit z — 0 or Re { — —oo0,
thus the positions of the poles and zeros in the left half-plane are 87-periodic. For this solution,
v = —7/4 and there are seven zeros on two sheets with ¢; = 1 that coalesce in the limit ¢ — o..
If we consider the reciprocal of this solution, then seven poles with c¢_; = 1 coalesce on two
sheets and thus the ‘residue per sheet’ is 7/2 = n/m, which is the same as the residue of a pole

at z = 0 on a single sheet given above, i.e., c_;1 = —2v = 7/2. Thus, if seven zeros with ¢; = 1
coalesce on two sheets we have a ‘derivative value per sheet’ of m/n = 2/7, which is the same
as the derivative value of a zero at z = 0 on a single sheet, ¢; = —5- = 2/7.

One can use to show that the results above generalize as follows for rational v values.

Suppose v = —n — % = 2”;”” and consider the small-B limit , thus 0 < % < % Then

2mn+{ poles with ¢_; =1 (if n is odd) or zeros with ¢; = 1 (if n is even) coalesce on m sheets,

giving a residue per sheet of 22t — 21 and a derivative value per sheet of = -+
m 2mn+€ 2u°

For the large-B limit . let 1+ < 55 < 1, then 2mn + € zeros with ¢; = 1 (if n is odd) or
poles with ¢_; = 1 (if n is even) coalesce on m sheets agaln giving a residue per sheet of

2mntl — 2y and a derivative value per sheet of -2 =
m n+€ 21/

4.3 |o| > o,

Figure |§| shows the typical pole dynamics of an MTW solution with v < —% before and after
the round(—v) poles first appear on R™. Except for the rightmost 2| —v| + 1 rows of poles
that are not aligned with the pole field on the left, the movement of the poles into the right
half-plane and the accumulation of zeros on Rt when A > 1/7, or 0 = 1+ 2ip, > 0, is similar
to that of the MTW solutions with v > —% (cf. Figure . The bottom frame of Figure@

illustrates that if o > 0., then the small-x and large-x asymptotics of MTW solutions with
v < —1 are similar to those of MTW solutions with v > —3 (cf. the bottom-right frame of
Figure, despite the presence of poles on Rt in MTW solutions with v < —%. This makes
the MTW solutions with v < —% reminiscent of the quasi-Hastings—McLeod solutions of Py,
identified in [12]. The asymptotic behavior of quasi-Hastings—McLeod solutions at x — +o0 is
the same as regular Hastings—McLeod solutions, a class of tronquée Py; solutions, despite the

presence of a finite number of poles on the real axis.
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Figure 9: The pole fields of an MTW solution with v = —1.75 before and after the round(—v)
poles first appear on R (see also the v = —1.75 solution in Figures |§| and . The bottom
frame shows the solution in the rightmost frame on R* with its small-z and large-z asymptotic
behaviors given by and , respectively, all divided by x (cf. the bottom-right frame of
Figure [1)).

5 Solutions with v = —% —n on the 0th sheet

Although the MTW solutions do not exist when v = —% —n, n > 0, since then the large-z
formula is Singular there are two families of solutions that can be viewed as limiting MTW
solutlons as v— —z —n The first family satisfies only the small-x MTW asymptotic formulae:
@D . and . The second family are single-valued Py solutions that are expressible
in terms of elementary functions and which have MTW-like large-z expansions. Since each
member of these families satisfies MTW asymptotic formulae only at one end of R, we refer
to the first family as the left-end MT'W solutions and the second family is called the right-end
MTW solutions. We denote the left-end MTW solutions by u(z;v,0); thus, if v # —1 —n,
then u(z;v, o) denotes an MTW solution and if v = —5 — n, then u(z; v, o) signifies a left-end

MTW solution.

5.1 The left-end MTW solutions

We know from Figure@that for an MTW solution with v ~ —1 —n, 2| —v| +1 rows of poles are
dislodged from the pole field on the left. The left-end MTW solutions are the limiting cases in
which these dislodged rows of poles move to +o00, as illustrated in Figure The two central
frames in Figure are phase portraits [36], which depict the phase of the solution wu, i.e.,
Arg(u) € (—m, 7|, according to the color wheel above Figure [0} Thus, the second frame shows
that on the smooth regions to the left and right of the dislodged rows of poles, the solution has,
respectively, negative real values, indicated by light blue, and positive real values, indicated as
red. All MTW solutions asymptote to positive real values in the right half-plane as z — oo, see
. However, as v decreases to the critical value —% —n, the dislodged poles move infinitely far
to the right (thus rendering the large-z formula singular) resulting in negative real values in
the right half-plane as z — oo for the left-end MTW solution, see the third frame in Figure [10]
As v decreases through —% —n, the factor I'(v + %) in discontinuously changes sign and the
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dislodged poles and zeros return into the finite right half-plane as the reciprocals of poles and
zeros that exited the finite right-half plane, cf. the leftmost and rightmost frames in Figure [10]
In the left half-plane, however, there are no perceptible changes in the solution as v transitions
through —% — n, see Figure This is because the small-z formulae @f are continuous
functions of v for fixed o # 0., where o, is defined in and .

Re z Re z

Figure 10: A left-end MTW solution (third frame) and two nearby MTW solutions: the
leftmost and rightmost frames are modulus plots of the nearby MTW solutions and the second
frame is a phase portrait of the solution in the leftmost frame. The only discernible differences
between the solutions are in the right half-plane. For these solutions ¢ = 1. The color wheel
above the figure is taken from http://d1lmf.nist.gov/help/vrml/aboutcolor.

It is shown in Theorem (3| in the Appendix that the left-end MTW solutions, u(z; —v, o),
v=mn-+ %, n € Z, are the negatives of the MTW solutions u(z;v,0). Hence, the left-end
solution in Figure (10| is the negative of the v = % solution in Figure 4| The large-z behavior
of the left-end MTW solution in Figure is therefore given by the negative of the large-z

formula and thus u ~ —1, 2 — oo in the right half-plane.

