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Chapter 1

Introduction

Black holes are one of the most well known but enigmatic predictions of the
classical general relativity. As their name suggests nothing can escape from
a black hole, not even the radiation. However in 1972, Stephen Hawking
demonstrated a surprising result that blackholes radiate semi-classically[1]
and blackholes have finite temperature. It has also been argued that
blackholes have finite entropy proportional to the area of the event horizon,
which could be arbitrarily large. On the other hand the no-hair theorem,
which is valid in the range of classical general relativity, states that a static
blackhole horizon has almost no structure and contains no information other
than the mass and the conserved charges of the black hole. This implies very
little or no entropy for the horizon and presents an immediate conundrum. It
is believed that the discrepancies should sort out within the frame work of a
quantum theory of gravity and it remains a challenge for any successful theory
of quantum gravity to understand the black hole entropy from a microscopic
viewpoint. String theory, which has been proposed as a perturbatively
finite theory of quantum gravity, is shown to give the correct entropy for
a certain class of supersymmetric extremal black holes [2]. However the
case of more natural non-supersymmetric black holes are poorly understood.
String theories generally lacks a non-perturbative definition and it is difficult
to formulate the non-perturbative questions like black hole entropy within
the framework of string theory.

It has long been suspected that large N gauge theories leads to a non-
perturbative formulation of string theory in certain back grounds. But the
first concrete proposal was made by Maldacena [3] who proposed a duality
between large N, N' = 4 SYM theory and IIB string theory in asymptotic



AdSs x S% back ground. In a certain limit ITB theory reproduces supergravity
and this provides a non-perturbative way to formulate the properties of the
black hole in the context of gauge theory. In this thesis we will take this
approach and study thermal gauge theory to understand the properties of
the black holes. Let us start by briefly reviewing the AdS/CFT duality.

1.0.1 AdS/CFT

IIB string theory on AdSs x S° background is equivalent to N' = 4, SU(N)
super Yang-Mills theory defined on the boundary of AdSs space that is S®x R.
The parameters of the two theory are related by
4
TN NGB g

where R is the curvature radius of AdSs, G is the Newton gravitational
constant in AdSs, l,, 1, are string length and planck length respectively, gs
is the string coupling. ¢%,, is the gauge theory coupling. The t’Hooft 1/N
expansion in Yang-Mills theory corresponds to the g, expansion in AdSs, and
a small t'Hooft coupling ¢g2,,N implies a strongly coupled world-sheet. The
metric of AdS5 x S® space in the global co-ordinate is given by.

) o, dr? 2 192 2 1092
ds* = —(L+ 2 )dt® + — = + 7% + R0, (1.1)
T

The AdS/CFT correspondence implies that the thermal phases of string
theory can be studied by studying those of the dual gauge theory([4],[5],[9]).
In this thesis we will primarily take the approach of studying gauge theories
to learn facts about the gravity theory. In the next sections we review the
phase structure of finite temperature supergravity in AdS5 and the dual gauge
theory interpretation.

Before moving further, we like to mention that the general correspondence
between gauge theory and gravity is not confined to the particular case of
the AdS/CFT correspondence that we discussed in the previous paragraph.
String theories defined in AdS space have conformal gauge theory duals.
However gauge/gravity duality has also been extended to the case of confining
gauge theories ([5],[6],[7],[8]). These metrics can be written as,

ds® = WQ(u)de + ds? (1.2)

wnt

6



where g indices are in the non-compact direction, and ds?, is the metric on an
internal manifold, one of whose coordinates is u, and whose constant u slices
are compact. The variable u has the range uy < u < oo and the function
W (u) increases monotonically from a positive nonzero value at ug to infinity
at u = oco. The geometry is smooth and without boundaries everywhere,
including at the IR wall w = uy. This is possible because a k-cycle of the
internal manifold shrinks to zero size at u = ug, so that, locally, u — uy may
simply be thought of as the radial coordinate of an R¥*! component of the
geometry. In the third part of our work we will consider localized black hole
solutions in these geometries.

Phase structure of Supergravity in AdSs

The canonical ensemble for quantum gravity in AdS can be defined as a path
integral over the metric and all other fields asymptotic to AdS with time
direction periodically identified with a period § = 1/T. At semi-classical
level, i.e. R?%/ li > 1, such a path integral is dominated by configurations
near the saddle points, i.e. classical solutions to the Einstein equations.
If we assume spherical symmetry and zero charge, there are three possible
critical points, which are thermal AdSs (Euclidean AdS with time direction
periodically identified), a big (Schwarzschild) black hole (BBH) and a small
black hole (SBH). Among them thermal AdS and BBH are locally stable,
while SBH has a negative mode and it is unstable. The thermal AdS
background has topology S!x R*, while SBH and BBH have topology R?x S3,
all of them have a common boundary S x S3. The Euclidean time circle in
a black hole background is contractible and hence the winding numbers are
not conserved. In contrast the time circle in thermal AdS is noncontractible
and the winding number is conserved.

