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1. Introduction

The analysis of matrix models in the large-n limit is a lively area of research for
understanding relevant aspects of the phase structure of gauge theories [1, 2, 3, 4, 5].
In particular non-perturbative effects attract a great deal of attention. They were
first studied in the critical case with the double-scaling limit method [6, 7] but it
was soon realized that they are also worth studying in matrix models away from
criticality [8, 9, 10, 11, 12, 13, 14, 15, 16].

The aim of the present paper is to analyze the phase space and the phase transitions
of the Penner matrix model for negative values of the coupling constant in the planar
limit. Several of the results obtained reproduce aspects of gauge theories which are
usually described by unitary matrix models [1, 3, 4, 5, 17, 18]. The discussion is based
on several important properties of (non-classical) generalized Laguerre polynomials
which, in particular, determine the exact solvability of the Penner matrix model and
the complete explicit description of its planar limit.

The standard Hermitian Penner matrix model [19] is defined by the following formal
partition function

dX

Zo) = [ e BTrwaXHog(l—wX)) gm0 ()

where the integration runs over the set H,, of n x n Hermitian matrices X, and the
normalization constant IV, is

1
N, = dX exp [ —=Tr X2 | = 2/277°/2, (2)
2

Hy

The connection of the Penner model to continuum limits of theories of random discrete
surfaces and to the ¢ = 1 string theory is a consequence of the application of the double-
scaling limit to the large-n expansion of Z,(g) (see references [20, 21] and the comment
following equation (68) of appendix A of the present paper). However, the double-
scaling limit is performed around a singular point of the large-n expansion, which exists
only for negative values of the coupling constant g [22, 23]. This is our motivation to
study the Penner model and its large-n limit in the region g < 0.

The formal integral (1) was interpreted in references [19, 24] as the limit of
a sequence of matrix integrals corresponding to truncations of the Taylor series of
the exponent, and leads to a well-defined topological expansion of the free energy.
Remarkably [24], the same asymptotic expansion can be obtained from the eigenvalue
integral

Zn(g) = Cn(g)% (H /OOO daﬁl e_W(xi)/Q) A(X)27 (3)

where
en/gg—n2/2

(2m)"/2 Tz kY

Cn(g) =
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A(x) is the Vandermonde determinant

Ax) = [ (a5 — ), (5)

j<k

and

W_(x) =z —Inzx. (6)
In turn, the partition function Z,(g) is closely related to the family of classical Laguerre
polynomials L (z) (a > 0) (see for instance [15, 20, 21, 22, 23, 25, 26]), and by applying
the method of orthogonal polynomials the eigenvalue integral (3) can be written in terms
of the Barnes G function as [15, 26]

n n2 l
(eg) /gg /QG(1+H+Q)
n/2 1 )
(2m)/ G(1+7)
Note that |Z,(g)| is well defined by the former expression not only for g > 0 but also

Zn(9) =

g>0. (7)

for all g except ¢ = 0 and the zeros of the GG function in the denominator, i.e., for
g=—-1/(k+1), (k=1,2,3,...). Therefore, using the asymptotic expansions of the G
function quoted in appendix A, we can find the asymptotic expansion of the free energy
_|Zu(0)
n2
However, to study spectral aspects like the possible existence and qualitative

Falg) = , g>0. (8)

behavior of the asymptotic eigenvalue density, it is useful to have an eigenvalue integral
representation of Z,(g) for ¢ < 0 (putting directly ¢ < 0 in equation (3) leads
to a divergent integral). This integral representation can be obtained by analytic
continuation and is the subject of section 2.

Section 3 is devoted to the large-n expansion of the free energy (8). The usual or
't Hooft large-n expansion is carried out with what in effect is a sequence of coupling
constants g, such that

gnn = t = constant. (9)

We show that for these 't Hooft sequences the asymptotic expansion of the free energy
Fn(g) is the sum of an oscillatory contribution and a perturbative contribution. The
perturbative contribution has essentially the same form as the large-n expansion of the
Penner model with positive coupling constant, and therefore it also provides a generating
function for the virtual Euler characteristics of the spaces of Riemann surfaces with a
finite number of punctures [19]. However, we have not found the oscillatory contribution
in the literature (for instance, it is missing in references [22, 23]). Because of the zeros
of the Barnes G(1 — 1/g) quoted above, the free energy is singular at the value t = 1 of
the 't Hooft parameter.