5.2 The right-end MTW solutions

The Py equation with v = 1 = —§ has Bessel function solutions if and only if eya+e58 = 4n+2,
where £; = £1 and €, = +1 independently and n € Z . Thus, for Pyp with MTW parameters
, we require €, = —&y in which case Bessel function solutions exist for v = n+ % It is shown
in that if £; = 5, then Pyy; has solutions expressible in terms of Bessel functions of the first
and second kinds while if e = —&5, then solutions in terms of modified Bessel functions of the
first and second kinds (7, and K, respectively) exist. For the latter case, which is applicable
to solutions with MTW parameters, the modified Bessel function Py solutions are
(=) _#(2)

o) u(z;e—1l,e+1,1,—-1) = (36)

u(z;l—ec,—c—1,1,—-1) = 5(2)

where
¢<Z) = C1Z(1_c)/21(c_1)/2(:|:,2) + CQZ(l_C)/ZK(c_l)/Q(:tZ),

and C] and Cy are arbitrary constants. In (36]), u(z;a, 8,7,d) denotes a Py solution with
parameters «, 3,7 and 6. The parameters in are MTW parameters only if ¢ = 0 in
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which case the modified Bessel functions can be expressed in terms of elementary functions:
Ie—1yj2(2) = 1-1p2(2) = /2/(mz)coshz, Kc—1)2(2) = K_1/2(2) = \/m/(22)e”*. Thus, for
MTW parameters the special function solutions can be expressed in terms of hyperbolic

functions [26]: bt beinh
acosh z + bsinh z

u(z;e,—e,1,—-1) = —¢ g2 =1 (37)

asinh z + bcosh 2’

Since we are considering solutions with v = —% —n,n >0, weset e = —1in which
corresponds to the MTW parameter v = —%.
The following Béacklund transformation maps a Py solution with MTW parameter v, i.e.,

w:=u(z;2v, —2r,1,—1), to a Py solution with MTW parameter v £+ 1 [26]:

u(zu' + ezu® + 2veu + u — €2)

T.: u(z2(v+¢e),—-2(v+e),l,—-1)=— e2=1. (38

2u' 4+ ezu? — 2veu — u — €z
Hence, if we apply 7™, (T, denotes n applications of 7" ;) to the single-valued solution ({37)
with ¢ = —1, which has MTW parameter v = —%, we obtain a meromorphic elementary
function solution with MTW parameter v = —% —n. We now show that these solutions can
be considered as limiting MTW solutions with v — —% —n.

We observe that if v = —% — n, then the series in the large-z MTW formula converges
to a finite sum since then ¢; =0, j > n+ 1 (see @) Thus, if we set v = —% —n in and
replace the singular factor AI'(v + 5)27% with a parameter k, we obtain

un~1— ke 2 (1 + ; %) =1 — kp,(2)e?, z — 00, —g <argz < g (39)

where p,(2) = >°7_¢;z"7/. This limiting MTW large-z expansion is the same as the first
two leading order terms of the large-z expansion of the elementary function solutions discussed

above, up to a constant. For example, the solution with e = —1 can be expressed as

1_1’__‘16*22 1—(C/2 —2z

1T (Z;ﬁ,) e—22 14+ (C/2)e%

=1-Ce*+0 ("), (40)

for 2 — oco,—F < argz < §. Since ¢g = 1, po(z) = 1 and thus the expansion (39) with
n = 0 and the first two terms of match up to a constant. We show in Lemma |3| in the
Appendix that the elementary function solution obtained from n applications of T_; to the

solution u(z; —1,1,1,—1) in has the expansion
u(z;—1—2n,142n,1,-1) = T"u(z;-1,1,1,-1) =1 = CP,(2)e > + O (%), (41

where P,(z) = (fl)npn(z), for z — 0o, =5 < argz < 7. Hence, the two leading order terms of
the limiting v — —% —n MTW expansion and the elementary function solution in
with MTW parameter v = —% —n match up to a scaling factor. Moreover, if the limiting MTW
expansion (39)) is appropriately generalized to include the higher order exponential terms that
feature in (41]), then the two expansions would match to all orders, up to a scaling factor, since
that expansion in powers of e=%? is unique. We therefore refer to the set of one-parameter
meromorphic elementary functions defined in as the right-end MTW solutions.

Figure illustrates that the right-end MTW solutions are limiting MTW solutions in
which the pole-fields in the left half-plane of the nearby MTW solutions move out of the finite
plane. The central frame shows the single-valued right-end MTW solution ({1f) with n = 1,
ie.,

~1—-C(—4z+1)e %, (42)

u(z;—3,3,1,—1) = (1 — (0/2)62Z> (C2/4)e — 2202 — 1

1+ (C/2)e=% ) (C?/4)e 4 4+ 2zCe™2% — 1
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for 2 — oo, =5 < argz < 7. The large-z asymptotics of the nearby MTW solutions in

Figure |11] are given approximately by with pi(z) = z — ;11 (note from that Pi(z) =
%pl(z)), k= AM'(v+ 3)27* and v = —3. Thus, to (approximately) match the large-z
expansions of the solutions in Figure [11| we set C' = —AT'(v + $)27%/4. Since the one MTW

solution in Figure has v > —% and the other v < —%, the factor I'(v + %) has opposite
signs for the two solutions and thus the signs of A\ differ in Figure Similar to the MTW
solutions, for which u(z;v, —\) = 1/u(z;v, A), see (7), it is clear from that changing the
sign of C' yields the reciprocal solution. It is straightforward to show using and that

this property holds for all right-end MTW solutions.

v=-1.4999, A=1/x v=—1.5,C = 6.4e4+003 v=-15001,\=—1/x

-10 0 10 ) -10 0 10 -10 0 10

Figure 11: The single-valued right-end MTW solution, central frame, can be considered a
limiting solution of its two nearby MTW solutions. As explained below , the parameters
of the right-end MTW solution and the nearby MTW solutions, C' and A, respectively, are
related according to C' = —AT'(v + §)27272

Figure is analogous to Figure in the latter figure the dislodged rows of poles and
zeros move to +oo and return as reciprocals whereas in Figure [11] it is the pole field in the
left half-plane that moves to —oo and returns as its reciprocal as v decreases through —% —n.
The left-end and right-end MTW solutions constitute the limiting cases in these figures. In
Figure [10] small changes in the small-z formula lead to significant qualitative differences in the
right half-plane. Similarly, in Figure (L1} small perturbations in the right half-plane result in
significant differences in the left half-planes of the solutions.