The classical action for thermal AdS is I; = 0. This is standard in string
theory: with a noncontractible time circle, there is no genus zero contribution
to the free energy. A Schwarzschild black hole solution exists in AdS only
for a Hawking temperature greater than

V2 1 TR
To=-—= fo=m=—72
7TR T() \/5

The eucledian metric of the black hole solution is,

(1.3)

r? m? dr?
d? = (1+ = —M™hgrz g 972002 4 R2d02, (14)
R2 7,,2 1 + 2_22 . 7%2 3 5
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For T' > Ty, there are two possible black holes, whose horizon sizes are
given by

T+ 1ﬂoiﬂ_g

=7 |3 3! (1.5)

The corresponding classical Euclidean action is given by

B ey 1= (3)°

where G is the five-dimensional Newton’s constant. We will denote I, I_ the
classical actions for large and small black hole respectively. The specific heat
of the large black hole is positive and thus it is thermodynamically stable
(i.e. it can reach locally stable thermal equilibrium with thermal radiation).
The small black hole has a negative specific heat. The action I_ of the small
black hole is always greater than the action of thermal AdS and of the big
black hole. At temperature T} = % > Ty the action for the big black hole
is Iy = 0. When Ty, < T < T3, I > 0, and the saddle corresponding to
thermal AdS dominates. When 7" > T3, I, < 0, the big black hole (BBH)
dominates. There is a change of dominance at 77. This is the Hawking-Page
transition. In the classical limit G — 0, this is a sharp first order transition.
We expect that at finite G the transition should be smoothed out. This we
will see explicitly in the gauge theory description.

When Ty < T < T, the big black hole phase is metastable, since it has a
higher free energy than that of that of thermal AdS. But string perturbation
theory around it is well defined until Tj is reached Hagedorn temperature(Ty)
where we expect the perturbation theory to break down. Similarly, when
T > T, thermal AdS becomes metastable. For a large AdS with R > [
(Is is the string length) the perturbation theory around thermal AdS breaks
down at a much higher Hagedorn temperature Ty ~ ll In the Hawking-
Page discussion, there also exists a temperature 75 beyond which the thermal
graviton gas in AdS will collapse into a big black hole. For a weakly coupled

string theory in AdS5 x S5, Th is of order —— and is much higher than the

1
(ng) 5

Hagedorn temperature Ty ~ i for thermal AdS.



Gauge theory analysis

The lagrangian of N' =4 SYM theory on S® x R is given by,
1
L= 5Tr |F?+ (Do +X Dx+ ) [6", 7 + X6 x +m?6'¢"| (17)
17

The field content of the theory is six scalar fields ¢!, gauge fields A* and
four fermion fields x®. The theory has an internal SO(6) R-symmetry. The
theory is thought to be conformally invariant and the mass of the scalar field
comes from the conformal coupling of the scalar fields with the background
curvature. As discussed by Witten [5], there is one to one mapping between
the thermal phases of IIB string theory and that of N'= 4 SYM theory on
S3 x R. Tt has been argued that the black hole phase in the supergravity side
is maped to the de-confined phase in the gauge theory and AdS5 corresponds
to the confined phase. The above mentioned identification is motivated by
O(N?) free energy of the black hole phase.

The phases of large N guage theory can be studied using the unitary
matrix model([10, 11, 12, 13]). The unitary matrix is the finite temperature
Polyakov loop which does not depend on the points of S3. This fortunate
circumstance is due to the fact that in the Hamiltonian formulation, N' = 4
SYM theory at a given time slice, is defined on the compact space S* and
the SO(6) scalars are massive because of their coupling to the curvature of
S3. These facts imply that, in principal, one can integrate out almost all the
fields and obtain an effective theory of the zero mode of the gauge potential
Ap. Using this method a detailed correspondence of the critical points of the
gauge theory effective lagrangian and the critical points of supergravity can
be constructed at the leading order of the 1/N expansion [20].

1.0.2 Plan of the thesis

Here we describe each chapter of the thesis.

R-charged AdS;5 black holes and large N unitary matrix models

In the second chapter we have generalized the above discussed correspondence
to the case of R-charged AdS-black holes [15]. R-charged AdS black holes are
known to have a rich phase structure in the canonical and grand canonical
ensemble. Following the discussion of the previous chapter we have integrated
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out all the fluctuations to a get an effective action of the gauge theory in terms
of the unitary matrix model. In the canonical ensemble we have introduced
a fixed charge constraint in the thermal gauge theory. This is shown to
contribute an additional logarithmic term log(TrUTrUT) involving the order
parameter, to the gauge theory effective action. It should be noted that
the perturbative correction to the gauge theory effective action only gives
rise to polynomial terms. This logarithmic term is crucial for matching
with supergravity. We analyze the implications of this term in the large
N limit and successfully compare with the various supergravity properties
like the existence of only blackhole solutions in the canonical ensemble and
also the existence of a point of cusp-catastrophe in the phase diagram. We
also discussed the effect of inclusion of fermions and shown that the main
conclusions are not modified.

