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On external fields created by fixed charges

R. Orive!*, J. F. Sanchez Lara?

Abstract

In this paper equilibrium measures in the presence of external fields created by fixed charges are
analyzed. These external fields are a particular case of the so-called rational external fields (in the
sense that their derivatives are rational functions). Along with some general results, a thorough
analysis of the particular case of two fixed negative charges (“attractors”) is presented; indeed, the
main result of the paper deals with this particular case. As for the main tools used, this paper is
a natural continuation of [33], where polynomial external fields were thoroughly studied, and [39],
where rational external fields with a polynomial part were considered. However, the absence of the
polynomial part in the external fields analyzed in the current paper adds a considerable difficulty to
solve the problem and justifies its separated treatment; moreover, it is noteworthy to point out the
simplicity and beauty of the results obtained.

Keywords and phrases: Equilibrium measures, External fields, Phase transitions.

1. Introduction

This paper is devoted to the study of equilibrium measures in the real axis in the presence of
rational external fields created by fixed charges. These are external fields of the form:

q
w(x):nyjlog|xfzj|,WER,Z]'E(C, (1)
j=1

q

where for 5 > 0, z; must lie on C\ R, and it is assumed that Z v; = T > 0. These conditions
j=1

ensure that given any t € (0,7, there exists a measure A\, = A, such that A\, (R) = ¢, with compact

support S; C R, uniquely determined by the equilibrium condition (see e.g. [41])

= Ct, JZ‘ESt,
thv IGR,
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where ¢; is called the equilibrium constant and for a measure o, V7 (x) = —/ log |z — s| do(s). The

measure )\; is called the equilibrium measure in the presence of ¢ and minimizes the weighted energy

I,(0)=— // log |z — z|do(x) do(z) + 2 / p(x)do(z)

among all measures o supported in the real axis and such that o(R) =¢.
It is easy to see that
)\t == t)‘l,tp/t 5 (3)

1
where A; /¢ denotes the unit equilibrium measure in the external field 7P External fields (1) are

called rational since their derivatives are rational functions:

, r — Rez;
=Sy 2705 L eR
P DS e s n R A

In this sense, this paper completes the analysis started in [39], where rational external fields of the
form

q
p(@) = P(@)+ ) 7jloglz—z|, 3 €R, z €C, (4)
j=1
P being a polynomial of even degree 2p, with p > 1, were considered. There, a particular case was
treated in detail: a generalized Gauss-Penner model for which p = ¢ = 2. When p > 1, the polynomial
part makes the external field strong enough to be admissible for any ¢ € (0,400). On the contrary,
when the polynomial part is absent, the external field is weaker and it is admissible just for ¢t € (0,7).
This important difference is one of the reasons for studying these weaker rational external field in a
separated paper.

Of course, it is also possible to deal with rational external fields (1) with some z; € R and the
corresponding «; > 0; but in that case, the conductor where the equilibrium problem is posed cannot
be the real axis. This is the situation, for instance, when the asymptotics of Jacobi polynomials
with varying non—classical parameters are handled (see e.g. [23], [29] and [32]). In this situation,
the support of the equilibrium measure consists of a finite union of arcs and curves in the complex
plane; these arcs/curves satisfy a kind of symmetry with respect to the external field (the so-called “S-
symmetry” introduced by H. Stahl during the eighties, see [43]). In a similar fashion, when asymptotics
of Laguerre polynomials with varying non—classical parameters are studied, a rational external field
with a polynomial part (4) takes place (see [3], [12], [25], [26], [30] and, from the viewpoint of the
Gauss-Penner Random Matrix models, [2]). Other setting where it is feasible having z; € R and
v; > 0 is when the conductor is a proper subset of the real axis not containing points z;; in that
case, hard edges at the endpoints of the conductor arise (see e.g. [39], where the conductor [0, c0) is
considered).

Rational external fields appear in a number of applications in approximation theory, for instance
when dealing with the asymptotic distribution of zeros of orthogonal or Heine-Stieltjes polynomials;
in particular, the application of “purely rational” external fields of the form (1) to the asymptotics
of Heine-Stieltjes polynomials will be recalled below with more detail. But there are also important
applications in random matrix theory, for example in the study of Gauss-Penner type models. The
rest of this section will be devoted to describing briefly these applications.



In the second section, equilibrium problems in the presence of external fields (1) are handled in
general, studying some properties such as the asymptotic behavior of the equilibrium measure when
t (the size of the equilibrium measure or, equivalently in other contexts, the “time” or the “temper-
ature”, [5]-[7], [24] and [33], among others) tends to T', as well as the evolution of this equilibrium
measure when other parameters (the “heights”, Im z;, or the “masses”, ;) of the external field vary.

The main contribution of this paper is in Section 3, where the particular case of a rational external
field created by two fixed charges is treated in detail. In this case, the support of the equilibrium
measure may consist of one or two intervals (“one-cut” or “two-cut”, respectively), and we are mainly
interested in the evolution of this support when ¢ travels through the interval (0,7"). Our main result
is Theorem 3.1 below, though other results necessary for its proof, presented in Sections 2 (Theorem
2.2) and 3 (Theorems 3.2-3.4), are also of interest themselves; their proofs are collected in Section
4 in order to make the paper more readable. Finally, the geometrical aspects of the solution of our
main problem presented in Theorem 3.1 below are illustrated in the final appendix.

It is convenient to recall again that, regarding the methodology used, this paper, as well as the
previous [39], is a natural continuation of [33], where this “dynamical” approach was thoroughly
carried out for the case of polynomial external fields.

1.1. Generalized Lamé equations and Heine-Stieltjes Polynomials

In a series of seminal papers (see [44]-[47]), T. J. Stieltjes (1856-1894) provided an elegant model
for the electrostatic interpretation of the zeros of classical families of orthogonal polynomials (Jacobi,
Laguerre and Hermite) and polynomial solutions of certain linear differential equations (the so-called
Heine-Stieltjes polynomials, see also [48, §6.8] for a more detailed study). Regarding the latter case,
in [38] the authors considered the following equilibrium problem in the real axis (for a counterpart of
this problem in the Unit Circle, see [17] and [31]).

Let m, n € N and consider m prescribed negative charges at points zp € C\ R, k = 1,...,m.
Then, suppose there are n positive unit charges that can move freely through the real axis, and denote
by zx, € R, k =1,...,n, their positions. Observe that in the classical Heine-Stieltjes setting, the fixed
charges are located in the real axis and are positive, that is, they are “repellents”, while now they are
negative (“attractors”). Then, the free charges will be located in such a way that the (logarithmic)
energy of the system

n m
E(z1,...,2y) = — Z log |z — x| + ZZwklog|zk — ] (5)
1<j<k<n j=1k=1
m
is minimized. Hereafter, let us denote by s = Z wg , the total mass of the prescribed charges. Then,
k=1
it was shown (see [38, Theorem 1]) that if s > n—1, the energy functional (5) has a global minimum in
R™. This minimum is attained at some point (z7,...,z)) € R", where —oco < 2] < ... < 2} < 400.
However, in this case, unlike what happens in the classical setting, the global minimum does not need
to be unique (see [38, Section 2.2]). In addition, it was shown that each generalized Heine-Stieltjes
n

polynomial, y(z) = H(JS — x7), is solution of a generalized Lamé differential equation of the form
j=1
A(z)y" 4+ B(x)y' + C(x)y = 0, where

A(z) = [[(@ = 2)(@ = Z), h(z) = [] (@ = 2) (@ = %)™ , B(z) = —A(x) o

)
i1 k1 (@)




for some Van Vleck polynomial C' € Py,,_o . (For more information about the Lamé equation, and the
Van Vleck and Heine-Stieltjes polynomials in the classical setting, see e.g. [28] and [48]).
In [38] the asymptotics of Heine-Stieltjes polynomials was also considered when both n and s = s(n)

s
tend to oo, in such a way that lim — =6 > 1, extending the asymptotic analysis carried out by A.
n—oo 1

Martinez Finkelshtein and E. B. Saff in the classical scenario when the number of free charges increases
to infinity [35]. To describe the situation considered in [38] , for each n denote v, = — Z WnkOz, s
n
k=1

which is an atomic measure such that v, (R) = S(n—") > an , and suppose that

vp —sv,neACNandn— oo,

s
in the weak-* topology, for some measure v of size 6 = lim — > 1, with compact support in C\ R
n—,oo N

and some infinite subsequence A C N. Now, suppose that, for each n € N, {mfw :j=1,...,n}isan
equilibrium configuration (that is, a global minimum) for the discrete equilibrium problem (5). Then,

1 n
denoting by p, = — E dz+ , in [38, Theorem 3] it was proved (following the same approach as in [35,
n &

j=1
Th. 2] and [31, Th. 3.2]) that p,, — g, n € A C N and n — oo, where y is the equilibirum measure
of R in the external field ¢ = —V (v, ). That is, the unit counting measures of zeros of Heine-Stieltjes

polynomials converge, in the weak-* star topology, to the equilibrium measure in the external field
due to the potential of the negative charge v .

In the general case not much more can be said, but the situation is different if the limit measure v
is atomic. This situation was considered in [38], where the case v = 9., +V20.,, , with 21,20 € C\ R
and 71 + 2 > 1 was analyzed, studying in detail the so-called “totally symmetric” case, i.e. when
z9 = —Z1 and 2 = 71 . One of the main goals of this paper is to deal with the general situation where
the “heights”, Im 21, Im 25, and the “charges”, v1, 72, are arbitrary positive real numbers.

In adition, let us point out that it is also possible to consider sequences of critical configurations
(relative extrema or saddle points), not necessarily global minima, of the discrete energy (5) for n — oo
and s/n — A > 1. The limit measures of such sequences will be the so-called (continuous) critical
measures, a class of measures to which the equilibrium measure belongs. In Section 2, a little bit more
will be said about these critical measures (see [34] for an extensive study of them).

Finally, it is noteworthy to mention that the zeros of Heine-Stieltjes polynomials are actually a
particular case of the so-called weighted Fekete points (see e.g. [41]).