6 The MTW solutions on multiple sheets

The pole field dynamics of the MTW solutions on sheets other than the Oth sheet is very
different for the two cases 0 < 0 < 1 and 0 = 1+ 2y, ;o > 0. This can be ascribed to the type
of branch point admitted at z = 0 in the two cases. We shall find that if ¢ is a rational number
with 0 < o < 1, then, as suggested by the small-z approximation u(z/2) ~ Bz? (see (9)),
z = 0 is an algebraic branch point and thus the MTW solution has a finite number of distinct
branches. It is stated (but not proved) in that algebraic branch points of Py solutions
must have order three. However, as we shall prove in Corollary [[]and as our numerical solutions
confirm (e.g. Figure , MTW solutions with algebraic branch points of any order exist. For
the case 0 = 1 4 2iu, p > 0, for which the small-x approximations f are valid, our
computations indicate that the MTW solutions have infinitely many distinct branches. The
algebraic branch points admitted at z = 0 for 0 < o < 1 imply certain rotational symmetries
which lead to the existence of pole-free sectors on sheets neighboring the Oth sheet that are
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not present when o = 1+ 2iu, ¢ > 0. Henceforth we consider only the s-th sheets with s > 0
since, as we noted in section an MTW solution with real parameters on argz < 0 is the
complex conjugate of the solution on arg z > 0. Thus, the solution features on the —s-th sheet
are easily deduced from those on the s-th sheet.

6.1 Empirical results for 0 <o <1

We used our computational method to survey the MTW solutions on sheets 0—4. For fixed v
we found that multiple pole-free sectors appear on these sheets as o is varied between 0 and 1.
Table [2| describes all the pole-free sectors that we found. All MTW solutions have a pole-free
sector on sheet 0, contained in —7/2 < argz < 7/2, with u ~ 1, z — oo, see (7). However, a
pole-free sector occurs on sheet s, s > 0, only if ¢ is rational, i.e., 0 < o = Z—; < 1, where ny
and ny are relatively prime. As we shall prove, it follows from the small-z expansion that
if o = i, then the solution is invariant under rotations through an angle of 2mny and thus we
need only consider sheets 0 to ny — 1, or the region —7/2 < argz < (2ny — 3)7. Table [2/shows
that if n, and ny have opposite parity, then MTW solutions with v € Z have one more pole-free
sector than MTW solutions with v € R\ Z: a pole-free sector in a right half-plane with u ~ —1
if ny is odd, or in a left half-plane with u ~ 1 if ny is even. If n; and n, are both odd, then
MTW solutions with v € Z have two more pole-free sectors than their v € R\ Z counterparts:
one contained in an upper or lower half-plane with u ~ #+i and another contained in a lower
or upper half-plane with u ~ Fi.

Table 2:  The pole-free sectors of MTW solutions u(z;v,0) with 0 < 0 = z—; < 1, where the
fraction = is expressed to lowest terms. The solution has n, distinct branches and thus it

suffices to consider the region —m/2 < argz < (2ny — 3)m.

v 0<o=1<1 2z — 00 Sector
ny, and ny have opposite parity | u ~ 1 -5 <argz <7}
vER\Z un~1 —F<argz< g
ny and ne are odd
un~ —1 (ny — 3)m < argz < (ng + 3)m
un~1 —F<argz < 7§

ny1 and nsy have opposite parity
un~ (=) | (ng — D <argz < (no + 3)m

s s
un~1 —5 <argz < 7§
_ un~ (=1)"i moly <argz < "2ty
ny mod 4 = 1 and n, is odd
1 1
e un~ —1 (ng — )7 <argz < (ng + 3)m
u~ (=1)" Smly <argz < 22ty
s s
u~1 —3 <argz <3
. u~ (—1)" moly <argz < "2ty
ny mod 4 = 3 and ny is odd
un~ —1 (noy — $)m < argz < (na + )7
un~ (=1)"i Smly <argz < 22ty
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We identified tronquée solutions on sheets 1-4 by observing the movement and orientation
of the pole fields as o is varied between 0 and 1. As an example, Figure shows the pole
fields on the first sheet of the MTW solution with v = —1 as ¢ increases through the critical
value o = 1/3. According to the fourth case in Table , we expect to find two pole-free sectors
on the first sheet when o = 1/3: within 7 < arg z < 27, on which u ~ —i, z — oo and within
br/2 < argz < Tm/2, on which u ~ —1, z — 00. As o increases to 1/3 the pole fields in the
upper-left quarter-plane and lower half-plane move towards z = oo, as shown in the first two
frames. When o = 1/3 the pole fields are out of the finite plane and as the pole fields return
from z = oo for o > 1/3 their orientations are changed (cf. the first and second rows). Note
the similarities between Figures and In both figures poles and zeros move out of the
finite plane, resulting in a pole-free region, and return differently aligned. In Figure [§|the poles
and zeros move toward and return from Re ( = —oo (or z = 0) and in Figure[L3| the poles and
zeros move toward and return from Re ¢ = oo (or z = 00).

o = 0.2500 10+ o = 0.3306

10

Re z Re z

Figure 12: The pole fields move out of the finite plane and return with a different orientation
as o transitions through the critical value, 0 = 1/3 in this case. These pole fields are on the
first sheet of the MTW solution with v = —1.

6.2 Analytical results for 0 <o < 1

To provide further justification for the empirical results in Table [2, we will make use of the
following scaling Bécklund transformation for Pyy. Let u(z;a, 3,7,d) denote a Py solution
and let ¢; and ¢, be constants, then the scaling transformation ¢ u(cyz; a, 8,7, d) maps u to
another Pyy; solution with generally different parameter values :

TO(Cla C?) Su U(Z, &7 gv ;77 g) = Cl_lu(CQZ; avﬁafyv 5)7 (43)

a = c1e0, 5 = ¢ e, ¥ = ek, 5= cy2ca0. (44)
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We require that the parameters be real MTW parameters (1)), i.e

a=—0F=2v, veR, :—B—ZV v eR, y=7=1=-=6=-4. (45)

From and we deduce that ¢} = ¢§ = 1 and that ¢; and ¢, must either both be real or
both be imaginary. In addition, if ¢; and ¢, are both imaginary, then we require a = 8 = 0 for
a = —f to be satisfied. Thus, we only consider the following special cases of Ty(c1, c2) applied
to solutions with MTW parameters:

To((—1)™, e=imm) u(z;2v, —2v,1, 1) = (=1)™u(e ™" z; 2v, —2v,1, —1),  (46)
To((=1)m+L gimm) . u(z; —2v, 20,1, —1) = (=)™ Mule ™ z; 20, —2v,1, —1), (47)
To(—i,ie7™™) u(2;0,0,1,—1) = iu(ie”™2;0,0,1, —1), (48)
To(i,ie™"™™m) u(2;0,0,1, 1) = —iu(ie”"™2;0,0,1, —1). (49)

Since we are interested in solutions on the s-th sheets with s > 0 we let m be an integer with
m > 2. Note that the transformation in changes the signs of the first two parameters
whereas , and are auto-Backlund transformations, i.e., transformations that pre-
serve parameter values. The following results will be used to account for the observations in
Table 2

Lemma 1. Let Ty(cy, e) denote any of the transformations (@) (@ The MTW solutions
withv € R and 0 < 0 <1, 0 # 0. (see and (.)) are closed under Ty(cy,e?), i.e.,

1

u(z;v,0) = Ty(cr, e u(z;v,0) = g u(e ™20, 0), (50)

only if .