Blackhole/String Transition in AdSs; and Critical Unitary Matrix
Models

In the third chapter we discuss the blackhole-string transition of the small
Schwarzschild blackhole of AdSs x S° using the AdS/CFT correspondence at
finite temperature [16]. When the horizon of this blackhole approaches the
string scale [;, we expect the supergravity (geometric) description to break
down and be replaced by a description in terms of degrees of freedom more
appropriate at this scale. Presently we have no idea how to discuss this
crossover in the bulk IIB string theory. Hence we will discuss this transition
and its smoothening in the framework of a general finite temperature effective
action of the dual SU(N) gauge theory on S® x S*. The finite temperature
gauge theory effective action, at weak and strong coupling, can be expressed
entirely in terms of constant Polyakov lines which are SU(N) matrices. In
showing this we have taken into account that there are no Nambu-Goldstone
modes associated with the fact that the 10 dimensional blackhole solution
sits at a point in S5 We show that the phase of the gauge theory in which
the eigenvalue spectrum has a gap corresponds to supergravity saddle points
in the bulk theory. We identify the third order N = oo phase transition
with the blackhole-string transition. This singularity can be resolved using
a double scaling limit in the transition region where the large N expansion is
organized in terms of powers of N=2/3. The N = oo transition now becomes
a smooth crossover in terms of a renormalized string coupling constant,
reflecting the physics of large but finite N. Multiply wound Polyakov lines

10



condense in the crossover region. We also discuss the implications of our
results for the resolution of the singularity of the Lorentzian section of the
small Schwarzschild blackhole.

Plasma balls / kinks as solitons of large N confining gauge theories

In the fourth chapter we discuss finite regions of the de-confining phase of a
confining gauge theory (plasma balls/kinks) as solitons of the large N, long
wavelength, effective Lagrangian of the thermal gauge theory expressed in
terms of suitable order parameters [17]. We consider a class of confining gauge
theories whose effective Lagrangian turns out to be a generic 1 dim. unitary
matrix model. The dynamics of this matrix model can be studied by an exact
mapping to a non-relativistic many fermion problem on a circle. We present
an approximate solution to the equations of motion which corresponds to the
motion (in Euclidean time) of the Fermi surface interpolating between the
phase where the fermions are uniformly distributed on the circle (confinement
phase) and the phase where the fermion distribution has a gap on the
circle (de-confinement phase). We later self-consistently verify that the
approximation is a good one. We discuss some properties and implications
of the solution including the surface tension which turns out to be positive.

Shock formation and the breakdown of collective field theory

In our investigations we realized that it is imperative to use the 2 + 1
dimensional phase space formulation of the classical Fermi fluid theory. The
collective field formalism, which is a hydro-dynamical description in 1 + 1
dimensions inevitably leads to shock formation and singularities. It is not
clear whether a finite energy density soliton solution can be obtained within
collective field theory. The shocks are spurious singularities due to the
collective field description which correspond to the folds on the Fermi surface,
which we have argued is inevitable.

Epilogue

Here we have discussed the significance, general conclusions and possible
future directions of our work.
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Chapter 2

R-charged AdSs; black holes and
large N unitary matrix models

The AdS/CFT correspondence implies that the phases of string theory can be
studied by studying those of the dual gauge theory. In the case of type IIB
string theory in AdS® x S° the phases can be studied using the large N limit
of a unitary matrix model([10, 11, 12, 13])!. The unitary matrix is the finite
temperature Polyakov loop which does not depend on the points of S3. This
fortunate circumstance is due to the fact that in the Hamiltonian formulation,
N =4 SYM theory at a given time slice, is defined on the compact space S*
and the SO(6) scalars are massive because of their coupling to the curvature
of S3. These facts imply that, in principal, one can integrate out almost
all the fields and obtain an effective theory of the zero mode of the gauge
potential Ag.

Using this method a detailed correspondence of the critical points of
the gauge theory effective lagrangian and the critical points of supergravity
(discussed by Hawking and Page[14]) can be constructed at the leading order
of the 1/N expansion. These are AdSs and the small and big black holes
(as [20] we refer to these as SSB and BBH.) It turns out that in the gauge
theory these critical points are in the gaped phase, where the density of
eigenvalues vanishes in a finite arc of the circle around which the eigenvalues
are distributed. The closing of the gap, corresponds to the Gross-Witten-
Wadia(GWW) phase transition([21, 22, 23]). In a window around this
transition, the supergravity description of string theory is likely to smoothly

!Phases of large N gauge theory is also discussed in [18, 19]
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cross over into a description in terms of heavy string modes.

In this chapter we extend the discussion of the correspondence between
R-charged AdSs blackholes([27, 28, 25, 26, 29]), and the effective unitary
matrix model([21, 22, 23, 24]). R-charged black holes are known to have
a rich phase structure in the canonical and grand canonical ensemble. In
the canonical ensemble the fixed charge constraint, contributes an additional
logarithmic term log(TrUTrUT) involving the order parameter, to the gauge
theory effective action. This term is crucial for matching with supergravity.
We analyze the implications of this term in the large N limit and compare
with the various supergravity properties like the existence of only blackhole
solutions in the canonical ensemble and also the existence of a point of cusp-
catastrophe in the phase diagram.