1.2. Applications of rational external fields to random matrixz models

It is well known that another circle of applications of equilibrium problems in the presence of
external fields comes from the Random Matrix models (see e.g. [33] and the exhaustive bibliography
therein). This is an important theory within mathematical physics and, more precisely, statistical
mechanics. For the sake of completeness, let us briefly recall the connection between this theory and
our problem in potential theory.

To do it, consider that the set of N x N Hermitian matrices

. -
{M = (M) s Mig = M}



is equipped with the joint probability distribution
1
dvn(M) = = exp (=TrV(M)) dM,
ZN
with
N N
dM = H dej H dRe Mjk dImMjk,
=1 ik
where V' : R — R is a function such that the integral

Zn = /exp(—TrV(M)) dM.

is convergent. Then, it is well-known (see e.g. [36]) that vy induces a joint probability distribution
pn on the eigenvalues \; < --- < Ay of these matrices, with the density

N
1
i) = o= [T =3 exo ( > vw)) , (6)
N < i=1
where A = (A1,...,An), and with the corresponding partition function
N
ZN - / . / H(/\l - )\j)Q exp <—ZV(/\Z)> d)\l . d/\N

R R i<y i=1

In the framework of Random Matrix models, the free energy of this model is defined as
1
and it is very important to study the limit
Foo= lim Fy.
oe Ngnoo N

The existence of this limit has been established under very general conditions on V, see e.g. [21].

Regarding the connection with the equilibrium problems in the presence of external fields, the
subject of the current paper, take into account that the density (6) above may be expressed in the
form

iy (A) = e NI
ZN

. . . . 14 .
where oy = % Z;yzl dy, is the unit counting measure of the eigenvalues, and ¢ = 5 - This means

that the value of Fl is related to the solution of a minimization problem for the weighted logarithmic
energy. Therefore, the corresponding minimizer is the equilibrium measure associated to the external
field p = %

The case of polynomial potentials V', and, in particular, the situation when V is a quartic poly-
nomial has been extensively studied in the literature (see the monograph by Wang [49] or the pa-
pers [1], [5], [6], [9], [24] and [33], among many others), paying special attention to the so-called



phase transitions. In [39], general rational external fields of type (4) are handled in connection with
the generalized Gauss-Penner model considered in [22]: a 1-matrix model whose action is given by
V(M) =tr (M4 — log(v + Mz)) , in order to get a computable toy-model for the gluon correlations
in a baryon background. On the other hand, the purely rational external fields considered in the
current paper are connected with the so-called “multi-Penner” matrix model, with action given by

M) = Z w; log(M — ¢;) , which is of interest in Gauge Theory, as well as in Toda systems (see

e.g. [15] and [13)).

2. Rational external fields

The subject of the present paper is the study of equilibrium measures in the presence of external
fields of the form (1), with v; > 0 and z; € C\R for j =1,...,¢, where

q
Y v =T>0.
j=1

In this sense, and also regarding the methodology used, it is a continuation of [39], where general
external fields containing a polynomial part of the form (4) were considered. However, the absence of
the polynomial part in the present external field represents a significant increase in the difficulty to
solve the problem (as will be seen later).

In [33] and [39] it was shown how a combined use of two main ingredients provide a full description
of the evolution of the support of the equilibrium measure when the size of the measure, ¢, grows
from 0 to oo (recall that in both previous papers, the external fields were strong enough to allow

€ (0,+00)). These main tools are an algebraic equation for the Cauchy transform of the equilibrium
measure and a dynamical system for the zeros of the density function of this measure, based on the
Buyarov-Rakhmanov seminal result in [10].

Indeed, suppose that the rational external field is of the form (1). Then, with respect to the first
ingredient, as it was seen in [39, Theorem 2.1] within a more general context, denote by ® the function,
analytic in a neighborhood of R, such that ¢(x) = ®(z) = Re ®(z), = € R (this is feasible, since the
branch points z; and Z; lie on C \ R). Namely, we have

q
~;
Z EJ (log(z — z;) +log(z — 7)) .
j=1
e . S d>\t(5) .
Then, we have that the Cauchy transform of the equilibrium measure, A\;(x) = , satisfies
T—s
the relation:
~ B A
2k
for some monic polynomials A(z) = H (z—aj) and B(z) = H?q 1k Y (z—b, i), with a1 < ... <ag; € R,
j=1

(and thus, R is a rational function). We take the branch of y/R(z) which is positive for z € (agx, +00) .



a
Here and on the sequel, we denote D(z) = H (z — z;)(z — Z;) , which is a polynomial of degree 2q.
j=1
In fact, (7), as well as the previous results in [33, Theorem 2.2] and [39, Theorem 1.1], holds in the
more general context of critical measures.
In addition, since the support of A; consists of the union of the cuts [as;—1,a9;], ,7 =1,...,k, (7)
and the Sokhotski—Plemelj inversion formula provides an expression for the density of the equilibrium

measure: T " T t
M(x) = : VR(x)t = VIR(@)|, © € Uj_; [agj-1, az;], (8)

s s

where y/R(z)* stands for the limit of \/R(x) as z approaches z from the upper half-plane.

Therefore, the zeros of R are the main parameters of the equilibrium problem; the ones with odd
multiplicity are the endpoints of the intervals comprising the support S;. Equating the residues of
both members in (7) at z;,7 = 1,...,q, we obtain (taking real and imaginary parts) 2¢ nonlinear
equations for the 2¢+k — 1 zeros of R. However, only when the one-cut case occurs, that is, £ = 1, this
system completely determines the unknowns. Indeed, when k£ > 1, this system has solutions where the
so-called chemical potential takes a constant value on each connected component of the support (see
the first equation in (2)), but in general, these constants are different, providing what is often referred
to as critical measures. Thus, when k£ > 1, in order to fulfill condition (2), the extra conditions

agj+1
/ VR@)dz =0, j=1,... k-1 (9)

23

must hold, which means that B must have an odd number of zeros (counting their multiplicities) on
each gap (a2j,a2;+1), j =1,...,k—1, of the support. Observe that, in addition, it provides a bound
for k, the number of intervals comprising the support S;: namely, we have that k& < q.

Recall that for rational external fields of the form (4) with p > 1, the computation of the coefficients
in 2™ with m > —1, of the expansions at infinity in both members of equality (7) always provides
some simple equations helping us to find the value of the endpoints and the other zeros of the density
function in a rather easy way, or other useful properties of them (such as the value of their arithmetic
mean or others, see [39]); unfortunately, this does not work in our purely rational situation (P = 0)
since a trivial identity is obtained. Thus, in the current setting even the one-cut case is difficult to be
explicitly solved, as well as finding the values of parameters where phase transitions occur. However,
despite the complicated calculations needed for solving explicitly the problem of determining the
support, it is worth to point out the simplicity and beauty of the results (see Theorem 3.1 below).

The second ingredient is based on a “dynamical” description of the support of the equilibrium
measure \; in the real axis in the presence of an external field, which was proposed by Buyarov and
Rakhmanov in [10]. This seminal result basically asserts that at a certain “instant” ¢, the derivative
of the equilibrium measure \; with respect to ¢ is given by the Robin measure (that is, the equilibrium
measure in the absence of an external field) for the support S;,. Hereafter, by the derivative of a
compactly supported measure ¢ with respect to a certain parameter 7 at 7 = 79, we mean the limit
measure (provided it is unique; the existence is guaranteed by a weak compactness argument)

lim % (0(ro + h) — o (7)) - (10)

In the current rational case, taking into account these results and the well-known expression for the
Robin measure of a finite union of compact intervals, we have that except for an at most denumerable



set of values of t,

B <(T_t) B(z)D«/A(z)> _ F(») ai)

ot z)

a2j+1 [
where F' is a monic polynomial of degree k — 1 such that / (z) de =0, 5=1,...,k—1,

as; A(z)
which means that F' has a simple zero on each gap (a2j,a2]']+1) of the support (see [39]). Making

use of the abbreviate physical notation for the derivative with respect to the “time” t: f = —,and

ot
evaluating (11) at points a; and b;, it immediately yields (see [39, Theorem 1.2]):

Theorem 2.1. FExcept for a denumerable set of values of t, it holds

. 1 2D(a;)F(a;) ‘
a; = ,’L:].,...,Zk,

T —t B(a;) [1i(ai —aj) 12)
b= D(bi)F(bi) ci=1,...,2q—k—1,

with 1 < k <gq.

From (12), it is clear that always d; < 0 and a3, > 0. Moreover, taking into account that on each
gap there is an even number of zeros of the product B(z)F(z), it is also possible to assert that the
a; when i is odd are decreasing, while for even values of i are increasing; this is coherent with the
well-known fact that the support S; is increasing with ¢ (see [10]).

Indeed, (12) is a dynamical system for the positions of all the important points determining the
equilibrium measure and its support. Previously, in [33] a similar result was extensively used to study
the dynamics of the equilibrium measure and its support for the case of polynomial external fields; in
particular, the so-called “quartic” case was analyzed in detail. Similarly, in [39] the case of a rational
external field consisting of a polynomial part plus a logarithmic term (a generalized Gauss-Penner
model) was studied.

Remark 2.1. Bearing in mind the results in [33], for polynomial external fields, and those in [39] and
(12), for the rational case, it is easy to find a general structure of these dynamical systems. Indeed,
for the zeros of the density (8) of the equilibrium measure of the interval [¢,d] C R (bounded or not)
in the presence of the external field (4), the following system of differential equations holds (except
for a finite number of bifurcations/collisions),

D(&)F (&)

(AB)'(&)
where h;(t) is a positive function of ¢ which reduces to a constant if the external field (4) has a
polynomial part, D is a real polynomial of even degree whose zeros are located at the point masses
and their conjugates, and A, B play the same role as in (7)-(8). At first sight, there seems to be an
important difference between the purely rational case handled in the current paper and the rational
cases with a polynomial part: now, the system is not an autonomous one, since function h; depends
on the variable ¢; in the other rational cases, the presence of the polynomial part in the external field
makes h; = K, , i.e., a constant independent of ¢t. However, this is only an apparent difference: after
a simple change of variable, the system easily becomes autonomous. Indeed, it is easy to check that

& = h;(t) (13)



the change u = —log(T — t) + log T, with the new “time” w lying on (0, +00), transforms (12) in an
autonomous system.