B(o,7) = ¢, e B(a,v), (51)
where B(o,v) is defined in (19). If To(c1,e™) denotes the transformation ({46), then v = v;
if Toler,e™) is [(47), then U= —v and if To(c1,e™?) is {({8) or (49), then v =v = 0.

Proof. —.- 2.2.1} a generic Py solution with MTW parameters (1) has a
unique small-z expansion (3) for fixed B, v and 0. What characterizes an MTW Pry solution

for fixed v and o # o, however, is the coefficient of the leading order term of the unique small-z
expansion (§): B = B(o,v), defined in (12). Thus, to prove (51). it suffices to show that the
__
the condition expressed in (5]}

Theorem 1. The MTW solutions with v € R and 0 < 0 < 1, 0 # 0. are closed under the
transformations (@)—(@ with m > 2 only if, respectively,

2n+1 ; — _
VER  and o — d 2 wz-th m=2k—1, or (52)
T with  m = 2k,
2l with =2k—2
veZ and o= 2 wz‘ m =2k =2, or (53)
sieg with  m =2k —1,
dn +1 ,
v=0 and 0= with m=%k and (54)
dn + 3 ,
v=0 and 0= with  m =k, (55)

where n and k are integers such that k > 2 and 0 < o < 1.
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Proof. According to Lemma |I| the MTW solutions are closed under the transformations (46])—
only if is satisfied. For (46)), c; = (=1)™, ¢3 = ¢ = ¢ T = v and thus (51)

reduces to
eiﬂma — (_1)m

This equation is satisfied only if mom = ny7, i.e., 0 = ny/m, where n; and m are integers with
the same parity such that 0 < o < 1. If m is even, say m = 2k, then 0 = 7 and if m is odd
with m = 2k — 1, then 0 = g’;ﬂ where n and k are integers such that £ > 2 and 0 < o < 1.
For the transformation , vV=-v,c = (=1)"" and ¢y = e, Thus, implies that
we require B(o, —v) = £B(o, v) since B(o,v) € R for o,v € R. According to Lemma [2[in the
Appendix, B(o, —v) = B(o,v) only if v € Z and B(o, —v) = —B(o,v) only if v = n+3, n € Z.
However, we need only consider v € Z since MTW solutions do not exist when v = —n — 1

2
n > O.E| Hence, if v € Z, then becomes

€T — (—1)mH, (56)

This equation is satisfied only if mom = nym, or, ¢ = n;/m where n; and m are integers with

opposite parity such that 0 < ¢ < 1. If m is even this reduces to o = g;“:; and if m is odd this

reduces to o = 2,3—5 where n and k are integers such that £ > 2 and 0 < o < 1.

For the transformations (48) and , respectively, ¢; = Fi, ¢ = ie”"™ and U = v = 0.
Thus, becomes

eimm=3)0 — 4.

For the transformation , the equation is satisfied only if (m — 3)om = (ny — 3)m with

ny odd, ie., only if o = (2n; — 1)/(2m — 1), which is equivalent to (54)). Similarly, for (49)
the equation is satisfied only if 0 = (2n; — 1)/(2m — 1), with n; even, which is equivalent to

). 0
Corollary 1. If 0 < 0 = Z—; < 1, 0 # 0., where ny and ny are positive integers and Z—;

is expressed to lowest terms, then the MTW solution u(z;v,0) is an algebraically branched
solution with ny distinct branches.

Proof. This follows from : setting m = 2ny in we have

u(z;v,0) = To(1, e ™) u(z;v,0) = ule >z v, 0), o= % (57)
2

Since o = I is expressed to lowest terms, ny is the smallest positive integer for which 1)
2

holds and thus the solution has exactly ns distinct branches. L]

To generate the results in Table [2| we shall use repeated applications of the transformations

65)-({E).

Corollary 2. For the transformations and values of v and o specified in Theorem/[1], the MTW
solution u(z;v, o) is also closed under Ty (cy,e~™), n > 1 and

T (e, e Nz v, 0) = To(cl, e ™ u(z v, 0) = ¢ ule ™™ 2 v,0) = u(z; 0, 0), (58)

where U = v if To(c1, e ) is one of the auto-Bicklund transformations (@), @ or @) and
U= (=1)" if Ty(c1,e~%) is the transformation that reflects the parameter v.

Mfy=—n-— %7 n > 0, then one set of limiting MTW solutions is the left-end MTW solutions, discussed
in section As pointed out in the final paragraph of that section and in Theorem [3|in the Appendix, the
transformation with m = 0, u(z; —v,0) = —u(z;v,0), gives the relationship between the left-end MTW

solutions and the MTW solutions.
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Proof. If u(z;v, o) is closed under Ty(ci,e™%), then

uw(z;7,0) = Ty(cr, ez v, 0) = e u(e ™z v, 0). (59)

If To(cy, ™) denotes , or , then 7 = v and thus it follows from Theorem (1| that
u(z;7,0) is also closed under Ty(cy,e™). If Ty(cy, e~ ) denotes @, then 7 = —v and since

v € Z, ¥ € Z and thus it follows from Theorem [I|that u(z; 7, o) is also closed under Ty(cy, e~).
Hence, from we have

u(zi0,0) = Toler, e )u(zv,0) = Tg (cr, e )u(z; v, 0)

= Toler, e e tu(e ™z v, 0) = T 2ule ™ 2 v, 0) = Ty(c, e %)

where 7 = 7 = v if Ty(cy,e™) is , or and v = —v = —(—v) = (1) if
To(cy,e ) is . Repeating this argument n — 1 times, we arrive at the result . O

u(z;v,0),

In addition to the scaling transformations —, we require the Backlund transforma-
tion T, defined by , to account for the results in Table