The plan of this chapter is as follows. In section 2.1 we give a brief
review of charged AdSs blackholes. In section 2.2 and section 2.3 we discuss
the effective action of the gauge theory at zero and small coupling, in the
fixed charged sector. At zero coupling there is exactly one saddle point and
the value of TrUTrU~! at the saddle point is always non-zero. For a small
positive coupling there are two stable and one unstable saddle points, all
with a non-zero value of TrUTrU~!. They merge at the GWW point. In
section (2.4) we discuss the model effective action at strong coupling. Here
too, there are three saddle points,two stable(I,III) and one unstable(II). In
the region p > %, I and 111 can be identified with a stable small blackhole
and stable big blackhole respectively. Saddle point I7 is identified with the
small unstable black hole. The merging of saddle points leads to critical
phenomenon whose exponents can be calculated and shown to agree with
supergravity. This is discussed in section 2.5. We have also calculated the
o(1) part of the partition function near the critical point.

2.1 R-charged blackholes in AdS5 and critical
phenomena

The R-charged AdS; black hole and relevant phase structure were
discussed by A. Chamblin, R. Emparan, C. V. Johnson and R. C. Myers
([26],]25]). Here we review their result. The Einstein—Maxwell-anti-deSitter

13



(EMadS,,+1) action may be written as

1 ~ n(n —1)
] - dn—H — o F2 S
167rG/M VT [R TR

(2.1)

where R is the Ricci scalar and R is the characteristic length scale of AdS.
The metric of the Reissner—-Nordstrom—anti-deSitter (RNadS) solution is
given in static coordinates by

2 2 2
m r dr

ds® = —(1- p— 2(11174—’_ 2 )dt*+ ™ 7 r2 +ridQ,
" r R -S4+ mat e

(2.2)

The parameter q is proportional to the charge

Q=2 -1 -2) (:"3)q (2.3)

and m is proportional to the ADM mass M of the blackhole.

n—1)w,_1

_(
M="6c (24)

Wn_1 is the volume of the unit (n—1)-sphere, and the gauge potential is given
by

1 q
A= | —————+ 2.5
0 2(n—2) 7“"*2+ (2:5)
n—1

where @ is the electrostatic potential difference between the black hole
horizon and infinity.

For n=4 the solution (2.2) can be considered as a rotating black hole
in AdSs x S® with angular momentum in the internal space S°. The
symmetry group of S5 is SO(6) and the black hole we are discussing has
equal U(1) charges for all the three commuting U(1) subgroups of SO(6),
the R-symmetry group of the N' = 4 SY M. Hence we are dealing with a
system which has the same chemical potential  for all three U(1) charges in
the grand canonical ensemble or equivalently three fixed equal U(1) charges
in the canonical ensemble.

14



2.1.1 Equation of state

In order to discuss the thermodynamics, we consider the FEuclidean
continuation (t—i7) of the solution, and identify the imaginary time period 3
with the inverse temperature. Using the formula for the period, f=47/V’(r,)
(for a review see [32]), we get

4rlPr2n3
B=—5 2 §n74 212 (2.6)
nri" ™+ (n —2)02r" " — (n— 2)¢?l
This may be rewritten in terms of the potential as:
Arl?r
p= (2.7)

(n = 2)2(1 — 2®?) + nr2

The condition for euclidean regularity used to derive (2.6) is equivalent
to the condition that the black hole is in thermodynamical equilibrium. The
equation (2.6) may therefore be written as an equation of state T=T(®, Q).
From this equation of state we see that for fixed ® we get two branches, one
for each sign, when the discriminant under the square root is positive[26].
For fixed @, T'(®) has three branches for Q<Q..; (Let us call them I, I1,
I17) and one for Q>Q..;;. The critical charge is determined at the ”point of
inflection” by (0Q/0®), = (9*°Q/09?*), =0.

The qualitative features of 3(r ) for varying g are shown in Fig 2.1. There

T

Figure 2.1: Plot of 3(ry) for q increasing from the left. The third graph from
the left is for qe. i
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is a critical charge, g, below which there are three solutions for r, for a
range of values of T', corresponding to small (1), unstable(/]), and large (111)
black holes. For fixed ¢ < ¢+ only branch [ is available at low temperatures.
At T = Tuse(q), there is a nucleation of two new solutions, I the unstable
small black hole solution, and 711 the stable big black hole solution. As the
temperature is increased further, the black hole Il approaches black hole I
and at T' = Ty (q) the two solutions merge.

As q is increased further, Tj, increases, whereas Ty decreases. At ¢ = qerit
we have T,.;; = Ty = Tyo. At gy and T, all three solutions merge. In the
language of catastrophe theory this is a cusp catastrophe. As we increase ¢
beyond ¢..;; there will be just one solution for all temperatures 7.

We wish to take note of some properties of the phase diagram.