The shape of these dynamical systems (13) resembles in a certain sense to a system of ODEs studied
by Dubrovin in [14] for the dynamics of the Korteweg-de Vries equation in the class of finite-zone or
finite-band potentials, as it was pointed out in [33].

As it was said above, under mild conditions on ¢, the equilibrium measure depends analytically
on t except for a (possible) small set of values, which are called the critical points or the singularities
of the problem. At these critical values of ¢, the so-called phase transitions occur; in most of them,
it implies a change in the number of cuts (connected components of the support S), but not always.
The study of these phase transitions is one of the main issues of this problem. Let us recall, briefly,
the basic type of singularities we can find (using the classification in [11], also used then in [24] and
[33]). In this case, we prefer recalling the version of these definitions used in [33], namely:

e Singularity of type I: at a time t = 7 a real zero b of B is such that (VA +¢)(b) = ¢,, b ¢ S
(see (2)), in such a way that for ¢t = 7, b is a simple zero of B. Therefore, at this time ¢t = 7
a real zero b of B (a double zero of R,) splits into two simple zeros a_ < ay (of A), and the
interval [a_,ay] becomes part of Sy for ¢ > 7 (birth of a cut).

e Singularity of type II: at a time ¢t = 7, a real zero b of B (of even multiplicity) belongs to
the interior of the support S.; according to (7)-(8), the density of A; vanishes in the interior
of its support, in such a way that for ¢ = 7, b is a double zero of B. Thus, at this time t = 7
two simple zeros ags and ags41 of A (simple zeros of Ry, i.e., endpoints of the support) and a
simple zero of B have collided (fusion of two cuts). After that collision, they become a pair of
imaginary zeros of B.

e Singularity of type III: at a time ¢ = 7, polynomials A and B have a common real zero a;
the only additional assumption is that a is a double zero of B, so that X (z) = O(|z — a|?/?) as
x — a. Then, at this time ¢t = 7 a pair of complex conjugate zeros b and b of B (double zeros of
R;) have collided with a simple zero a of A (endpoint), so that \.(z) = O(|z — a|*/?) as z — a.
Observe that in this case no topological change takes place: the number of cuts does not vary.

There is another special situation which plays a similar role as the previous ones, but is not
properly a singularity, and was also considered in [33] and [39]. Tt takes place when polynomial B has
two conjugate imaginary roots, b and b, which collide at a certain time, producing a double real root
of B (quadruple real root of R) in the real axis, which immediately splits into a pair of simple real
roots, by and bs, which tend to move away each other. In fact, what we have in this case is the birth
of two new local extrema of the total (or “chemical”) potential (2). From this point of view, a type
IIT singularity may be seen as a limit case of these situations, when the pair of imaginary zeros of B
collide simultaneously with a zero of A (endpoint).

In the case where the number of cuts is bounded by 2 (precisely, the case we will deal in Section 3
of this paper), these are just all the possible types of singularities, while if it can be bigger than 2 more
intriguing phenomena may occur when two or more of these singularities take place simultaneously.

Now, we are dealing with what may be called, in a colloquial style, “the beginning and the end of
the movie”, that is, the situation when ¢ \, 0 and ¢ /' T. The answer to the first question is clear:
the critical points of ® are the initial conditions of the dynamical system (12), as we can see taking
t =0 in (7). Then, since the family of supports {S; }+c(0,7) is increasing with ¢, as ¢ \, 0 the support
tends to reduce to some subset of these critical points. But (2) implies that this limit support must



be included in the set of points where the global minimum of ¢ is attained. On the other hand, for
x ¢ S, the function V¥t (z) 4+ ®(x) — ¢ is strictly increasing with respect to ¢ (see for details the
previous proof of Theorem 2.2) and, so, applying (2) again, there can not be a global minimum of ®
not belonging to S;. Hence, we have

(| Si={yeR: d(y) =mind(x)}, (14)

r€eR
te(0,T)

and since @' is a rational function whose numerator has degree 2¢ — 1, we easily conclude that the
cardinality of the set (14) belongs to the set {1,...,q} C N. Regarding the second question, we have

Theorem 2.2. Denote by A\; the equilibrium measure in the external field (1). Then,
i) There exists the limit of the equilibrium measure when t — T':
lim >\t = )\T 5
t—T
in the sense that
li 1) = 1
H A1) = A (1),
for any Borel set I C R.

it) For t sufficiently close to T, the support Sy consists of a single interval. In particular, using the
AB-representation (7), the zeros of polynomial A (endpoints) diverge:

lim a; = —00, lim as = +o0,
t—T t—T

and the 2q — 2 zeros of polynomial B converge to points in C\ R; in particular, they converge to
the zeros of the rational function:

i( 2(z — zj) 2(zfy—jzj))'

Jj=1

iti) The density of the limit measure A is given by

d\r 1 Z vj Im z;
dv — Tr ((x —Rezj)? +Im22)
J=1 J
The proof of Theorem 2.2 will be displayed in Section 4, along with the proofs of the other
important results in this paper.

Remark 2.2. The asymptotic result in Theorem 2.2 above deals with the so-called weakly admissible
external fields (see [8], [19] and[42], among others). In this sense, given some ¢ > 0 (the size of the
equilibrium measure) an external field ¢ is said to be weakly admissible if

liminf (¢p(x) — ¢ log|z|) = M > —oc0, (15)

|z|—o00
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in place of the usual requirement that

lim (¢(x) —t loglz|) = 4o0.
|z|— 00
For these weakly admissible external fields satisfying condition (15), the equilibrium measure also
exists and it is unique, but the support is possibly unbounded. In this framework, the asymptotic
measure Ay, found as a limit measure in Theorem 2.2, is the equilibrium measure \;, for t = T', in
the weakly admissible external field (1).

To end this section, let us consider the variation of the equilibrium measure when some of the
parameters of the external field (1) vary; that is, we mean the evolution of the equilibrium measure
when one of the “masses” «; or “heights” Im z; is varying.

In order to do it, we present now a simplified version of [33, Theorem 5|, where the authors
extended the seminal Buyarov-Rakhmanov result for the variation of the equilibrium measure with
respect to other parameters in the external field (recall the definition of the derivative of a measure
with respect to some parameter (10)), which is sufficient for our purposes (see also [39, Theorem 1.3]).

Theorem 2.3. Lett > 0 be fized and suppose that the function p(x;7) is a real-analytic function for
z € R and 7 € (c,d), where (¢c,d) is a real interval. Let X\ = X\ denote the equilibrium measure in
the external field p(x;T), for T € (¢, d), with support Sy .. Then, for any 1o € (c,d),

o\
E ‘T:TO =w,
where the measure w is uniquely determined by the conditions
do(x; T oc
suppw = Sy, , wW(St) =0, V¥ + % lrery = a—; |r=r, = const on Sy, , (16)

where ¢, s the equilibrium constant given in (2).

Observe that the second formula in (16) means that w is a type of signed measure which is often
called a nmeutral measure; it is a natural consequence of the fact that ¢, the total mass of A, does not
depend on parameter 7.

We are concerned, first, with the situation when one of the “masses” v;, with j € {1,..., ¢}, varies
9¢(2)
;i
Theorem 2.3 above is supported in Ué?:l [a2;—1, az;], then its Cauchy transform @ is such that

(s 0 (0p(z) _ H(z)
< (fw) (=) — %) VAG)

0z
where H is a monic polynomial of degree (k + 1) which has a zero of odd order on each of the (k— 1)
gaps of the support of the equilibrium measure, and such that at least one of the other two zeros lies
inside the convex hull of the support. The coefficients of H can be obtained from the residues at z;
and Z; together with the corresponding equations of the same nature as previous conditions (9) (in
order to have the same equilibrium constant in each connected component of the support). Hence,

Theorem 2.3 asserts
o B(2)\/A(z) H(z)
—_— T —_ —————— = 9
<( ! ) (== 2)(z = %) VAG) "

in (0,400). In this case, taking into account that = log |z — z;| and that the measure w in

)




In particular, when k& = 1, that is, the one-cut case, taking derivatives at the left-hand side of (17)
and evaluating at the endpoints a; and as of the single interval comprising the support, the following
dynamical system holds:

% _ 2 (a1 — h1)(a1 — h2) 1/3;‘(@1)
9 T—t (a1 — az) Blay)
% _ 2 (a2 —hi)(a2 — h2) Dj(as2)
D Tt (a2 — a1) B(az)

where B, given in (7), is, in this case, a monic polynomial of degree 2¢g —2 being positive in the interval
(a1,a3), hi, he, the roots of polynomial H in (17), is a pair or real numbers, such that at least one of
them belongs to (a1, az), and

Dj(z) = L =[[¢z-2)z-2) =[] (¢ =Rea)*+ Im=z)*) > 0.

(z=2)z=7%) oy

Therefore, the increase or decrease of the endpoints when 7, grows depends on the position of the points
hi, he, which, in turn, is determined by the relative position of the charge z; in the set {z1,..., 24}
In a similar way, the dynamical system for the other zeros of the density of the equilibrium measure
(2¢ — 2 zeros of polynomial B) may be displayed.
In a similar fashion, the evolution of the support when one of the heights 5; = Im z; varies may
dp(2) _ i B
05~ G-uG-%)

0 _ B(z) VA(Z) _ K(z)
oB; <(T t) D(z) ) (2 —2) (2 = 5)2/AQR) (18)

be handled. In this case, we have that

, and thus, Theorem 2.3 implies that

where now the polynomial K, not necessarily monic, has degree < (k+2) and a zero of odd multiplicity
on each of the (k — 1) gaps of the support, and such that at least one of the other zeros lies inside
the convex hull of the support. As above, for k£ = 1, that is, when the one-cut case takes place, (18)
yields the following dynamical system for the endpoints of the single interval comprising the support:

Oay _ 2 K(a1)D(a1)
9B; T —t (a1 —az)B(ar) (a1 — zj)? (a1 — Z;)*’
Oag 2 K(a)D(as)

9B; T —t (az — a1) Blaz) (az — 2;)2 (az — 2;)2

Of course, it is possible to combine two or more of these dynamical systems to obtain a full description
of the evolution of the support of the equilibrium measure. Indeed, a suitably combined use of the
dynamical system with respect to the total mass ¢t and the corresponding with respect to one of the
prescribed charges «; will play a key role in proving some results stated in the next section (see the
proofs in Section 4 below).