Theorem 2. For v € R and 0< 0 < 1, 0 # 0,, the MTW solutions are closed under T, i.c.,
9 1
u(z;v+e,0) =Tu(z v, 0), et =1, v # 2—6(0—1). (60)

Proof. From the definition of the Backlund transformation 7. in , the right-hand side of
(60) is a solution of Py with MTW parameter v + ¢ and therefore, as stated in section m,
it has a unique small-z expansion of the form . To show that this solution is an MTW
solution with parameter v + ¢ and thereby prove the result , it is sufficient to show, by
the same argument given in the proof of Lemma [T that the coefficients of the leading order
terms of the small-z expansions on the left and right-hand sides of match. Substituting
the small-z expansion f into 7., we find that the coefficient of the leading order term is

(2€U+1+U

2ev +1— a) Blo,v). (61)

The leading order coefficient on the left-hand side of is B(o,v+¢) and using and the
property I'(z) = (z — 1)I'(z — 1), it follows that

2ev+ 140
2¢v+1—0

Blo,v+¢) = B(o,v), (62)
(o)

and thus and match. O

It follows from Theoremthat u(z;v+k, o) = TPu(z;v,0) and u(z; v — k,0) = TF u(z; v, 0)
for 0 # 0. and k > 1, and thus it suffices to apply 77 only to solutions with v > 0 and T4
only to solutions with » < 0. Hence, the the cases implied by the restriction on v in ,
which follow from the denominator in f, need not arise.

The final results required to generate the empirical results in Table [2| using Backlund
transformations are the large-z behaviors in certain sectors of the solutions Tg*(c1, e~ )u(z; v, o)
and the solutions obtained from compositions of T with Tg'(cy, e=)u(z; v, ).

Proposition 1. For the transformations and values of v and o specified in Theorem 1],

w(z;0,0) = T (cr, e u(z; v, 0) = To(ct, e ™ u(z; v, 0) = ¢;"ule ™ 2 v,0) ~ ™, (63)
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and
g ifC n — 1
1 > 1 )

(—D)fer™,  dif e = —

£

u(z; 0 + ke, o) = THu(z:0,0) = TF o Ty (cr, e )u(z;v,0) ~ {

where @ and are valid for

2 — 00, —g+n0<argz<g+n0, (65)

and € =1, U = v if Ty(cy, e) is @ (@ or (@ and U = (—1)"v if To(c, e ) is .
Proof. The result follows from Corollary [2[ and the large-z formula :

w(z7,0) = To(er, e ulzv,0) = ¢ "ule ™z 0,0)

~ "+ O ((eM02) 2 exp[—2e2]),  (66)

for 2 = 0o, =5 +nb < argz < 7 + nob.
It follows from Theorem [2| that the large-z behavior of u(z; 7+¢,0) on can be obtained
by substituting into and letting z — oo, in which case we find

N N : (e =Dz + (260 + 1)ef
u(z;v+e,0) =Tu(z; v, T. o T3 (cr, e u(z;v,0) ~ —c]"——2 — ,
( o) u o) = (e Ju(zv,0) ele™ — 1)z — (2604 1)

(67)
with the same exponential-order correction term as in . For the transformations f,
c;? =1 or ¢;>" = —1, hence
R R "+ O ((e702) VY2 exp[—2e72]) if 72" =1,
w(z;v+e,0) =Tu(z;0,0) ~ ! . (( _,3 1o [ _g) _ 1_2 (68)
—ci"+ O ((e772) " VP exp[—2e72]), if ;™" = -1,

for z = 00, —=m/2 4 nb < argz < 7/2 + nb, provided v # —3 if e = 1 and ¢;*" = 1 and ﬁ;«é 2
if ¢ = —1 and ¢;*" = 1. However, as noted in the paragraph below the proof of Theorem
these cases need not be considered. Hence, the leading order large-z behaviors of u(z; vV + ¢, 0)

and u(z;,0) are the same on —7/2 +nf < argz < 1/2 4+ nb if ¢;** =1 (cf. (68) and .

but if ¢ ~2n = —1, then the leading order behaviors differ in sign. Note that in both cases,

c;? =1 and ¢;*" = —1, the correction terms are of the same order in and . Thus, if
we apply 7. to u(z;U+¢,0) on —m/2 4+ nf < argz < 7/2+ nb, let = — oo and use (68)), then
we again arrive at , with the same correction term as in (66)), except that 7 is replaced
by U+ ¢ in and ¢;" is replaced by —c;™ if ¢;*" = —1 in. We conclude, as before,
that the leading order large-z behaviors of u(z;7 + 2¢,0) and u(z;V + ¢,0) are the same on
—7/24+nf < argz < /2 +nf if ¢;*" = 1 but if ¢;*" = —1, then the leading order behaviors
differ in sign. Repeating this argument another £ — 2 times we arrive at the result . O]

Proposition 2. The empirical results in Table [] follow from the preceding analytical results:
Theorem [, Corollaries[1] and[9 and Proposition [1]

Proof. Consider the first case in Table |2 : v€R\Zand 0 < o = <1, where the fraction 7

is expressed to lowest terms and n1 and no have opp081te parrty Accordmg to Theorem |1 l of
the transformations (46} ., u(z; v, 0) is closed under (46 only, with m = 2ny. As shown in
the proof of Corollary 1], this transformation maps the solution from sheet s to sheet s + ns.
However, according to Corollary [}, the solution has ny distinct branches. Thus, henceforth we
need not consider the transformation with m = 2n, and we may restrict our attention
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to sheets 0 to ny — 1, or the region —§ < argz < (2ny — %)ﬂ' We conclude that the only
inference that can be made regarding u(z; v, o) based on the transformations (46)—-([49) is that
it has ny distinct branches. As with all MTW solutions, u(z; v, o) has a pole-free sector within
—m/2 < argz < 7/2 on which u ~ 1 (see the large-z formula (f])). These conclusions are
consistent with the results for the first case in Table 2l