1. Thermal AdS is not a solution and all three branches of the solution
represent black holes.

2. There exists a critical point where the three solutions of the system
merge. It is a point of fold catastrophe.

2.1.2 Critical Phenomena

The critical point (Qit,Teri¢) may be approached from various directions in
the parameter space. If we set T' = T,.;;, then the equation determining
(r — 7erit) takes the form (r..; is the radius of the critical black hole)

(r—rerit)’ = C(Q — Qerit) (2.8)
C is a numerical constant. The critical exponent here is %, since
1
(T‘ - rcrit) X (Q - CQC’/‘it)§ (29)

As discussed in [26] (Figl6), the critical point may also be approached
through the coexistence line in the parameter space. The coexistence line is
the line with the property

St = St

for the parametric range ¢ < geri. It is the line where the Hawking-Page (first
order) transition from the small black hole to the big black hole takes place.
As we approach the critical point through this line, we have the relation

(ST

(rr =) o< (T = Topig) (2.10)
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In the following we will present an understanding of these properties.
Before we do the matching with supergravity we would like to present a
discussion of the gauge theory in the limit when A\ = ¢g? N = 0 and also when
A << 1. In these cases we of course can not compare with supergravity which
requires A >> 1.

2.2 Free YM theory

2.2.1 Effective action with chemical potential

In this section we briefly review (see [13],[12]) the effective action for a free
SU(N) Yang-Mills theory (with adjoint matter) on a compact manifold ¥ in
the large N limit. The basic idea is to integrate out all fields in the theory
except for the zero mode of the Polyakov line. The partition function is then
reduced to a single unitary matrix integral.

Expanding all fields in the gauge theory in terms of harmonics on <,
the theory reduces to a zero dimensional problem of free N x N Hermitian
matrices

L= % > Tr[(DiM,)* - wiM;] (2.11)

The sum in (2.11) )is over all field types and their Kaluza-Klein modes on
3. wy, is the frequency of each mode. The covariant derivative in (2.11) is

DtMn - @Mn - ’l.[AO, Mn] (212)

Ap comes from the zero mode (i.e. the mode independent of coordinates
on ) of the time component of the gauge field and is not dynamical. The
partition function of the theory at finite temperature can be written as a
unitary matrix integral by integrating out all fields in (2.11) except for Ay.
Hence we have

Z = [ DU I, (detqg (1 — epe™PnU)) ™ (2.13)

where U = exp(ifAg) is a U(N). det,y denotes the determinant in the
adjoint representation and €, = 1 (—1) for bosonic (fermionic) M,. The
above equation can be expressed as
Z = / DU exp(y 2O gy ny (2.14)
n=1

n
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where

2(B) = z5(nB) + (=1)"zp(np). (2.15)

Here zp((3), zrp() are the single particle partition functions of the bosonic
and fermionic sectors respectively ( see [12] for the explicit formulas for z(53)
in various gauge theories).

If we introduce a chemical potential ;1 = (logm), the formula for the
partition function changes to

oo

Z1B.p) = [ DUESE psartr (2.16)

where
zg(B, 1), zr(B, 1) are now the single particle partition functions with
chemical potential . Hence

2p(Bp) = Y exp(—EB+ Qip) (2.18)
bosons

(B = Y, exp(=Eif+Qun) (2.19)
fermions

Q; is the charge of the state whose energy is E; (see [12]).

As we have already mentioned, we wish to describe a system which has
the same chemical potential p for all three U(1) charges of the R-symmetry
group SO(6) in grand canonical ensemble. Equivalently, we can work with
fixed and equal values of the U(1) charges in the canonical ensemble.

Let us for simplicity confine ourselves to the bosonic sector of the NV = 4
SYM theory. The gauge fields have no R-charge. The six scalars ¢;
(t=1,...,6) can be grouped in pairs of two. We define

ot =o' +ig®, ¢ =o' —id’ (2.20)
(We can similarly define complex fields for the other two pairs.) ¢* have

charge £1 for each of the three commuting U(1)s of SO(6). Hence, if we
consider the single particle partition function for these fields, it will be

2l 1] = (exp(+p) + exp(—p))=la,0]/2 = cosh(u)z[z,0)  (2.21)

where z[x,0] is the single particle partition function without any chemical
potential.
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2.2.2 Canonical Ensemble

We will now discuss the free gauge theory partition function for a canonical
ensemble with constant charge @y, by introducing a delta function §(Q — Qo)
in the functional integration of the gauge theory. @ = Q[¢é] is the
corresponding functional for the charge which we want to keep fixed. In
our case () is just the functional for R-charge in gauge theory.

The fixed charge partition function is defined by

25.00) = [ DXN5Q - Qo (2.22)
= / DXels 5 / exp (ipQ)exp(—inQo)d
— / dpexp(—ipQo)( / DXelo SXl¢inQ)
= /duexp(—i,u@o)/DUexp(Ezn[ﬁ,i,u]TrU”TrU_”)
where 2,[8, ] = z,[8,0] + cos(11) 2,8, 0] + cos(§)z; [3,0].
We can now make the approximation ? that |z,[z,iu]| for n > 1 is
negligible in comparison to |zi[x,iu]|. Neglecting the contribution from the

n > 1 modes we arrive at a model which contains only TrUTrU~!. Using
the specific formula for z[x, u], of the bosonic ? sector ,

Z(3,Q0) = /duexp(—i,u@o)/DUexp((a+ccos(p))TrUTrU_l)
= /DUeXp(aTTUTTU1)/duexp(—iu@o)exp(ccos(u)TTUTTU1)
= /DUeXp(aT’FUT’FU1)IQO(CTTUTTU1) (2.23)

Here a(8) = 2/ [3,0],¢(8) = 25[3,0] and for convenience we did not show the
explicit § dependence in the equations. I, (x) is the Bessel function.