The next section is devoted to the simplest (but quite difficult) non-trivial case, where the external
field is created by two prescribed charges, that is, ¢ = 2. The full description of the dynamics of the
equilibrium measure may be done for this situation.
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3. An external field created by two prescribed charges

Throughout this section, we restrict to the case of the equilibrium problem in the presence of a
couple of (attractive) prescribed charges. In particular, and without lack of generality (see Remark
3.3 below), we consider external fields of the form:

o(x) =loglz — z1| + v log | — 22|, v >0, 21,20 € C\R. (19)

That is, we are concerned with the case where ¢ = 2 in (1) and, thus, we know that the number of
intervals (“cuts”) comprising the support S; is given by 1 or 2. We can assume that Rez; = —Rezg =
—1, as well as Imz; = 81 > 0,Imz, = B > 0, also without loss of generality. Now, the evolution
of the equilibrium measure A\; and, in particular, of its support S;, in the presence of the external
field (19), depending on three parameters, 81,82 > 0 and v > 0, for t € (0,7), with T'= 1+ ~, is
investigated.

In the particular case handled in this section, where the external field is due to a couple of prescribed
charges (19), we have that (7) holds, with degA € {2,4} and degB = 3 — %. Thus, taking residues
at z =z and z = z3 in (7) yields

(T —t)B(z1) VA(z1) — i Imzy (21 — 22)(21 —Z2) =0, (20)
(T —t) B(z2) /A(22) — iy Imzg (22 —21)(22 —Z1) =0,

and, after taking real and imaginary parts, we finally arrive to a nonlinear system of four equations.
Thus, system (20) determines uniquely polynomials A and B in the one—cut case; but if the support
consists of two disjoint intervals, then an additional condition (9) is also necessary.

Now, combining the two ingredients above, that is, formulas (7) and (12), we have the following
possible settings for the support S; of the equilibrium measure and its density (for non-singular values
of t € (0,T)). On the sequel, D(z) = (x — z1)(z — Z1)(x — 22)(z — Z2) .

(one-cut) S; = [a1,a2], a1 = a1(t) < ag = az(t) and

N (z) = T; t (x—by)(x— b2)D($<)x —ay)(ag — x) 7

with by < by < a; < as and

/‘“ (x —by)(x —ba) \/(x—ar)(x — as)
bo D(x)

dex > 0,

or a; < as < by < by and

/b2 (x = by)(x — b)) \/(x—a1)(x — az)
D(x)

de > 0,

ay
or, finally, b, = b; € C\ R. In this scenario, we also have, for 4,7 = 1,2 and j # 1,

.1 2D(a;) -1 D(b;)
@i = T — t (ai — aj)(ai — b1>(ai — bg) ’ bz o T — t (bl — bj)(bl — al)(bi — (12) ' (21)
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(two-cut) Sy = [a1,az2] U [ag,a4], a1 = a1(t) < az = as(t) < az = a3(t) < ag = aq(t) and

T—t|z—b|/(z—a)(r—a2)(z —a3)(as — )
7 D(x) ’

Ai(x) =
with as < by < az and

/‘“’ (x — bl)\/(a: —a1)(x — az)(x — a3z)(x — aq) )
a D(x)

r = 0.

In this case, the following dynamical system holds

YT Al(a;)(a; —b1)’ b T—t Aby) - 23,4,
where F(z) = x — ¢, with ¢ uniquely determined by the condition
(z=9 de = 0.

/az V(@ —ar)(z — az)(z — ag) (v — as)

3.1. Main Result

Now, we are going to state our main result. In order to do it, consider the bivariate polynomial
fx,y) = 2Tay(x — y)? — 4(2® + y°) + 204xy(x + y) — 48(2® — Twy + y° + 4o + 4y) — 256, (22)
For x,y > 0, it is a symmetric function with respect to its arguments, and the graph of the curve

C = {(B1,B2) € (0, +00) x (0,+00) : f(B7,53) =0} (23)

is decreasing and splits the open first quadrant of the (81, f2)-plane into two domains: 2y, with the

origin belonging to its closure, and Q. (see Figure 1). The curve C has two asymptotes at 3; = —2~

33
and By = 3%/5 .

Theorem 3.1. Let Sy be the support of A, the equilibrium measure in the external field (19), with
z1=—141i81,20 =1+ i8s. Then, we have

o If (B1,B2) € Qoo U C (that is, f(52,832) > 0), then S; consists of a single interval (“one-cut”)
for any vy >0 and t € (0,T).

o If (B1,582) € Qo (f(B2,583) < 0), then there exist two values 0 < Ty = I'1(B1,82) < 'y =
[5(B1, B2) such that for v € (I'y1,Ts) there are two critical values 0 < Ty = T1(P1, B2,7) <
Ty = T5(B1, B2,7) < T, in such a way that Sy consists of two disjoint intervals for t € (Ty,Ts)
(“two-cut”). Otherwise, Sy consists of a single interval.

Remark 3.1. The expression of the “boundary-curve” C may be easily obtained by imposing that the
derivative ¢'(z) of the external field (19) has a triple real root. The recipe to determine the values of
I'y,T'5 and T4, 75 will be shown within the proofs in Section 4 below. In the final Appendix, a more
detailed description, along with illustrative figures, of the region where the two-cut phase is feasible
will be given.
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B2

Figure 1: Regions g and (2o and the curve C

Remark 3.2. The result in Theorem 3.1 means that the relationship between the distances of the two
attractive charges to the real axis (“heights”) determines the possible existence of a two-cut phase.
It seems natural, but a curious phenomenon also takes place: if one of the charges is close enough to
the real axis, say £ < QT‘/g ~ 0.385, then for any value of the other height (5, there always exists
an interval of values of the “mass” « for which a two—cut phase takes place. Roughly speaking, it
seems to tell us that if one of the charges is sufficiently close to the real axis, then it is always possible
to distinguish both charges from there (in the sense that they are able to split the support of the
equilibrium measure), whatever the distance of the other one is (provided a suitable fit between the
masses, of course).

Obviously, this “positive” result has a “negative” counterpart: if the couple of attractive charges
are sufficiently far from the real axis (i.e., (81, B2) € Qoo U O), they are indistinguishable, in the sense
mentioned above, from there whatever the masses are.

Remark 3.3. For the sake of simplicity, Theorem 3.1 was stated for the external field (19). But
obviously the result may be immediately translated for external fields of the more general shape:

o(x) =7 loglz — 21| + 72 log |z — 22|, 11,72 >0, 2z =a; +i6;, j=1,2

In this case, it is easy to see that ;, j = 1,2, in the expression of the critical curve (23) must be
25;

| - In addition, (3) provides the recipe to translate the results
Qg — (1

replaced by the respective ratios

for general 71,72 > 0.

Remark 3.4. The result in previous Theorem 2.2 may be easily illustrated in the case of two attractors
considered in Theorem 3.1. Indeed, we have that the density of the limit measure (as ¢t — T =14 7)
is given by

d 1
pr 1 S}l 4 Y B2 ), ceR,
o~ Tr \@r 12+ B G- T B

whose zeros are imaginary for any (1, 82,7 > 0.

Remark 3.5. As it was said above, some particular situations were considered in [38]; in particular,
the so-called “totally symmetric” case, that is, where heights and masses are equal (f2 = 1 = 8 and
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~v =1 in our current notation) and a “partially symmetric” case, where just the heights are supposed
to be equal. With respect to the latter one, it is easy to see that the intersection between the curve C
and the bisector 85 = 1 consists of the point 51 = S = 1. Thus, we conclude that a two-cut phase
is feasible in this partially symmetric situation if and only if the common height 5 < 1 or, what is the
same, if the two charges are close enough to the real axis to be able to split the support.

The special situation of the totally symmetric case will be revisited in detail after Theorem 3.4
below, where the evolution of the support S; is described.

Remark 3.6. It is well-known that the convexity of the external field ensures that the support of
the equilibrium measure is an interval (see e.g. [41]). In [4] a weaker sufficient condition is given,
namely, the convexity of the function exp(yp). We can check whether this condition is fulfilled when
(51, B2) € Qo U C and, thus, whether in this sense the first part of Theorem 3.1 is a consequence of
that previous result. However, it is possible to find examples with (51, f2) € Qo U € and v > 0 such
that exp ¢ is not convex. Indeed, it is easy to check that (81, 82) € Qs for 1 = 0.5 and By = 2.7,
but exp ¢ is non-convex for these values when we take, for instance, v = 5.6.

Remark 3.7. In a similar fashion as in the applications to the asymptotics of Heine-Stieltjes poly-
nomials or to Random Matrix models considered in Sections 1.1-1.2; results in Theorem 3.1 are also
related to the asymptotic behavior of certain families of varying orthogonal polynomials (i.e., when
the weight depends on the degree of the polynomial); this connection was developed in some seminal
papers during the eighties, see e.g. [16], [27], [37] and also [41]. In the current case, the results in
Theorem 3.1 allow to describe the support of the limit zero distribution of polynomials P, , with
deg P,, = n, satisfying varying orthogonality relations of the form

/szn(x)wn(x)dx =0,k=0,...,n—1,

where the varying weight w,, is a generalized Jacobi-type weight given by

1
oz - zfen |z — 2zp)Pn ]

wp () reR,

with au, + 8, > 2n, n € N, in such a way that lim G _ A >0and lim 6—": B,and A+ B > 2.

n—oo N n—oo M
2

B
Indeed, it is enough to set v = 1 and t = 1

3.2. Auziliary Results

For the proof of Theorem 3.1 we need a number of results which are also of interest themselves,
in such a way that all together describe the different scenarios in the evolution of the equilibrium
measure when ¢t grows from 0 to 7' = 1 4+ ~. Indeed, our main result, Theorem 3.1, is a synthesis of
such a full description.