Now let v € R\Z and suppose n; and ny are both odd (the second case in Table. Then, of
the transformations (46)-(49), u(z;v, o) is closed under (46]) only, with m = ny (and m = 2n,
which, as mentioned above, need not be considered). Thus, we set ¢; = —1, ¢y = e ¥ = e77™2,
v = v and, since we require —% < argz < (2ny — 3)m, n=1in and and obtain

u(z;v,0) ~ —1, z = 00, (no — 3)m < argz < (ng + 3)m,

which is in agreement with the second case in Table |2

Let v € Z and suppose n1 and ny have opposite parlty Of the transformations .

u(z;v,0) is closed under only with m = ny. Thus, ¢; = (—1)"2* ¢y = e = e*“””,
ﬁ:—yandnzlinand (65):
1

u(z; —v,0) ~ (—1)”2+1, Z — 00, (ng — 5)7T <argz < (ng + %)7‘[‘,

which agrees with the third case in Table [2|

Now consider the final two cases in Table 2} v € Z and n; and ny, are odd. Of the
transformations ., u(z;v,0) is closed under and, if v = 0, (if ny mod 4 = 1)
or (49) (if n mod 4 = 3). For solutlons with v € Z\ {0}, we also consider compositions of T
Wit (if ny mod 4=1)or (49) (if ny mod 4 = 3) applied to u(z; v, o) with v = 0. For the
transformations ) and . respectlvely, m= (ny+1)/2, ¢y = Fi, ca = e~ = jeimm —

—imng/2

e ,ﬁzl/:()andn—1231n and.
, -1 even n
u(z; ke, o) = TF o T (Fi, e 7™/ u(2; 0, 0) ~ , 69
(21he,0) = T 0 T3 (i, ™™ 2)u(::0,0) {(_1)k(ﬂ>n en ! (69
Z — 00, (nny — 1) < argz < (nny + 1)7, n=1,23, k>0, (70)

which is equivalent to the results for the fifth and sixth cases in Table[2] For the transformation
{@a), m=nyc1=-1, o =e®=e""2 and n =11in and (65)):

u(z;v,0) ~ —1, Z — 00, (ny — $)m < argz < (na + 3)T, v e L. (71)
However, is the same as and with n = 2. The latter observation also follows from
the fact that the transformation is the same as two applications of or for the cases
under consideration (the final two cases in Table[2)): T2(Fi, e=™2/2) = Ty((Fi)?, (e7™2/2)?) =
TO(_17 6—2’7!'112)) see " L

6.3 Examples for 0 <o <1

Figure |13|illustrates solutions described by the third case in Table : veZLando= "= %
According to Corollary [I] the solutions in Figure have two distinct branches, as can be
confirmed by considering the colors above and below the branch cuts in the second row of the
figure. As shown in the proof of Proposition [2] the pole-free sectors of solutions corresponding
to the third case in Table [2| follow from the transformation . This transformation is unique
among the scaling transformations f in that it gives the relationship between differ-

ent regions of different solutions, whereas , and describe relationships between
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different regions of the same solution. Specifically, according to Theorem [1}, the relationship
between the two solutions in Figure [13]|is given by

u(z—1,3) =To(-1,e > u(z1,1) = —u(e72 1, 3). (72)

P I LI

Thus, the Oth and 1st sheets of the v = —1 solution are the negatives of the 1st and Oth sheets,
respectively, of the v = 1 solution.

v = —1, 0th sheet v = —1, 1lst sheet - v=1, Oth sheet v =1, 1lst sheet

Re z Re z Re z

Figure 13: Two doubly branched MTW solutions (o = %) that are related according to .

Figure illustrates solutions corresponding to the fourth case in Table 2} v € Z and
1

o = £ = . Since the solutions are displayed within —7 < argz < 97 (and the corresponding
region in the ¢-plane, —27 < Im ¢ < 187), three of the four pole-free regions in Table 2 I 2| are
visible: within —7/2 < argz < 7/2, 37 < argz < 47 and 137/2 < argz < 147/2 on which
u~ 1, u~ (=11 and u ~ —1, respectively, for z — oo. According to Theorem [l the
solution with v = 0 in the first two columns of Figure [14|is closed under Tg(—i, e~ ""/2) and
TP (—1,e77), n > 2. However, since TZ(—i,e”""/2) = Ty(—1,e7 "), see (58)), we need only
consider Tg'(—i,e~""/2). Thus,
. . 1
u(z,0,0) = TP (=i, e "/ ?)u(z;0,0) = i"u(e ™22, 0, 0), o=z (73)
Unlike the v = 0 solution, the solutions in the third through fifth columns of Figure [14] are not
closed under Ty(—i, e~"/?) (this follows from Theorem [1)):
. . 1
u(z; —k,0) # To(—i,e "™ u(z; —k, 0) = iu(e” "™ %2, —k, 0), kE=1,2, o=z (74)
However, according to Theorems (1| and [2 the following transformations are applicable to the

v # 0 solutions in Figure [14;

' 1
u(z; =k, 0) = To(=1,e " Mu(z; =k, 0) = —u(e "z —k,0), k=12 o=

?’ (75>

and
u(z; —k,0) = THu(z;0,0), k=12 (76)
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—4-3-2-10 1234
Re ¢ Re z

Figure 14: MTW solutions with v € Z and ¢ = %, corresponding to the fourth case in Table
on sheets 0 to 4. The second and fourth columns are pole field plots, while the first, third
and fifth columns are phase portraits of the solutions that indicate the solution values on the
pole-free sectors according to the color wheel at the top of Figure The solutions exhibit
certain symmetries and asymmetries in accordance with (73)—(7€]). Relationships between (i)

the poles and zeros of the same solution and (ii) the poles and zeros of the different solutions

are described by and f, respectively.
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It was shown in Proposition [2| that the pole-free sectors of the solutions in Figure [14] follow
from the transformations in , and . Now we also consider the action of these
transformations upon the simple poles and zeros of the MTW solutions in the z-plane (see
Table [I)). Suppose u(z;v,0) ~ £1/(z — z) or u(z;v,0) ~ (2 — 2), 2 — 2, 20 # 0, then if
the MTW solutions are closed under Ty(cp, e~%) it follows from that, respectively,

~ +cte?

u(z;v,0) ~ b

and u(z;v,0) ~ £cte (2 — ef'), z — ez, (77)

z —e¥z
Each of the solutions in Figure [14|is closed under Ty(—1,e7 "), see with n = 2 and .
Thus we see in all the columns of Figure |14 that To(—1, e~ ") transforms poles with residue
+1 and zeros with «' = %1 at z, to poles and zeros of the same solution at ez, = ™z, with
residue c; e’ = 41 and v/ = F¢;'e™™ = %1, respectively. For the solution in the first two
columns we see that To(—i, e ""/?) rotates poles and zeros through arge = Ir; the residues
of the rotated poles are preserved since ¢, 'e?® = £1 while the derivative values of the rotated
zeros are reversed since £c; e = F1.