We also show that the oscillatory contribution does not converge in the planar
limit for ¢ # 1 with 't Hooft sequences. In the context of generalized Laguerre
polynomials, Kuijlaars and McLaughlin [27, 28] introduced coupling constant sequences,
which hereafter we will call KM sequences, determined by the two conditions

lim g,n =t, (10)

n—o0
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(note that this condition is trivially satisfied by the 't Hooft sequences), and the existence
of the limit

= lim |sin(7/g,)|"". (11)
n—oo

In reference [29] we showed that the eigenvalue integral that gives the analytic
continuation of (3) to negative values of g (except for a prefactor discussed in section 2),
does not have a planar limit with 't Hooft sequences in the strong-coupling region
1 <t < oo, but has a well defined planar limit with KM sequences, essentially because
the condition (11) permits the handling of the nonvanishing oscillatory contribution. In
section 3 we also show that the planar limit of (8) with 't Hooft sequences also does not
exist in the weak-coupling region 0 < t < 1, but does exit with KM sequences. This
result permits us to discuss the phase transitions in the (¢,1) plane and in particular the
phase transitions at ¢t = 1.

In section 4 we use the eigenvalue integral to discuss the associated Coulomb gas
of eigenvalues and to describe the processes of gap-closing and Bose condensation of
the asymptotic eigenvalue distribution. In section 5 we mention some matrix models of
physical interest which share similar properties and which can be studied with the same
ideas. The paper ends with two appendixes: in appendix A we collect some results on
the Barnes G function, and in appendix B we apply these results to derive the celebrated
topological expansion of the standard Hermitian Penner model, which is compared in
section 3 to the perturbative contribution of the corresponding expansion for the free

energy (8).

2. The partition function of the Penner model for negative values of the
coupling constant

To perform the analytic continuation of the partition function (3) to negative values of
g we first write it in the form

where the contour I' is illustrated in figure 1. Then we rotate counterclockwise the path
I' to the path I'y illustrated in figure 2, while simultaneously change the determination

of W_(2) to
Woy(z) = z — logy 2, (13)

where log,z = In|z| + iargz with § < argz < 6 + 27. With these integration
contour I'y and determination Wy(z), the rotated integral converges in the half-plane
0 —m/2 < argg < 0+ /2, and that the rotated and unrotated integrals are equal in
0 <argg <m/2and § —7/2 < argg < 0.
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Figure 1. Integration contour I" for the partition function (12).
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Figure 2. Rotated integration contour I'y for the analytic continuation of the partition
function (12).
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Thus, setting § = 7, we find that the analytic continuation Z,(g) = Z,(font)(—g) for
g > 0 reads

Cn -9 1 - zi—log_ z;
Za(9) = ﬁﬁ (H / dz; o718 1>/g> A(z)?. (14)

Finally we change variables z; — —z;, and taking into account that log, (—z) = log, z+im
it follows that

Zn<g>=c"gl_ f>i_2172791 (H / dzie” z’“"““”) Az’ (15)

or, equivalently,

Z.(9) = Cu(—9)(=20) "(sin(n/9) ™" 2, (9). (16)
where Z\)(g) is the holomorphic matrix integral [29]

20)(g (H / 4 W+<zz)/g> A2)2, (17)

and
W, (z) =z +logz. (18)

We stress that the partition function Z,(g) given by equation (14) in effect defines
the Penner model for negative values of the coupling constant. Note in particular the
factorization into a prefactor (the first fraction) and the eigenvalue integral A (9)
studied in reference [29].

As a check of this analytic continuation process, we recall that using generalized
Laguerre polynomials L&/ g)(z /g) [30, 31] it was proved in reference [29] that AR (9)
can be expressed in terms of the Barnes function as

G(l—l—n)G(l—l—n—é)

20(g) =" D1 oy = (19
9
Hence, since
e—n/g(_g)—n2/2
Cn(—g) = : 20
(=9 = Gopraa+n) (20)
we finally get
(ceg) (g G En =) (21)

Z,(9) = )T ci-1)

which is the same expression obtained by replacing ¢ — —g¢ in equation (7).