First, in [33] and [39], it was shown that the knowledge about the set of minima of the external
field plays a key role in describing the evolution of the equilibrium measure A; when ¢ varies. In those
cases, the existence of two relative minima of the external field was shown as a sufficient condition
for the existence of a two-cut phase (that is, a range of values of ¢ for which the support comprises
two disjoint intervals). It will be also true in the current case (see Theorem 3.4 below; in fact, the
existence of a two-cut phase when the external field has at least two minima is true for a more general
class of external fields).
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First, taking into account that the relative minima of the external field ¢ are roots of the polynomial
P(z) = (2% = 1)((z = 1) +y(z + 1)) + 87 (z = 1) + f3(z + 1), (24)

it is easy to see that the real relative minima lie on the interval (—1,1). Moreover, we have,
Theorem 3.2. Consider the external field (19), with z1 = —1+ p1i, z1 = 14 B2 and v > 0. Then,

o If f(B2,B2) < 0, with f given by (22), or, what is the same, (B1,B2) € Qo, there exist two
values 0 < Ty = T'1(B1,82) < Ty = T2(B4,B2), such that (19) has two real local minima for
v e (I, Ta). If vy ¢ (T'1,T2), then (19) has a single real local (and, in fact, absolute) minimum.

o If f(B2,53) >0, that is, (B1, B2) € Qoo U C, then (19) has a single real local minimum for any
v > 0.

Remark 3.8. In a similar fashion as in the previous Theorem 3.1, a simple recipe to compute the
critical values I'; and I's is feasible. In fact, it is enough to compute the values of v for which the
external field has a double (real) critical point.

Although the fact that the external field has two real minima is a sufficient condition for the
existence of a two-cut phase, it is not a necessary one. Indeed, roughly speaking, if the external field
is “sufficiently non-convex” a two-cut phase is still feasible. In order to get it, it is necessary the
appearance of a new local extrema of (2), that is, a double real root of polynomial B outside the
support, as it was said in Section 2. The border external fields in this sense are those for which a
type III singularity (that is, the confluence of a couple of imaginary zeros of B with a zero of A in the
AB-representation given by (7)), takes place for some critical value of ¢. Indeed, we have

Theorem 3.3. For the equilibrium measure A, in the external field (19), it holds:

o If (B1,52) € Qo, there exist two values Ty = T'1(B1, B2),T'a = T'2(B1, B2), with 0 < Ty < I <
'y < Ty, such that for v =Ty, i = 1,2, a type 11l singularity occurs at certain critical values of
te(0,7).

o If (B1,82) € Qoo U C, no type III singularity takes place.

Remark 3.9. In the situations discussed in Theorem 3.3, if (19) has a single minimum then for ¢
sufficiently small we have a one-cut phase and the polynomial B has a couple of imaginary roots

_ I
by = b and by = b. The sign of 8;”’

support. In this sense, it is possible that Im b is always increasing and, thus, b and b are always going
away from the real axis; but also Im b could be initially increasing but becomes decreasing at a certain

moment, and so on. Indeed, for each value of ¢ there is a critical curve such that if b = b(¢) belongs
Olmb

plays a central role in the description of the dynamics of the

to this curve, then = 0. This curve determines the regions where the zeros of B approach (or

not) the real axis. In previous [33] and [39], this curve was shown to take the form of a hyperbola and
a circle, respectively. In the present case, its shape is much more involved. Indeed, we have by (21),

% <0 & Re (gég) > 0 < ReD(b)Re A(b) + Im D(b) Im A(b) > 0,
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where A(b) = (b — a1)(b— az) and D(b) = (b* — 22)(b? — 23). Thus, in this case the critical curve is
given in terms of a bivariate polynomial of degree 6 in z = Reb and y = Imb.

Therefore, now the geometry of the problem is much more complicated. Furthermore, it is easy
to check that in this situation, while the support plays the role of a “repellent” for the couple of
conjugate roots b and b, the rest of the real line acts as an “attractor”. Indeed, for a general rational
external field, the support always repels the couple of imaginary roots, while each gap is split in an
odd number of subintervals by the roots of F' and B in such a way that the first one acts as an
“attractor”, the second one as a “repellent”, and so on (of course, it is also necessary to take into
account the multiplicity of each zero).

Now, we have all the ingredients for describing the evolution of the equilibrium measure and,
especially, its support S; when ¢ grows from 0 to 7. Our main result, Theorem 3.1, is a simplified
version of the following result.

Theorem 3.4. Let 51,82 >0, and 0 < T’y < I <y < Ty, as given in Theorems 3.2-3.3.

(a) If (B1,52) € Qp and v € (fl,fg), consider the threshold values Ty = Ty (81, B2,7) and Ty =
T5(B1, B2,7), with 0 < Ty < Ty < T, whose existence is established in Theorem 3.1. Then, we
have the following phase diagram for the support of the equilibrium measure, Si:

one-cut, for t € (0,71) — two-cut, for t € (I1,Ty) — one-cut, for t € (15, T).

Att =T, (t =T3), a type I (respect., type II) singularity occurs. If the external field ¢ takes the
same value in its two relative minima, then Ty = 0 in the phase diagram above and the initial
one-cut phase is absent.

(b) If (B1, B2) € Qo and v € (I'1,T1] U [T, T2), the phase diagram for S; is the same as in (a), but
the appearance of a pair of new local extrema of (2) occurs at a certain t = Ty, with Ty < T}.

(c) If (B1,52) € Qo and v € (0, T1] U [y, 00), one-cut phase holds for any t € (0,T).
(d) If (81, P2) € Qoo U C, we have one-cut phase for any v >0 and t € (0,T).

In Figures 2-4 below, the phase diagram corresponding to the scenario (a) in Theorem 3.4 is
illustrated. We assume that the absolute minimum is the one on the left. Then, during the first
phase the support Sy consists of the interval [a;, as], which enlarges as ¢ increases; by (local maximum
of the total potential) moves to the left while by (local minimum of the total potential) moves to
the right. After the split of by in two new points, the support becomes comprised by two intervals,
St = [a1, az2) U [as, as], and both of them enlarge as ¢ increases; by (the local maximum of the total
potential) can move to the left or to the right depending on its relative position with respect to the
unique root of F'; which is also in the gap. Finally, after the collision of the endpoints a2 and ag (and
hence, also of b1), during the final phase the support is comprised again by a single interval, which
enlarges as t increases, tending to fill the whole real axis, while the two roots of B are imaginary and
evolve according to (21).

Remark 3.10. The so-called totally symmetric case studied in [38], that is, when 2o = —Z; and 7 =1
(equal heights and masses), may be now revisited in the light of the results in Theorem 3.4. In this
case, the symmetry of the external field is inherited by the support, what means that a1 = —as = —a
and b = 0 when type II transition (fusion of the two cuts) occurs. Hence, (20) yields

(2 —T2)? 21 (27 —a®) + 16 (Im 21)? (Re 21)?* 21 = 0,
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Figure 2: (B1,82) € Qo and v € (I'1,I'2) . Phase 1 (t € (0,71)): one-cut.
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Figure 3: (B1,82) € Qo and v € (fl,fg). Phase 2 (t € (T1,T»)): two-cut.

and thus, the following system of nonlinear equations arises, with 75 and a as unknowns (of course,
we are looking for solutions for which 7o < T' = 2),

{K (1—B2)(1— B2 —a2) —4p%) + 1682 =0, (25)

21-8%)—a?>=0,
where K = (2 — T3)? > 0. From the second identity in (25), it is clear that necessarily 8 < 1. Under
this condition, it is easy to check that the fusion of cuts takes place for
(1-p)?
1+ 52

Finally, for ¢ € (T3, 2), the one—cut phase takes place and Theorem 2.2 implies, for the density A} of
the equilibrium measure, that

T =2 < 2.

.’I}2+ﬂ2+1

1
i ) - - 7 -
im Aj(x) T D@E

t—2

with D(z) = ((z +1)* + 5°) ((x — 1)* + 8?).
Thus, in the totally symmetric case, when 8 < 1, we always have the phase diagram:

two-cut (0 <t <Ty) — one-cut (T, <t<T =2)

On the other hand, when g > 1, it is easy to check that ¢ only has a real critical point, at
x = 0, where it attains its absolute minimum. Therefore, the support S; starts being of the form

- be .
C O
aj St bz& a

Figure 4: ($1,02) € Qo and v € (fl, fg) . Phase 3 (t € (T2, T)): one-cut.
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Sy = [—a(t),a(t)], with a(t) an increasing function as above. No phase transition occurs, since it
would imply by symmetry a three-cut situation, which is not possible.
The reader can check that the conclusions above agree with the results in [38].

4. Proofs

Throughout this section the proofs of Theorems 2.2 and 3.2-3.4 above will be displayed. As it was
said, they all together render the proof of the main result Theorem 3.1 and enrich it with auxiliary
results which are of interest themselves.

4.1. Proof of Theorem 2.2

Along this proof we will use the set S7 = {z € R : V¢ (2)+¢(z) = ¢;} , where ¢; is the equilibrium
constant given by (2). Clearly, from (2), Sy C ST .

As it was shown in [10, Theorem 2 (3)], we have that ), is increasing and continuous in the weak
topology of the set of measures with compact support in R. In addition, for any Borel set I C R, it
holds A:(1) < Af(R) =t € (0,7) and, thus, there exists tli_?} At = Ar in the sense mentioned above.

Now, let us show that thnzlr S; = R. For this, consider the function
—

bu(z) =V>r(x)+o(x) —cr, t€(0,T), z €R.