To consider the action of T upon the poles and zeros of the MTW solutions, we substitute
the two leading order terms of the Laurent expansion about a pole,

c 2v+c
Z— 20 22’0

u(z;v,0) = +O((z — 20)), z = 29, 20 # 0, =1,

and the Taylor expansion about a zero,

2v+c

5 (z—20)* + O((z — 20)*), z = 2o, 20 # 0 =1,
20

u(z;v,0) =c(z — 2) +

into (38). The poles are transformed to

V24 3ev 4+ 2 4 22
— 1A (s o
20(41/ + 26) - ((z ZO))v I c=g¢g, ,
£ 2v+e)+e

T 570 +O((z — 29)) if c = —e¢,

u(z;v+e) =Tou(zv,0) =

and the zeros are transformed to

4 2
-2 E2) Lo - 2), ife=—e,
u(zyv+¢e) =Tu(zyv,0) = 2 2t o)+
e(z — 20) + %)E(z — 202+ 0((z — 2)*) ifc=—e.
0
(79)
Thus, 7. transforms poles (or zeros) of u(z;v,o) with residue —¢ (or v/ = —¢) to poles (or

zeros) of u(z;v + 1,0) with residue +¢ (or «' = +4¢). This can be confirmed by comparing
solutions in Figure |14 (and also in Figure {4)) whose v-values differ by an integer. The fact that
T. does not map poles (or zeros) of u(z;v, o) with residue € (or v’ = ¢) to poles (or zeros)
of u(z;v 4+ 1,0) is most easily seen in Figure . In the top row of that figure, the poles and
zeros that are closest to the imaginary axis, a row of red poles (residue +1) and purple zeros
(' = +1), are not mapped to poles and zeros at the corresponding points of the solutions in
the second row whose v-values differ by +1.

According to , all the pole-free sectors in the first two columns of Figure (14| are scaled
and rotated versions of the pole-free sector within —7/2 < argz < 7/2 on the Oth sheet.
Similarly, according to , the pole-free sector within —137/2 < argz < 147/2 in the third
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to fifth columns is rotationally symmetric, up to a scaling factor, to the pole-free sector on the
Oth sheet. However, according to , the pole-free sector within 37 < arg z < 47 in the third
to fifth columns is not a scaled and rotated version of the pole-free sector on the Oth sheet. This
asymmetry can be confirmed by comparing the solutions on the centers of these two pole-free
sectors: the lines argz = 0 and argz = 77”; the latter line is indicated by red dotted lines in
Figure [14] There is one zero, for the v = —1 solution, and two zeros, for the v = —2 solution,
on arg z = %r whereas arg z = 0 is devoid of zeros for these solutions. Generally, our numerical
solutions indicate that on pole-free sectors with u ~ +i, 2 — oo, see Table , there are |v|
poles or |v| zeros close to z = 0 in the center of the pole-free sector.

Thus far, we have not considered the application of the Bicklund transformations Ty(cy, e~%)
and T, to the MTW solutions for the case ¢ = o, see and (14), since then the small-z
expansion , on which our analysis relies, is not valid. We have found numerically that even
if 0. coincides with one of the values in Table [2| then the MTW solution still has ny distinct
branches and its pole-free sectors are still described by Table [2 This observation is consistent
with the observation made in section [4.2, Namely, if 0 < 0. = ™ < 1, then the positions of
the poles and zeros in the limit o — o, given in ([32)), and , repeat every ns sheets,
in accordance with what one expects if z = 0 is a branch point of order n,.

We mention one final empirical observation for the MTW solutions on multiple sheets for
the case 0 < 0 < 1. We found that if v = 0, then the real and imaginary axes on all the sheets
are free of poles and zeros. If v € Z \ {0}, then there are no poles or zeros on the real axes
but there is no restriction on the number of poles or zeros on the imaginary axes. If v € R\ Z,
then we found that infinitely many poles or zeros can occur on the real and imaginary axes of
sheets other than the Oth sheet.

6.4 o=14+21pu, pn>0

The pole dynamics on sheet s > 0 for the case 0 = 1 4 24, p > 0, when the small-z behavior
on arg z = 0 is given by (17)—(22), is qualitatively the same for all MTW solutions with v € R.
After all the transitions through the o values in Table [2, the poles are aligned along spirals in
the z-plane, see Figure [15] As u increases, the spiral arms move closer to each other, the pole
density increases rapidly as the sheet index increases and no pole-free sectors are present on
sheets other than the Oth sheet. This suggests that the solution is logarithmically branched if
|o| > 1 since every sheet appears to be distinct.

7 Conclusion

The MTW solutions were first studied asymptotically on the positive real axis in [25]. Their
asymptotics in the right half-plane follow from the recent results in [22]. Our enhanced PFS
method completes this progression since it has enabled the study of the MTW tronquée solu-
tions of Py on their Riemann surfaces. A new result of this study is the asymptotics of the
MTW solutions on multiple Riemann sheets, which follow from Theorems [I| and [2| and which
are given in Proposition [I| and Table [2]

We also found solution features that were not seen in the computational studies of the
single-valued Painlevé transcendents in [11-13,[32-34]. This is to be expected from the added
complexity that the fixed singularity of the Py equation at z = 0 can give rise to: a branch
point and thus a possible infinitude of distinct solution branches and a potential limit point
of poles or zeros. One basic difference is that poles and zeros of multivalued Py; solutions can
enter or leave a bounded region through a branch point and a branch cut as the parameters
are varied (see Figures [l|and [2| for examples). For the class of Py solutions that we explored,
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o =1, Oth sheet o =1, 1st sheet o =1, 2nd sheet

Im z
Im z

Re z

Im z

Figure 15: The typical pole dynamics of an MTW solution for the case |o| > 1 on multiple
sheets (for this solution v = —5/4).

the branch point can be a source of infinitely many poles or zeros on the positive real axis. By
contrast, in single-valued solutions, poles and zeros can only enter or exit a bounded region
through the boundary of the domain. Transitions through tronquée solutions for large-z with
its associated change in pole field alignment, see Figure are also features of the meromorphic
Painlevé transcendents. However, for Py; solutions tronquée transitions also occur for small z
(see Figure |8 and recall that z = ¢%/2) during which poles and zeros coalesce at z = 0, which
is another solution feature that was not observed in the numerical studies of the meromorphic
Painlevé transcendents.