Hereafter we will shorten the full qualification “Penner model with negative coupling
constant” to simply “Penner model” when we refer to the model specified by the
partition function Z,(g).
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3. The large-n limit of the free energy

3.1. The large-n limit with 't Hooft sequences

Let us analyze the large-n limit of the partition function Z,(g) with 't Hooft sequences
gn = t/n. From (21) and applying the reflection formula (69) to In|G (1 +n —1/g)]
and to In|G (1 — 1/g)| we have

In|Z,(gn)
Fn(gn):_ ‘n2( |
—11(”>+ L g s ()]
N 2nn 2 ng, 2 Hgn 7SI Gn
1 1 1 1 1
+——-—=h|G(l-n+—||+=h|G1+—])|. (22
ng, n’ 9n n? Yn

Since 1 + 1/g, > 0, the term In|G(1 + 1/g,)| in (22) has a Stirling expansion of the
type (67). However, the sign of the argument in In |G(1 — n + 1/g,)| depends on the
value of t. Indeed, for 0 < t < 1 and large n we have

ln‘G(l—n+ )’—ln‘Gler)) x:n(%—l)—)+oo, (23)

so that this function has also a Stirling expansion of the type (67). However, for
1 <t < oo and large n we have

ln‘G(l—n—F )]_m‘c; 1— )|,

x:n(l—%)%—l-oo, (24)

and we have to use the expansion (71) of Appendix A. Therefore, in this region the free
energy can be decomposed into a sum of an oscillatory contribution and a perturbative

contribution
Falt) = FLO0) + F 1), (25)
where
osc In |2 sin(mn/t)|Y" for 0 <t <1,
Feo =4 ol f (26)
FIn|2sin(mn/t)| 7" + 525 Cly (2an/t), for 1 <t < oo,
and in both cases, i.e., for t # 1, the perturbative contribution is
t—1) 3 1
ey m — (LD L=t 1—t
Fe ~ - (Ygphmit- o= ) 4 it
- Boy 2k 2k—2 22k
— —_ t 1—t -1 — 00. 27
Z2k(2k—2)” (1=1) ), m—roo.  (27)

The perturbative contribution FPe) (t) coincides with the standard large-n expansion
for the Penner model with negative coupling constant [22, 23]. Comparing the
expression (27) with the topological expansion (72)-(74) of the Penner model with
positive coupling constant, it is clear that }"éper) (t) also represents a generating function
for the virtual Euler characteristics. To the best of our knowledge, the oscillatory
contribution F5*(¢) has not been considered in the literature. Note also that the value
t =1 is a critical value for both contributions.
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3.2. The planar limait

The planar limit of the free energy
F = lim F,, (28)

n—oo
is not well-defined with the standard 't Hooft sequences (9). Indeed, from the expression
(26) of Fi=(t) it is clear that the existence of F requires the existence of the limit {
defined in equation (11).
Thus, instead of restricting to sequences satisfying the 't Hooft coupling, we use
KM sequences. From equations (25)—(27) it follows that for t # 1

mi— D —1+3-L  for0o<t<l,

F= (29)

Tng— P mjr -1+ 3 - L, for 1<t < oo

It is illustrative to clarify the origin of the different terms in equation (29) with respect
to the factors in the equation (16). From equation (20) and taking into account that

1 1 3
ﬁln]G(1+n)]zilnn—z—i-O(l/n), n — 0o, (30)
it follows that
11 3. o
F=Inl+-+-Int+°+FO, (31)
t 2 4
where F(© is the planar free energy for 2 [29]
1 1 3/t—1 (t—1)2
O=Ht-1(>-1)Inl—-=1 = - In|t —1 2
F (t )(t ) nl 5 nt+ 5\ 3 572 n|t—1|, (32)

where H(x) is the Heaviside step function. It is now clear that the term Inl of F in
the weak-coupling case comes only from the factor |sin(7w/g)|™™ in (16), while the term
(Inl)/t of F in the strong-coupling case is a result of the contributions from the two
factors |sin(w/g)|™" and | Z\”| in (16).

3.3. The phase space of the Penner model for negative values of the coupling constant

The [-dependence of the planar free energy means that from the point of view of KM
sequences, the phase space of the Penner model in the planar limit is the set

P={t1)eR’|0<t<oo, 0<I<1} (33)

In this way KM sequences reveal a fine phase space structure (see figure 3), where both
the weak- and strong-coupling phases depend on the additional parameter /. The points
(t,1) = (1,1) for 0 <[ < 1 represent first-order phase transitions

oOF _OF
=140" Ot =10 Ot
while the point (¢,1) = (1, 1) represents a continuous phase transition in which F and
OF /Ot are continuous at ¢ = 1 but 9*F/0t? diverges. Furthermore, the line [ = 0
represents a singular phase with infinite free energy.

]:'

t=1-0

Inl 34
1o TIRE (34)
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Gap closing
1 /
Weak—coupling Strong—coupling
phase phase

Bose condensation

Figure 3. Phase space of the non-Hermitian Penner model with negative coupling
constant for KM sequences.