It is clear that ¢(z) > 0,2 € R and t € (0,T). Let 7 € (0,7T) fixed. If € S;, then ¢,(x) = 0 and
since the family of supports {S;} is increasing ([10, Theorem 2, (1)]), we have that ¢.(z) = 0,t > 7.
On the other hand, if 2 € R\ S, formulas (1.8) and (1.13) in [10] yield,

ot ot

‘t:'r* = —g.,_(.%‘) < 07 ‘t:7'+ - _gT(x) < 0’

where g, (¢g7) denotes the Green function of R \ S; (respect., R\ S7) with a pole at infinity, and

ST={z eR:¢.(x) =0} D S;. Hence, we have that ¢;(x) > 0, for any € R and t € (0, +00), and
that ¢¢(x) is a decreasing function of ¢ for any fixed x € R. This shows that there exists

th_}nr% di(x) = or(x), v € R.

Now, let us see that ¢7 = 0. To do it, recall that for z € S;, we have that V*¢(x) + ¢(x) = ¢; and,
thus,

V(@) =~ 5 o(2) = o p(@) + o = V" (2) - ——p(z) +c, (26)

Tt
VA (z) < VY (z) — Tm—f—ct,xeSt.
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Thus, the Domination Principle [41, Theorem I1.3.2] asserts that this inequality holds for any real x
(and, in fact, for any complex x). Thus,
T—1
d(x) < T(@(m) -m),z€R,

which shows that

li =0 R

fig, ou@) =0, €
and, then, that ST = R. The fact that for rational external fields the difference S* \ S consists of, at
most, a finite set of points, for each ¢t € (0,7') (see [33] or [39]), implies that S = R.

Now, we are going to prove the rest of the results. First, we are dealing with the function Ay, that

is, the Cauchy transform of the limit function Ap. Taking into account (7) and the previous analysis,
q

we have that A must be analytic on C\ (RU U {#;,%;}), in such a way that
j=1

<_XT + @’) (xt) = — (—XT + <I>’) (x7) for z €R,

(fXT + <I>’) (zT) € R™i, taking into account the positivity of the measure,

e Tor z — z;,
(—XT + <1>') (2) = 5—2— +0(1)

o For z =7,
~ o7
J

Therefore, having in mind the Liouville Theorem and some immediate consequences, we have that

q Vi _ Vi
(_XT + ‘PI) (2) = 2= (Q(Z—Zﬂ 2(z—?j>> ,Imz >0,
q ot} ol
2=\ T we-gyy ) Ime <0,

The fact that the limit function (—:\\T + 9’ ) (2) has exactly 2¢ — 2 imaginary roots implies that,
for t close to T', the support is necessarily comprised by a single interval. Then, for the expression
of the density A\ it is enough to apply the Cauchy Theorem integrating along curves surrounding
the components of the support, but not the points z; and zj; finally, by shrinking the curves to fit
the components of the support, the conclusion easily follows (alternatively, the application of the
Sokhotski-Plemelj inversion formula may be considered).

4.2. Proof of Theorem 3.2
Polynomial P in (24) may be rewritten in the form

P(z) = P(z,7) = (e +1) (¢ = 1)* + 53) + (= 1) (& + 1)* + 57) = u(@) + yv(z)  (27)

Let us study the zeros of (27) when ~ increases. For v = 0, P has a single real zero at © = —1
and a couple of conjugate imaginary zeros at zo and Zy. On the other hand, since v > 0, then
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v(z) v(z)

P(z) =~ (u(x) + > and, thus, the zeros of P(z) are the same as the zeros of u(z) + —=,
v

yielding that when v tends to infinity, the real root of P approaches 2 = 1 and the couple of imaginary

zeros tend to z; and Z;. Let us start with v > 0 small enough. Since
P
%:v(az)<0, for v <1, (28)

the real zero, say (i, move to the right as 7 increases. On the other hand, writing (27) in powers of =
-7

11
yields that the arithmetic mean of the zeros of P equals 31 and, thus, this mean decreases as -y

increases, which means that the real parts of the couple of imaginary roots &, €, move to the left. Tt
implies there are just two possible scenarios for the evolution of the critical points of ¢ as v travels
across (0, +00) .

e The pair of imaginary roots never reaches the real axis. In such a case, ¢ has a single minimum
for any v > 0.

e There exists a real number fl > 0, such that for v = fl the pair of imaginary roots reach the
real axis, giving birth to a double real root £ located to the right of the simple real root ¢; (this
is due to the fact that P(z) < 0 to the left of this simple real root with decreasing values of
P(x) as v increases). Immediately after the collision, a pair of new simple real roots arises, say
(2, (3, in such a way that —1 < (3 < (2 < £ < (3 < 1 and with (3 moving to the right and (s
to the left (because of (28)). This situation holds until ¢; and (s collide, creating a double real
root before immediately going to C \ R.

It is easy to see that the boundary between these possible evolutions is the case where the pair of
imaginary roots &, & collide with the real one, (i, giving birth to a triple real root for a certain value
of v: that is, when (81, 82) € C, with C given by (23). It is also easy to check that the region where
two minima are feasible is £2¢: to check it, consider, for instance, the case with S = 8, taking small
positive values.

4.8. Proof of Theorem 3.3

This is, in fact, the most important theorem in order to prove our main result (Theorem 3.1).
Indeed, it is a direct consequence of Proposition 4.1 below, to whose proof it is devoted the most part
of this subsection.

From the results in the previous [33] and [39] we know that when the external field has two local
minima, then a two-cut phase may occur; but this is not the unique way to reach that phase. Indeed,
when the external field has a single minimum, the necessary and sufficient condition for the existence
of such a phase is the birth of a new local minimum of the total potential (2) in a previous “instant”
t. Proposition 4.1 below analyzes the possible birth of this minimum of (2) as « varies.

The setting for the result below is as follows. Let (81,/32) € (RT)? be fixed, and suppose that
for a certain v = 79 and ¢t = to the polynomial B in the AB-representation (7) has a multiple real
root (i.e., double or triple), not belonging to the interior of the support (it means, as an immediate
consequence, that the support consists of a single interval). Now, let I = I(f1,[2) be the largest
interval containing 7o such that B has a multiple real root (outside the interior of the support, too)
for some t = ¢(y). Though it is not obvious, in principle, that the mass ¢ must vary with + in order to
maintain the multiple root of B, this is indeed the case (it will be shown in (30) and (40) below). In
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this setting, let us denote, as usual, by a; and as the endpoints of the support and by b the multiple
root of B. Then, we have,

Proposition 4.1. The interval I is compact and the functions ay = a1(y), az = az(y), b = b(y) (see
(7)) and t = t(v) are analytic functions in the interior of I and continuous in I, with a1(t), az(t) and
b(t) being monotonic. In particular, it holds,
e Ifa; <as <b, then % > 0, da; <0, @ > 0 and there exists I'1 > 0 such that I = [Fl,fl],
oy oy oy
with Ty given in Theorem 3.2, in such a way that a type III singularity takes place for v = Ty
and a certain value of t.
e Ifb<ay; <as, then Oay <0, Oaz >0, %® > 0, and there exists 'y > 0 such that I = [f27F2],
oy o oy
with Ty given in Theorem 3.2, in such a way that a type III singularity occurs for v = T's and a
certain value of t.

The following result, which in turn yields Theorem 3.3, is a direct consequence of Proposition 4.1
and Theorem 3.2.

Corollary 4.1. Let (f1,2) € (RT)?2 be fived. Then, the following statements are equivalent:

i) (B1,B2) € Qo
it) There exists v > 0 such that ® has a double root.
i1i) There exist v > 0 and t > 0 for which polynomial B in (7) has a multiple real root.
iv) There exist v > 0 such that a type III singularity takes place for some t > 0.
Furthermore, if some of these statements holds, there exist exactly two values of v satisfying it.

Proof. The proof is immediate. It is enough to take into account that Theorem 3.2 implies the
equivalence between (i)-(ii), while implications (iii) = (iv) and (iii) = (ii) comes from Proposition
4.1. Finally, (iv) = (iii) and (ii) = (iii) are straightforward.

O

Remark 4.1. Therefore, the two-cut phase is feasible only when (51, 82) € Qo , and the number of type
IIT singularities is 2 at most. Indeed, a double root of B outside S; can only appear for (81, 52) € Qo

and y € [, [ U [Ty, Ta).
Now, let us proceed with the proof of Proposition 4.1. Since it deals with the case where polynomial

B in (7) has a double (at least) root b, let us start pointing out that in this case (20) implies that the
following system of equations holds

(T —t) (21 — b)? \/(zl —a1)(z1 —a2) —i(z1 —29)(21 — Z3) Im 2 =0,
(29)

(T —t) (22 = b)? /(22 —a1)(22 — a2) — iy (22 — 21)(22 —71) Imz2 =0.
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Rewriting (29) in the form

(z21=-0)°V(z1—ai)(z1—az) 1

i(z1—22)(21—22) Im 2 T—t>
2 2 1 (30)
(22=0)% \/(z2—a1)(z2—a2) _ 5
i (z2—21)(z2—21) Im 22 — T—t>

the geometry of our problem becomes clear: once a1,as and b are obtained in such a way that both
left-hand sides in (30) are real, the values of ¢ and v are uniquely determined. Therefore, ¢ and ~
must vary together in order to keep the double root b of the polynomial B.

Now, we first need the following technical results. On the sequel, Argz denotes the branch of the
argument of the complex number z belonging to (—, 7.