We found symmetries or asymmetries between different sheets of the same solution (Fig-
ure , the same sheets of different solutions (Figure and different sheets of different
solutions (Figure . These global properties of the solutions could be explained using small-
z asymptotics and Backlund transformations. To our knowledge the pole-free sectors in Table 2]
have not been noted in the literature before (except for the pole-free sector on the Oth sheet
which follows from the results in ) We also quantified changes in these pole-free regions
as functions of the parameters in sections and .

We hope that our analytical and computational results will clear up a misconception in the
literature (e.g., in ,) regarding the order of algebraic branch points that are admitted
by P at z = 0: algebraic branch points of any order, not just order three, are possible (see
Corollary |1} and an example in Figure .

Many types of Py solutions remain to be explored (not to mention the unexplored solution
spaces of Py and Pyy). These include tronquée solutions for the cases v # 0, a # —f and
v =0, ad # 0 (see Theorem 2 in [22]); single-valued solutions , pp-151-154]; triply branched
solutions [5,23], special function solutions and generic solutions that fall into none of these
categories.
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Appendix

Lemma [2] below is used in the proofs of Theorem [I] in section [6.2] and Theorem [3] in this
appendix. Although Theorem [3|below is referred to in section[5.1], we recommend that its proof
be read in conjunction with the proof of Theorem [I] in the later section [6.2] since similar ideas
are used. The final result below, Lemma [3] is used in section and its proof is independent
of any results in this appendix.

Lemma 2. Let v e R and 0 < 0 <1 or 0 =1+ 2iu, u > 0, then B(o,—v) = B(o,v) if and
only if v € Z and B(o, —v) = —B(o,v) if and only if v =n+ 3, n € Z.

Proof. Tt follows from the definition of B(c,v) in and the identity I'(2)['(1 — 2) = 7/ sin(72)
that

B(o,v) + B(o,~v) = 2B(0,v)R(0,v),  R(o,v) = Ciiiﬁf?; _<7T>]>

For 0 < o < 1loro =1+ 2iu, p > 0, the zeros and singularities of B(o,r) occur only at

0., defined in and , see and . Hence, we exclude ¢ = o, in which case
0 < |B(0,v)| < oo. Also note that if o # o, then cos|[r(c/2 —v)] # 0 and thus |R(o,v)| < oc.
Hence, forv e Rand 0 < o <1 or 0 =1+ 2iu, > 0 with o # 0. we have

B(o,—v) = B(o,v) < R(o,v) =1 < cos(wo/2) cos(nv) = cos|m(0/2 —v)] < v € Z,
and

1
B(o,—v) = —B(o,v) & R(o,v) =0 & cos(mv) =0 (:)l/:n+§, n € Z.

]

Theorem 3. The lefi-end MTW solution, u(z; ~v,0), where v = 4 +n, n > 0, and the MTW
solution u(z; v,0) are related according to

u(z; —v,0) =To(—1,Du(z;v,0) = —u(z;v,0). (80)

36



Proof. According to Lemmall] the result follows 1f (51) holds. For the transformation Tp(—1, 1),
V=—v,c;=—1and ¢; = e ¥ =1 and thus (51)) becomes

B(o,—v) = —B(a,v). (81)

It follows from Lemma [2| that this equations is satisfied for 0 <o <1l oro =1+ 2iu, > 0
only if v =% +n, ne€Z

For 0 = 1, the condition is not valid since B(o,v) is undefined according to (12).
To prove for 0 = 1, it is sufficient to show (by the same argument used in the proof
of Lemma [1f) that the leading order terms of the ¢ = 1 small-z expansions on the left and
right-hand sides of match. We show this as follows. If 0 = 1, then the small-z behaviour
of MTW solutions is given by and as x — 07

u(z/2;v,0) +u(z/2; —v,0) ~ g [C(v) + C(—v)] {—lnx + 1 [C(v) — C’(—V)]} : o=1.

4v
(82)
It follows from the definition of C'(v) in (18)) and the identities [8]
1
V(1) = 9)
and
Y@ = (1= 2) = ——
tan(mz)
that 5
v
C C 83
) +C(v) = 2 (53)
which is zero only if v =n + , n € Z. Comparing (8 and . we conclude that the leading
order terms of u(z; —v, o) and —u(z;v,0) match as x — 0T only if v =n+ 3, n € Z. O

Lemma 3. Let u(z;—1,1,1,—1) be the solution defined in @) and let pn(2) = Y0y c;2" 7,
where the coefficients c; are defined by (@) with v = —1 n, i.e.,

(n—j)?

TG D

¢, 0<j<n-—1, co = 1. (84)

Then

w(z;—1—2n,1+2n,1,—1) = T"u(z;—1,1,1,-1) = 1 = OP,(2)e > + O (™),  (85)

for z — 00, =% <argz < 7, where P,(z) = ( Ti)npn(z).

Proof. We prove the result by induction. Since py(z) = ¢q = 1, it follows from and that
Py(2) = po(2) if we set k = C and thus the result is valid for n = 0. Let P,(z) = 32", ™ zn—d

J=0"7J
and suppose that holds for some n > 1 with P,(z) = upn( ) if we set k = C'. Then,
substituting into the Backlund transformation (38) with ¢ = —1, we find that

u(z;—l—?(n—l—l) 14+2(n+1),1,—-1) =T qu(z;—1 —2n,1+2n,1, —1)

=1—CPi(2)e ¥+ 0 (), z — 00, —g<argz<g,

where

Poia(2) = Pa(z) — [4P.(2) — P (2)] - (86)

n—l—l
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The recurrence implies that

n+1 n n+1 n n+1 n
Cl(cl)_cl(c)_ ](<;)1+ Ck ,0<k<n 1, Cé )———n C(()), 21)——07(1).

Since we assume that P, (z ) = ﬂpn( ), the formula also holds for the coefficients of
P,(z), except that c( ") = ( . Using this and it is stralghtforward to show that

TS G Sl ) RS

_ c. () _ (24"
A AGG+1) 7

Comparing and with n+1 we deduce that P,1(z) = %pnﬂ(z), which concludes
the proof. n
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