It is possible to characterize wide classes of KM sequences for all 0 < ¢ < co and

0 <1 <1, as for example the one-parameter family
1
In =T/t + el ¢#0, (35)

where [x] denotes the integer part of x. They also arise as subsequences of 't Hooft
sequences g, = t/n. For example, given an irreducible fraction ¢ = p/q (p > 1), the
subsequences gy, and ¢,,+1 of the 't Hooft sequence are KM sequences with [ = 0 and
[ =1, respectively. For irrational ¢ we have that the sequence {n/t}, where {x} denotes
the fractional part of x is a dense subset of the interval [0, 1], so that all subsequences
of the 't Hooft sequence g, = t/n such that {k,/t} — x for some 0 < z < 1 are KM
sequences with [ = 1. The value | = 1 represents the generic case of KM sequences (see
remark 1.3 in [28]).

A deeper understanding of the phase space of the Penner model is obtained from
the analysis of the asymptotic eigenvalue (saddle point) distribution.

4. Large-n saddle points and Coulomb gas

The KM sequences originated in the theory of large-n asymptotics of zeros of generalized
Laguerre polynomials [27, 28]

L) =% ( ZJ_FZ ) (_]j) , a<DO. (36)

k=0

In [29] we showed how these zeros determine the saddle points of the holomorphic matrix
integral A (g) for KM sequences in the strong-coupling case. In order to describe the
phase transitions at ¢ = 1, we will extend here the analysis of [29] by considering the
weak-coupling case too.
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4.1. Complex saddle points

The saddle point equations for zv (g) are

1 1 .
—( (n>+z =0, i=1,...,n, (37)

dn

J#i
and their solutions are given by [29]
()_gnl(a"”), i=1,...,n, (38)
where ZZ(O‘"’”) are the zeros of the Laguerre polynomials L%a”)(z) with
n=—1— > (39)
9n

Let us denote by p(z) the asymptotic eigenvalue (saddle point) distribution for the
Penner model and by pr(z) the asymptotic zero distribution of the scaled Laguerre
polynomials Lf{ln)(nz). The form of pr(z) has been completely characterized in the
large-n limit

n — oo, T A= fixed, (40)
n
for all real values of A in references [27, 28, 32, 33]. Using (38) and (39) we can

immediately translate the properties of pr(z) into properties of p(z), since

=7 =70 (3). (41)

It turns out that the zeros of L™ (nz) cluster along certain curves vy, in the complex
plane. More concretely, if we denote

4 =A+2+2VAT 1, (42)

(i) For —oo < A < —1 (the weak-coupling region 0 < ¢ < 1) the curve 7y is a simple
open arc with endpoints a_ and a, = a_ symmetric with respect to R, which as
A — —1 closes and becomes the Szegd curve

lze™7 =1, |z| <1 (43)

This process is shown in figure 4. The corresponding zero density is

L |VE—a)E—a)
= — . 44
pul2) = o : (44)
(ii) For —1 < A < 0 (the strong-coupling region 1 < t < 00), and if the limit
I = lim |sin(a, 7)™ = lim |sin(7/g,)|"", (45)
n—oo n—oo
exists, then vy, is of the form
YL = Cl U [a—v a+]7 (46)

where
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(a) Forl # 0 the curve C; C C\ ({0}U[a_,+00)) is a simple closed curve encircling
0 once, which is determined by the implicit equation

Re /Z VI —a )@ - a+)dz’ = —logl. (47)

Z/

The corresponding zero density is

pﬂ@=7%'¢@_aj@_a”- (48)
(b) For =0
YL = {0} U [a—7 a+]’ (49)
and the zero density is
pr(z) = Ad(z) + % Vi a‘; (v~ ay) Xlo—as]: (50)

where Xx[q_q,] is the characteristic function of the real interval [a_, a]. The filling
fraction of the zero density on Cj is equal to |A|. The value [ = 1 is the generic
case (see remark 1.3 in reference [28]), and it follows from equation (47) that it is
the only situation in which the loop C; and the interval [a_, a,] intersect (at the
point a_). It should be noticed that the form of v, depends not only on the value
of A but also on [.

4.2. Coulomb gas, gap closing, eigenvalue tunneling and Bose condensation

In this section we use the electrostatic interpretation wherein the eigenvalue density
p(z) is thought of as a unit normalized positive charge density for a Coulomb gas in the
external electrostatic potential

V(z) =x+1Inlz|, (z=Rez). (51)
The electrostatic energy of the Coulomb gas,

£ =7 / V(2)p(z)ldz] / dz] / d2|1n [z — Z|p(x)0(2), (52)

is given [29] by

1 t—1)? 3 1
“”Z—?m—(2ﬂ>m“—”+50—;)‘ (53)

We remark that £(t) is independent of [.