Lemma 4.1. Let ¢,d € R. Then,
Arg(z —¢) + Arg(z1 —d) <7 if and only if c+d < =2, (31)
Arg(za —¢) + Arg(ze —d) <7 if and only if c+d <2, (32)

Proof. We know that
Arg(z; — ¢) + Arg(z; — d) € (0,2m).
Thus, making use of well-known trigonometric identities, we have,
sin (Arg(z; — ¢) + Arg(z; — d))
Bi(2Rezj —c—d)

\/(Rezj —o)? +ﬂ§\ﬂRezj —d)?+ B2

which shows that
Arg(zj —c) + Arg(z; —d) < 7w iff 2Rezj —c—d >0 iff ¢+d < 2Rez;,
and it settles the proof. O

Now, it is convenient to introduce the point

Y
0 4 )
that is, the intersection between the mediatrix of the segment joining [z1, 22| and the real axis, and
the points 1 < x9, where the circumference with center at xy and passing through z; and z, meets
the real axis (see Figure 2). It is also worth to point out that
™

1
5 + §Arg(zj —x9), j=1,2. (33)

1
Arg(z; — 1) = §Arg(2j —x0), Arg(zj —ax2) =

Lemma 4.2. Suppose that for some fived (B1,B2,7) € (RT)? the polynomial B has a double root b.
Then, it holds

1 1 3

§Arg(z1 —ay) + §Arg(z1 —ag) + 2Arg(z; — b) — Arg(z; — xo) — ?ﬂ =0, (34)
1 1

§Arg(22 —a1) + §Arg(22 —ag) + 2Arg(ze — b) — Arg(zo — o) — g =0, (35)

where a1, as denote the endpoints of the support Sy.
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xy -1 Xo 1 X2

Figure 5: Location of points xzg,x1, 2.

Proof. From (29), the following system must hold:

1 1 3

§Arg(zl —ay)+ §Arg(z1 —ag) + 2Arg(z; — b) — Arg(z1 — @) — g =2kym, (36)
1 1

5Arg(z2 — ar) + S Arg(22 — az) + 2Arg(z; — b) — Avg(22 — x0) - g = 2y, (37)

with k; € Z. Now, it will be shown that ky = ko = 0. First, let us see that these k; just can take
some particular values.

We initially deal with (36). First, since Arg(z1 —a1) € (0,7), Arg(z1 — az) € (7/2,7) (because
az(0) > —1 and das /0t > 0), Arg(z; — b) € (0,7) and Arg(z, — o) € (0, 7), it yields

1 1 3
§Arg(zl —ay)+ iArg(zl —az) + 2Arg(z1 — b) — Arg(z1 — x) — or

2
c —9m 371
4 72 )7
and we conclude that k; = —1 or k; = 0. In a similar way, it is easy to check that ks € {0,1} in (37).

Now, let us show that k; = —1 cannot occur. Let us see, first, that if &y = —1, then we would
necessarily have that a1 + as < —2, b < x1. Indeed,

e We have a; + az < —2, since otherwise, (31) would yield

1 1 us
§Arg(21 —ay)+ iArg(zl —ag) > 5
and thus,
1 1 37
§Arg(z1 —ay) + §Arg(z1 —ag) + 2Arg(z; — b) — Arg(z; — o) — o
Zg + 2Arg(z; — b) — Arg(z1 — xo) — 3% =2Arg(z1 — b) — Arg(zy —xo) — 7

>0—m—m= -2,

which would imply that k; # —1.
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e b < xy, since

1 1 3
— 27 = §Arg(zl —ai)+ §Afg(zl — az) + 2Arg(z1 — b) — Arg(z1 — o) — ;

1 1
=2Arg(z1 —b) = _iArg(Zl —ar) — §Afg(21 — az) + Arg(z1 — xo) — g
1
= Arg(z —b) < §Arg(zl —1x9) = Arg(z1 — 1) = b < z.
Thus, taking into account (37), one has,
1 1 T
2kym = §Afg(22 —ay) + iArg(zg — az) + 2Arg(z — b) — Arg(z2 — x0) — 3
1 1
< §Arg(zg —a1)+ iArg(zg — ag) + 2Arg(zo — x1) — Arg(z2 — xg) — g
1 1 0
= §Arg(z2 —a1)+ §Arg(22 —as) — 5 < 0,

where for the last inequality we have used (32). But this inequality would imply that ko < 0, while it
is known that k2 = 0 or ko = 1. Hence, we conclude that k; = 0 and (34) is established.
In a similar fashion, (35) is established.

O

The following result, concerning the location of the point b and the arithmetic mean of the end-
points of Sy, is also useful.

Lemma 4.3.

i) The point ot a

€ (=1,1) or, equivalently,

Arg(z1 —a1) + Arg(z1 —a2) > 7,
Arg(zo —ay) + Arg(ze —as) < .

ii) be (—1,1).

Proof. Let us show, first, that b € (1, x2). Indeed, (34) yields

1 1 3T
2Arg(z; — b) = —§Arg(z1 —ay) — §Arg(zl —ag) + Arg(z1 — zo) + o
3
> —g - g + Arg(z1 — o) + 77 = Arg(z —xo) + g > Arg(z; — xo),

which implies that
1
Arg(z; —b) > §Arg(zl —x9) = Arg(z; — x1)

and, hence, it holds b > z7. Analogously, from (35) it is easy to get that b < xs.
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Although this first bound for b is rough, it allows to get the bounds for the arithmetic mean. In
fact, from (34) and using (33) and the bounds obtained for b, one has,

1 1 3
iArg(zl —ay) + §Arg(z1 —ag) = —2Arg(z; — b) + Arg(z1 — zo) + 27T
3
> —2Arg(z; — x2) + Arg(z1 — o) + ?ﬂ-
1 3
= -2 <72r + §Arg(z1 — m0)> + Arg(z; —x9) + g = g ,

which, by (31), yields (a1 + a2)/2 > —1. In the same way, from (35) and (32), the inequality
(a1 + a2)/2 < 1 is easily obtained.

Finally, using these bounds for the mass center of the endpoints, it is possible to precise the location
of b. Let us start showing that b < 1. Indeed, if b > 1, we have, using (35),

1 1
0> iArg(ZQ —ap) + §Arg(22 —ag) + Qg — Arg(zo — x9) — g
1 1 T
= iArg(ZQ —ay) + §Arg(22 —ag) — Arg(ze — xz0) + 5
and, hence,
1 1 T
§Arg(z2 —ay) + §Arg(z2 —ag) < Arg(zo — x0) — 3 (38)

Inequality (38) implies some consequences. First, it is easy to check that it would be possible as long
as Arg(za — xg) > m/2, which means that z¢ > 1.
Moreover, let a € R such that

1 1
iArg(,zQ —ap) + §Arg(22 —ag) = Arg(ze —a),

that is, a € (a1, ag) is the point where the bisector of the angle ai, 72, G meets the real axis. On the
other hand, let @ € R such that
™ -
Arg(z2 — 20) — 9= Arg(z —a).

This last point may be seen as the point where the tangent line to the circumference with center xg
and passing through z, intersects the real axis. Since xy > 1, then a < z; (see Figure 6). Thus,
inequality (38) yields @ < @ < x; < 1, but this is a contradiction with the fact that a; + ag > 1.
Indeed, it is enough to make use of the following property from elementary geometry:

“Let ABC' be a triangle and consider the bisector of the angle a, which splits the segment BC
into two parts, BD and DC. Then, the length of BD is less than the length of DC' if and only if the
angle B is greater than the angle C”.

This simple property applied to the triangle ajaszo, and taking the bisector joining zo with a,
means that as —a < a — a; but, then,

a1 +a — — —
@mta (a—a)—(a2-0a) <a<a<uz < -1,
2 2
which contradicts the result in Lemma 4.1 above.
Proceeding in an analogous way, we can prove the lower bound, i.e. b > —1, using now (34). [
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Figure 6: location of points a and @ if b > 1.

Proof of Proposition 4.1

Let us take (81, f2) fixed and v and ¢ varying in such a way that B has a double root: B(z) =
(2 —b)?, with b ¢ (a1, az). It implicitly means a dependency relationship between ¢ and -y, which will
indeed be shown below.

Let us consider first ¢ and v as being two independent variables, then, from (17), we have

0 (T-0)BE) VAR H)
» D) VA(2) Da(2)

with Da(2) = (z — 22)(z — Z2) and H being a monic polynomial of degree 2 and having at least a root
in (a1, as). Furthermore, taking into account that 2z and Zz do not depend on ~, the residue at both
points in the left hand side of the previous expression is equal to 1/2 and thus, the same must happen
for the right hand side, which yields

A(z2)(22 — %) A(z2)(7 — )

and, hence, H can be written as H(z) = D2(z) + P(z), where
A Az
P = YAE o VA
On the other hand, from (11) we also have
0 (I'-1)B() VAR) 1
ot D(z) n A(z)

Therefore, considering now ¢ = ¢(v) in such a way that the double root of B takes place, and
applying the chain rule, one has, on the one hand,

8 (T —t)\/A(z)(z — b)? H(z) —1 ot H(z)— 5 Da(2) L(2)

o D) T VARD) | VAR D JARD) | VAR Dale)
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and, on the other,

0 (T—1)/AE)(z —b)? _

v D(z)
1 ot , L , b
D02) (— 5 VARZ)(z=0)"+ (T —1t) NE) (z=0)"+ (T —t)\VA(2)2(z = b)(— a)) )
Then, it yields,
ot 2 0A(z) 2 b _
-2 7 A(2)(z=b)*+ (T —1) o (2 —b)" — 4T —t)A(z)(z — b) 7 = 2L(2)D1(2) (39)

where Dy (z) = (2 — z1)(z — Z1) = (D/D3)(z). The left and right hand sides of (39) are polynomials
of degree 4, with the left-hand one vanishing for z = b. This implies that L(b) = 0 and thus,
ot H(b)  Dso(b) + P(b)

o Do) Do) (40)

In particular, (40) indeed shows the real dependence of ¢ on v in the current setting, in such a way
that the derivative in (40) is well-defined and bounded. Therefore, computing the derivatives in (39)
and evaluating them at a1, as and b, the following differential equations hold

day —2D1(a1)L(ay)

o (T —t)(a1 — az)(a; —b)2’
Jas _ —2D1(az)L(as)

v (T —t)(az — ar)(ag — b)2’
b _Dy(B)L(b)

87’)/ B 2(T—t)(b—a1)(b—a2) '
Now, since polynomial L is very important for our analysis, we are concerned with its expression.
Indeed, we have for = € R,

ot P(b)

L(z)=H(xz) — 7 Dy(x) = P(x) —

e (VAT (1-772))

- (bx)Re( A(ZQ)C;ZQ> .
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Thus, if ¢ denotes the other real root of L, then