2This approximation can be thought of as a low temperature approximation. This is
because at low temperatures z;f [3,0] approaches zero as e ”". Hence the higher z, are
suppressed relative to z;. It is also true that for all temperatures, 2z, < z; and for very
high temperatures we have z, ~ 2-. As an example, the total contribution for all other
Zn, even near hagedorn transition in free N' =4 SYM theory, is only about 7% of z1[12].

Unitary matrix models involving TrU™,n > 1 has been discussed in [33, 34].

3Effect of the fermions is discussed in appendix 2.7.
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Hence we end up with a matrix model with an effective potential
Serp = a(TrUTrU 1) + log[lg, (cTrUTrU 1) (2.24)
where a > 0,c > 0. We define p> = TrUTrU ' /N? to get
Sers(p) = N*(ap® + (1/N?)log[lq, (cN?p?))) (2.25)

It may seem that the logarithmic term is suppressed by a factor of 1/N?
and hence negligible for large N. But this need not be the case because, in
the semicalssical large N limit, we must deal with a system with a charge
of order N?. Hence we define Qy = N?¢q (q ~ o(1)). Using the asymptotic
expansion of I,,(nz) for large n, the effective action * becomes

c 2

c? p
Sers(p) = N?(ap® +q(y [ (1 4+ —p*) + log( ——))) +O0(1) (2.26)
q L+ /1+ 5pt

2.2.3 Phase Structure

To understand the phase diagram of this model at large N, we have to locate

the saddle points of (2.26) after including the relevant contribution from the

path integral measure depending on whether p < % or p > %.5
Differentiating Sess(p) we get

8 a 1 N2 2
8—p2$6ff(p) = a+a_p2(m lOg[IQ(QC Qp )]
1,(Q%
= a+b Q(Q f;2)
1o(Q%%)
2
= a1+ 50 +001/Q) (227)

4Tt should be noted that when Q=0 we should use the asymptotic expansion of Iy(x)
for large x. Then we get the expected answer Scsr = (a + c)TrUTrU~! which is same as
a model without any constraint on charge.

°The term in the right hand side of equation (2.28) originates from the path integral
measure over an unitary matrix.( see [35],Appendix of [20]).
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Hence the equations to solve are

2
q (Rt 1
= 1 R 2 — < =
ap+p( +q2p) S
2
q " 41 1 1
ap+—-(1+—=p")2 = ————,p> = 2.28
p< q* ) 4(1—p) 2 (2:28)
The left side in (2.28) can be written as
2
1
ap+€(1+—2f)4)%=ap+0p+g 3 (2.29)
q P(1+5pY)2+ 2p°
So fixing the charge gives rise to a term of type ¢ ———+——— which has
P+ 2450

some important properties.

1. For all values of ¢ > 0, ¢ > 0, this term is a decreasing positive function
of p and it diverges as p — 0.

2. For all values of ¢ > 0 it is a monotonically increasing function of q.

We can now discuss the solution of this model at N = oco. Let us assume
that we are discussing the phase where a(T") + ¢(7") < 1. This condition is
valid for low temperatures since a(T"),¢(T) — 0 as T — 0. It should also
be recalled that without any charge fixing the hagedorn transition occurs
when a(7T') + ¢(T') = 1. Unlike the situation with no charge, here we have
a function, on the left hand side of (2.28), which diverges as p — 0. Hence
p = 0 can not be a solution. We get only one solution at a finite value of p
which we will describe in the next paragraph.

Equation (2.28) is solved in the region p < 3 with solution

2 2
4 q

P= (1—a)2—02:(1—a—0)(1—a+c)

(2.30)

The self consistency condition for a solution in the region p < % is

4 Q2 1
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At low temperatures the condition is naturally satisfied for a small enough
value of ¢. If we gradually increase the temperature (i.e. the value of a(T)
and ¢(7")) while keeping the value of the ¢ fixed, then the value of p at this
saddle point will increase. At some temperature T3(q), p will become equal
to 3. Since the measure part (i.e. right hand side of (2.28) ) has a third
order discontinuity at p = %, we will get a third order phase transition at the
temperature 73. From (2.31) we have the following condition at T3

7’ 1
(1—a)2—c2 16 (232)
If the temperature is increased beyond T3 then we have to solve (2.28) in the
region p > %

If we increase ¢, then the value of p at the saddle point for a fixed
temperature will increase. At some g3 we get a third order phase transition
satisfying

16¢3(T)* = (a — 1)* — ¢ (2.33)

Since the minimum value of a(7") and ¢(7") is zero, the maximum possible
value of ¢3(T) is ¢, = 15. If we increase the ¢ beyond gei, the saddle
point will always be confined in the parameter range p > % Consequently
as we increase the temperature from zero we will not get a third order phase
transition for ¢ > q..it = 71'

This free model, at zero gauge coupling (I >> R in bulk), has some
similarities with AdSs black holes in a fixed charge ensemble. However unlike
the three black hole branches in AdSs, we get only one branch in the free
theory. But most importantly the solution always has a nonzero value of p.