The form of the support of p(z) is independent of [ in the weak-coupling phase,
but it depends on [ in the strong-coupling phase. Thus for 1 < t < oo the support of
p(z) consists of two pieces: an [-dependent closed loop ~; around the origin with filling
fraction 1/¢, and an [-independent interval 7o = [ta_,ta| on the positive real axis with
filling fraction 1 — 1/¢.

The points of the weak-coupling phase are electrostatic stable equilibrium
configurations of p(z). However, points of the strong-coupling phase represent stable
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Figure 4. Eigenvalue distribution in the gap-closing phase transition for n = 80.

electrostatic equilibrium configurations only for [ = 1 [29]. Indeed, for strong coupling
the effective potential of the charge distribution corresponding to p(z)

Ve (2) = V(2) — 2t/ln |z — 2'|p(2")|d2"], (54)

.
is constant on the two pieces of the support of v [29], but with values

Vegl,, = —tInl+ Vgl . Vegl,, = (2t —1) —¢tInt — (t — 1) In(t — 1),(55)

Y2’
which coincide for [ = 1 only.
Finally, note the following two types of phase transitions:

(i) In the weak-coupling phase the limit ¢ — 1 and constant [ # 0 represents a gap-
closing (confining) transition in which the open arc formed by the support of p(z)
closes and becomes the Szegd curve (figure 4). In the strong-coupling phase this
limit represents a gap-opening (deconfining) transition mediated by an eigenvalue
tunneling process in which the charge 1 — 1/t located on the interval +, tunnels to
the higher-potential points of the loop ;.

(ii) As{ — 0 from the strong-coupling phase with constant ¢ the loop 7; of the support
of p(z) shrinks to the point z = 0 forming a condensate of charge 1/t (figure 5). This
represents a process of Bose condensation in which the electrostatic energy £ (53)
remains finite and constant. However, the planar free energy diverges (F — —o0)
as a consequence of the contribution to F of the oscillatory factor in (16).

5. Outlook

There are several relevant non-Hermitian matrix models which have a phase space in
the large-n limit with properties similar to the Penner model with negative coupling
constant. We will briefly mention some examples.

Multi-Penner models of the form

W(z)=— Z pilog(z — ;) (56)
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Figure 5. Eigenvalue distribution in Bose condensation for n = 80.

have been introduced to characterize the correlation functions of the d = 2 conformal
A; Toda field theory [14, 34]. The simplest case is the double Penner model [14]

W(z) = —pylog(l = 2) — plog(z + 1), (57)

which is connected to the theory of Jacobi polynomials

PB) () = 2—”i ( nre ) ( " & ) (2= DF(z+ 1), (58)

k=0

with

a=t pg=t (59)

g g

The Hermitian matrix model corresponds to the classical Jacobi polynomials with
a, B > —1. Its large-n limit with 't Hooft sequences is well defined, and the eigenvalue
distribution is determined by the asymptotic zero distribution of the Jacobi polynomials
on the real interval [—1, 1]. However, there are non-classical cases for which the existence
of the planar limit requires a special formulation based on KM sequences [35]. For
example, if we take a large-n limit with sequences ng,, — t > 0 such that

n — 0o, %%A:&, &%B:M—*, (60)

n t n t

where

-1<A<0<B, (61)
or, equivalently,
Mg < Oa H— > 07 > |:U“+’ (62)

Then the existence of a well-defined asymptotic zero distribution requires the existence
of the limit [35]

I = lim |sin(7An)|*/™. (63)
n—o0

The corresponding zero distribution of non-classical Jacobi polynomials exhibits
properties like gap-closing processes [35], similar to the generalized Laguerre
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polynomials. Therefore it would be interesting to analyze the non-Hermitian version
of the double Penner model following the scheme used in the present paper for the
Penner model.

Families of Laguerre polynomials also appear in certain matrix models used to study
the low-energy limit in Quantum Chromodynamics, e.g., the chiral Gaussian Unitary
matrix model (also called the Wishart-Laguerre ensemble) [36, 37]

n fos) Ny
N g 1 VvV  —Z;
ZWNr) - H/O dayafe™ [ J(zi +m3) | A(x)?, (64)
i=1 f=1
where Ny > 0 is the number of fermionic quark flavors, my (f = 1,..., Ny) are the

corresponding masses, and v > 0 is the topological charge of the physical sector under
consideration.