L(z) = Re ( AW) (z —b)(z — 0),

szb

and ¢ is such that




Consequently, taking into account Lemma 4.3, the following relation for the arguments holds:

1 1
3 Arg(ze —ay) + 5 Arg(zo —ag) — Arg(ze —¥0) — Arg(zo —b) = — g . (41)

Now, we are in a position to study what happens in each of the scenarios in the statement of Proposition
4.1.

e If a; < ay < b holds, then recalling b < 1 (see Lemma 4.3), we obtain

A(ZQ) - 1 1 ™
Arg <22—b> = §Arg(22 —a1)+ §Arg(22 —ag) — Arg(za — b) € (f 5 0) ,

and thus, the leading coefficient of L is given by

A(22)

Re po—"

>0. (42)

Now, let us show that ¢ > b. Indeed, if this were not the case, by (41) we would have,
1 1 us
§Arg(22 —ay)+ §Arg(z2 —a2) + 5 < 2Arg(zo — b)

but, using (35),

1 1
2Arg(z2 —b) = — §Afg(2’2 —a1) — §Arg(2‘2 —az) + Arg(z2 — o) + g
and, hence,
1 1 -1 -1 T
§Arg(z2 —ay)+ iArg(zg —as)+ = < TA rg(ze —ay) + —Arg(zg — ag) + Arg(za — xg) + 5

=N

1 1
ﬁiArg(zg —ay) + iArg(zg —az) < —Arg(ze — o) = Arg(z2 — 21),

A - A -
where the last inequality is due to (33). Thus, taking a such that r(z2 — a1) ;_ ra(z2 — az) =

Arg(zo — a), we would get as — a < a — ay and, hence,

a; +a as —a)— (a—a
; 2:a—i-(2 ) 1)<a<m1<—1,
2 2
which is not possible by Lemma 4.3. Therefore, the inequality ¢ > b has been established, that
is, we have that a1 < ay < ¢ and taking into account the positivity of the leading coefficient of

L (by (42)), we have

% - —2D1(6L1) (Cll)

o T T D@ a0

% o —2D1(CL2)L((12)

o T t)(ar —an)(az B = (43)
o D)

7 2T Db —a)b—ar)
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Moreover, having in mind (35), the fact that g—: > 0 necessarily implies that g—‘; < 0, what

means, by (41), that Arg(zs — ¢) is a decreasing function of v and, hence, g—f/ < 0.

Thus, considering the setting where (51, 32) are fixed and 7 is such that there exists ¢ > 0
with a1 < ay < b, if v is allowed to increase as far as possible, we see that the endpoints a;
and ay tend to collide, as well as points b and ¢ on the interval (as, +00); but we know this last
collision cannot take place since the inequality b < ¢ is strict. Therefore, the unique feasible final
setting consists in the collision a; = ag, which obviously means that the support disappears or,
equivalently, that ¢ = 0: we reach the situation where ¢ has two minima (for v = I'y in Theorem
3.2).

e Finally, the reciprocal case b < a; < ay may be easily reduced to the previous one by means of
the transformation x — —x, with v — %, which yields

t
a1—>—a2,a2—>—a17b—>—b,t—>7.
v

4.4. Proof of Theorem 3.4

The full description of the dynamics of the equilibrium measure runs parallelling to the proof of
[33, Theorems 15-16] and [39, Theorem 2.1] (which are strongly based in the results for the dynamics
as t increases). Therefore, we restrict here to outline the proof, omitting certain details.

When (B1,582) € Qo and v € (I'1,I'5), Theorem 3.2 shows that (19) has two relative minima
—1 < (1 < (3 < 1. First, assume that ©(¢1) < ¢(¢3) and, thus, that the leftmost relative minimum is
the absolute one; in addition, ¢ has a relative maximum (s such that —1 < (3 < (o < (3 < 1.

Therefore, by (7) we have for the endpoints of the support (zeros of A) and the zeros of B
that —1 < a1(0) = a2(0) = (1 < b1(0) = &2 < b2(0) = ¢3 < 1, in such a way that (21) yields:
ay < 0,d2 >0,b1 <0 and by > 0 (see Fig. 2 above). Thus, points as and b; tend to collide, and this
collision would take place in a time T* < T by Theorem 2.2; but this would contradict equilibrium
condition (2). Hence, there must exist a critical value T} < T* where the initial configuration changes.
The unique change which takes care of condition (2) is the birth of a couple of real zeros ag, a4 from the
rightmost double zero by. That is, at this critical value T3 a type I singularity occurs and immediately
a new cut arises.

Then, for ¢t > Tj, combining again Theorem 2.1 and (2), we have that the central endpoints as
and ag tend to collide (and, of course, also collide with by, see Fig. 3), producing a double root of
B, that is, a type II singularity. Finally, this double root necessarily splits into a couple of conjugate
imaginary roots which tend to some prescribed points in C \ R, while a; — —oo and ay — 400, as
established in Theorem 2.2 (see Fig. 4 above).

If ©(¢1) = ¢(¢3), which is possible for any (51, 02) € Qo and a suitable value of v, then the
evolution is the same as above, but now 77 = 0 and, thus, the initial one-cut phase does not take
place. Obviously, when ¢(¢1) > ¢((3), the evolution is also the same as above but starting at (3 in
place of (5.

The description of the dynamics in scenario (b) is similar, with the unique difference that we start
with a couple of conjugate imaginary roots b; and by = b; which at a certain time Ty < T* collide
at the real axis, becoming a double real root of B, in such a way that this double root immediately
produces a pair of simple real roots b; < bs, as at the beginning of the dynamics described above. The
fact that the double root immediately splits into two roots follows from (40), since the existence of
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such a double root for an interval of ¢ of positive length would imply that dv/0t = 0 or, equivalently,
an unbounded 9t/0~, which is not possible.

Conversely, in scenario (c), the initial couple of conjugate imaginary roots b; and by = b; never
attain the real axis and, consequently, the support always consists of a single interval.

Observe that the boundary between scenarios (b) and (c¢) occurs precisely when the pair of roots
of B collide with the root of A, producing a type III singularity, which has been studied in previous
Theorem 3.3

There is still an open question: can the roots of B fall back towards the real axis after a type II
singularity? Or, in other terms, can the two—cut phase repeat several times through the dynamics with
respect to t7 In virtue of Proposition 4.1 (see Remark 4.1), this could happen only for v € (I'1,T'y) or
v € (f‘vg, I'2), but let us see that even under this assumption, a second two—cut phase can not happen.
Suppose, on the contrary, that it does happen, and consider for instance that v € (Fl,f‘vl), so there
are two values of ¢ for which B has a double root outside the support: the previously described T and
a new T3; additionally, there is another value 75 where B has a double root inside the support (type
I1 singularity for the merger of two cuts). Let us denote af = a1(1}), a} = a(T};) and b7 = b(T}) for
7 =1,2,3. In particular, it holds

al <ai <b®<a3<ay<b’. (44)
Now, using Proposition 4.1, we can vary v (and therefore the values T}) in such a way that the same
setting remains valid, which provides T} () < T2 (y) < T3(7), with its corresponding a](7), a3(vy) and
b/ (7), and property (44) holds for any ~. But increasing v up to I'y and applying Proposition 4.1, we

see that every aj, collide at the global minimum of the external field and, by (44), b? does the same
too. But, on the other hand, % is increasing in vy (see the dynamical system (43)); hence, we have

lim b* < lim b°.
v/ T v/ T

This last property, along with the continuity of all the functions involved, imply that for v = f;, the
derivative of the external field, ®’, has two double roots, which is an absurd. The contradiction comes
from the assumption that, after the merger of the two cuts, the pair of complex roots of polynomial
B can fall to the real axis again.

Appendix: The “two—cut” body
Throughout this appendix, along with the three-dimension body

A = {(B1,82,7) € RT)® : (B1,82) € Q, v € (T1(B1, B2), T2 (b1, B2))} (45)

where the external field ¢ has two local minima, we consider the larger body, strictly containing the
former one, given by

A = {(B1,B2,7) € RT)® : (B1,B2) € U, v € (T1(B1,B2),T2(B1,52))}, (46)

for which range of parameters a two—cut phase takes place.
In Theorems 3.2-3.3 above, the geometry of the problem has been mainly depicted in terms of the
admissible values of the heights (1, 32) in order to guarantee the existence of a two-cut phase for a
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Figure 7: Vertical sections of A for 81 = 1,2, 3.

certain range of the other parameter, the charge v. However, next a description of the three-dimension
“two—cut” body A will be provided to get a better knowledge of the solution of the problem. As shown
in Theorem 3.3, it is a body in the first (positive) octant of the (81, B2, v)—space whose projection in
the (B1, B2)—plane is given by the Qg region in Figure 2. Theorems 3.2 also shows that the projection of
both A and A on the (51, B2)—plane is given by the same region €. On the largest body, the existence
of a two-cut phase is provided; the unique difference between the phase diagram corresponding to A
and A\ A lies on the fact that for the range of parameters belonging to A, the “life” of the two-cut
phase is longer.

In this section we restrict ourselves to show the main characteristics of these admissible bodies,
especially of A, defined in (46). This is a three-dimension body bounded by two surfaces (“top and
lower covers”).

In this sense, some results will be presented (without proof) and some graphics will be displayed.
First, the following properties holds for the three-dimension body A

e The intersection of both surfaces for (81, f2) € C is given by the curve

38243834 1 [(3824362—4\° 43@*
7__%%4)+2<$ﬁ%)>_%%

e The intersection with the plane B2 = 0 is the whole quadrant (R*)2. The same occurs with
respect to the plane 51 = 0.

e The following limits hold:

lim I'h=0, lim I'y = +o00,
B1\0

hm I''=0, lim 'y = 4o00.

B2\0 B2 \0

In Figures 7-9 different sections of A are shown.
Finally, with respect to the body A, in (45), the following are its main features:

lim T'; =0 lim Ty = % + (1>2+1
B0 T BN0 2 2 B’
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Figure 9: Section of A for 81 = 82.
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