It should be recalled that before the Hagedorn transition, a free gauge
theory with zero charge has the solution p = 0 [10, 12].

Some properties of the free theory will be important when we analyze the
situation for the weakly coupled gauge theory. Just above the temperature
T5(q), the difference of the two sides of (2.28) can be expanded in the region
p > . Defining p = 1 + z,(z > 0) the difference is

—e(q)x — C12° (2.34)

Here €(q) > 0 and €(q) — 0 as ¢ — 0. It is important to note that C; > 2
because the measure function (i.e. right hand side of (2.28) has a third order
discontinuity at the point p = % We will also discuss the significance of this
in what follows.
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2.3 Small coupling model

We will now discuss the problem with a small non-zero gauge coupling A\ =
g% N. By AdS/CFT correspondence it corresponds to a finite string length
in AdS. Tt has been shown in [20] that by considering a phenomenological
model of type

b\, T)

N2

S[TrUTrU ™Y = a(\, T)(TrUTrU ) + (TrUTrU )2 b > 0(2.35)

we can map out the possible phase diagram of type IIB string theory in
AdSs.° Even though the model in (2.35) can be derived from a weak coupling
analysis of the gauge theory, it can be thought of as a phenomenological
model describing supergravity in AdSs.

We are motivated to discuss the fixed charge ensemble in the same spirit.
Let us add a small interaction term to (2.25). The effective action is then
given by

62
Sers(p) = N*(ap® + bp" + g4/ (1 + pel (236)
c 2
+ log( Tl

1+,/1+g—§p4

Here b is proportional to A and is also a function of charge. Depending on
the theory considered, the sign of b can be either positive or negative. It has
been shown in [36] that b is positive for a pure YM theory. In the following
discussion we will assume that this is the case in order to motivate a similarity
with the supergravity picture. The equations determining the saddle points
of (2.37) , including the contribution from the path integral measure, are

) +0(1)

(a+c)p + 2bp" + L = pp<s
(L4 &ph)2 + £p?
q P 1
(a+ c)p? + 2bp* + = p> = (2.37)
(1+ Sp*)z + £p? 41— p) 2

In fact in [20] an arbitrary convex function is considered, and shown to map out
the phase diagram of I7B theory in AdSs. The simplified model (2.35) leads to similar
qualitative result.
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In what follows it will be useful to introduce a function

1
M(p) = p2ap<§
p 1
= —p> = 2.38
"7 2 (2.38)

M (p) is an increasing convex function and is the right hand side of (2.37).
It is also useful to introduce D(z) = Sl;;(z) — M(x). Eqn (2.37) is then
equivalent to D(p) = 0.

It has been shown in [20] that for an interacting model with zero charge,
we get nucleation of black holes along the curve given by a = %
and b = (1711;)22%7 1 > w > 0. Here we want to analyze a similar type of
phenomenon. Let us consider the different cases.

T is varying and ¢ is small

Let us start with a value of charge which is small (i.e. ¢ < 1) and let us
increase the temperature from zero. At low temperatures all the parameters
a,c will be small (for small T' these parameters have a dependence like e~
¢ is a constant ). Hence we get just one solution for p < % which we call 1.
There is no solution for p > % (see the topmost curve of Fig 2.2) because the
left hand side of (2.37) is less than the right hand side.

The situation is quite similar to supergravity where for small charge and
low enough temperatures we get a stable small black hole solution. 7

The function M(p) (i.e. right hand side of (2.37)) is a convex increasing
function. Hence we will generate new solutions of (2.37) in the region p > %
as we increase temperature (i.e. a(7),c(T) as discussed in appendix 2.8)
keeping ¢ fixed (Fig 2.2, Fig 2.3). The new solutions will always come in
pairs (Fig 2.2). Let us call the solution nucleation temperature as Tp;(q). At
T =Ty we have

D(p) = Seps(p) —M(p) = 0
D'(p)=0 (2.39)

As we increase the temperature further (i.e. a(7),¢(T")) the function on
the left hand side of (2.37) will also increase. Hence the solutions will start

"We should keep in mind that p < % is not the supergravity regime. The solutions of
gauge theory effective action there should be represented as excited string states.
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Figure 2.2: Plots of D(p) with increasing a = ¢ from the above and with
fixed b and ¢ < qepit
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Figure 2.3: Top three graphs of Fig 2 showing emergence of two saddle points
in the region p > %

to separate. Let us call them II and I1I. Here pr;; > prr. Also, I11 is a
stable saddle point whereas I is an unstable one. They are similar to stable
big and unstable small black holes in supergravity. As the temperature is
increased beyond Tp; the value p;; decreases whereas pyrr increases. At some
temperature Ty (q), we will have S(111) < S(I) and consequently we expect
a first order phase transition. At a temperature Ty p, the dominant saddle
point of the system changes from I to I11. As the temperature increases the
saddle point IT goes through a third order transition when p(I7) crosses the
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p = % point. Call this temperature 73 which is determined by the following
relation between the parameters

2

1642

NI

) =1 (2.40)

(a+ g) +4q(1 +

Increasing the temperature further, the saddle point I approaches the
saddle point I and they merge at a temperature Ty, (4th graph from above
in Fig 2.2 ). In the language of catastrophe theory this is a fold catastrophe.
For T' > Tj,, the only saddle point is 7/1. This then is the thermal history
as we increase the temperature for a small q.