This partition function can be determined in terms of Laguerre polynomials (see [37]
and the references therein). For example, it is clear that the reduced case with my =0
for all f gives

(Ng,v) - 1 - o v+Ny g, 2
Z, = (ZI_II/O de;z;, e )A(x) , (65)

which is directly associated to the family of Laguerre polynomials LgLVJer )($)

Consequently, non-Hermitian versions of (65), like those arising from (64) with bosonic
quarks (N; < 0) [38], will involve families of generalized Laguerre polynomials and may
exhibit non-perturbative effects similar to the Penner model with negative coupling
constant.

Appendix A. The Barnes G function

This Appendix collects the properties that we need about the Barnes G function [39,
40, 41]. The Barnes G function is the entire function defined by the canonical product

1 2 it k 2
G(l + Z) _ (27_‘_>z/2€7§(z+z (14++)) H <1 + %) T2 /2k. (66)
k=

The Stirling-like asymptotic expansion of G(1 + z) for z = x positive and large is

1 3 1
InG(1+z) ~ §x21nx — -z + E1n(27r) - Elnx

4 2
+'(—=1) + (), as x — 00, (67)
where ¢(z) is the asymptotic negative power series
_ = Bom 1
= ) 68
Pla) mz; 2m(2m — 2) x?m—2 (68)

Incidentally, we mention here that the asymptotic series ¢(x) provides the connection
between Penner models and string theory [42], because ¢(in) determines the genus
expansion F._;(u) of the free energy of the ¢ = 1 string theory at the self-dual radius.
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The sector of validity of equation (67) is often quoted as —m < argz < m or, more
precisely, |arg z| < m—0 with § > 0 (see equation 5.17.5 in [40]). We want to emphasize
that the expansion (67) is asymptotic in this sector only in the sense of Poincaré.

To evaluate the G function for large negative real values of the argument we use
the reflection formula (see equation (6) of [41]) to obtain

sin(7z) + 1 Cly(27x), (69)

In|G(1—2)|=mG(1+2z)+zln 5
m

™

where Cly(z) is the Clausen function

[T LT = sin(maz)
Cly(z) = /0 111‘281112‘(17'—2 . (70)

Note that equation (6) in [41] is limited to 0 < z < 1.
Thus, from (67) and (69) we obtain

i 1
In|G(1—z)|—zln sin(rz)| _ 1 Cly(27x) ~
2m
L, 3 9, 7 1 ! >
2:[ Inx — 4x + 5 In(27) — o Inz + '(—1) + o(x),
T — 0. (71)

The second term in the left-hand side of (71) cancels the singularities of In |G(1 — z)| at
positive integer values of x, and therefore the left-hand side of (71) has a well-defined
asymptotic expansion. However, in order to have a well-defined large-n free energy of
the Penner model with negative coupling constant, we need to control the behavior of
In|G(1 — z)| as  becomes large. Obviously the terms x In [sin(7x) /7| and Cly(27z) /27
in (71) are the origin of the () in (26) and [-dependent contributions in (29) arising
in the planar free energy of the Penner model. Therefore we have to restrict the way
in which the coupling constant g tends to zero (and consequently z to infinity) in such
a way that these terms give well-defined contributions to the planar limit. This is the
ultimate reason for requiring the existence of the limit (11).

Appendix B. The topological expansion of the Penner model with positive
coupling constant

The large n expansion of the Penner model with positive coupling constants for 't Hooft
sequences can be readily obtained from equations (7) and (67),

In|Z,(g)
Fn(t):_ ’ng ‘
(t+1)2 3 1 1
~ — In(l+¢)— > — = In(1 + ¢
( T SR A Ra) R DR R G

= B2k —2k 4 2k—2 2—2k
e (I
2%(%—2)” ((1+7) )
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R (=1)°QRk+5 =32k —1) ,  piey
== 2 (2h)ls] Bt

k>0 §>0,2—2k—s<0

n — oo. (72)

Alternatively, the standard perturbative method applied to (7) leads to a topological
expansion of the form [19, 24]

_ Z n—2k; Z Xk.s t2k+s_2, (73)

k>0 §30,2—2k—s<0

where xj s is the virtual Euler characteristic of the space of Riemann surfaces of genus
k with a finite number s of punctures. Then equations (72) and (73) imply [19]

(=126 + s = 3)1(2k — 1)
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