In summary at low temperatures, we have only one saddle point / and
then two new saddle point I1,III are created at Ty;. As the temperature
increases the saddle points I, I] merge at a temperature Tps. Beyond that
we have only one saddle point I7/. In the next paragraph we will discuss
what happens when we increase the value of the q.

Varying q:

Let us discuss how the various temperatures discussed above change as we
increase the value of q.

1. The first is Tp1(q), the nucleation temperature for saddle points 17
and I11. Ty will decrease as we increase the value of ¢g. This is so
because all three terms in the right hand side of (2.37) are positive and
increasing functions of p and the left hand side is a positive convex
function. Consequently the saddle point value of p at Ty, will also
decrease.

2. The temperature Ty, at which the stable saddle point I and unstable
saddle point I1 merge and the value of p at Ty, will increase as we
increase q. The reason is that all the coefficients in (2.37) are positive
and hence increasing the value of ¢ increases the function on the left
hand side.

As we increase the value of ¢ further, Tg; and Ty, will become equal for
some value of ¢ = ¢q.+. In the language of catastrophe theory this is a cusp
catastrophe. Corresponding to q..; there will be a T,.;; = Ty; = T and a
value of p..;; (saddle point p at e , Terie). As we increase the ¢ beyond
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Gerit, We do not get any new saddle point and consequently there is only one
saddle point for all temperatures. We will discuss the physics near this phase
transition in detail in what follows.

Value of p.t :

Let us determine the value of p..;. As already discussed at the end of the
previous chapter, in (2.34) C'is always a finite quantity. Hence, (2.37) cannot
have three solutions in the region p < % for small b. Therefore the saddle
point [ is always in the region p < % Whereas the saddle point 171 will be in
the region p > % Hence the only place where these three saddle points can

meet IS perip = % which is also the point of the third order phase transition.

Physical Interpretation

Before proceeding further we will briefly discuss the bulk interpretation of
saddle points of weakly coupled gauge theory. Weak coupling in gauge theory
means [; > Raqs,. Hence the supergravity picture is not valid in the bulk.
However at large N, the string coupling (i.e. %) will be small and we may
conclude that the saddle points discussed above can be described by exact
(in all orders in [5) conformal field theories. These CFTs are characterized
by the values of ¢ and p at the saddle points.

We would like to end this section by emphasizing that the coincidence of
the three saddle points at p = %, is a property of the weak coupling (A << 1)
limit of the gauge theory. In what follows we will see that this fact is not
necessarily true at strong coupling. We will show that there the coincidence

happens in the gaped phase where p > %

2.4 Effective action and phase diagram at
strong coupling

In this section we will discuss the effective action and the phase diagram in the
strongly coupled gauge theory which is dual to the supergravity (discussed
in section 2.1) regime of I1B string theory.
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2.4.1 Finite temperature effective actions in the gauge
theory

Let us first summarize the situation in the zero charge sector. The propagator
of adjoint fields in the free gauge theory, on a compact manifold S3, coupled
to a space independent Ay is given by (see [37])

n=00

G (@, t,y,0) = > (U"Gola,t +nB,y, 0)UF (241

n=—oo

where Gy(z,t,y,0) is the zero temperature Green’s function and U is the
constant Polykov line. We know that at any temperature 8 Go(z,t +
nB,y,0) > Go(x,t,y,0) and also at low temperatures

Goly,t +np,z,0) ~ e (2.42)

Using the above Green’s function one can develop the large N diagrammatic
to arrive at an effective action involving Zy invariant terms built out of
products of trU". In fact one can imagine integrating out all the modes
trU™ for n > 1 in favor of trUtrU~'. In this way one gets an effective action
of the form

Tio TrUTrU

(BN (7" (2.43)

As one increases the coupling constant we would expect that the form of
the effective action would remain the same except that the dependence of
the parameters on temperature and the 'thooft coupling would change.

2.4.2 Non-zero charge sector

If we include the fixed charge constraint, as in (2.23), then we get the
following expression for the fixed charge path integral

Z, = /dueZ”Q/DUeN2 SonZo Sn(p,A,B) cos(np)) (2.44)

8Temperature here is measured in units of %3
'S
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For large N we can do the p integral by the saddle point method. The saddle
point of u is on the imaginary axis. Hence we set u = tm, to get the saddle
point equation

q= 7ionSn(p, A, B)sinh(nm)), ¢ = Q/N? (2.45)

n=1

At small values of p, S,,(p) goes as p" ? and hence in the p — 0 limit we can
approximate the equation (2.45) as

q = Cpsinh(m) (2.47)
where C is a constant independent of p. The solution is
m = qlog(p) +C,p — 0 (2.48)

Substituting m in (2.44) we get a logarithmic term for p. We conclude that
the logarithmic term is a general feature and it implies among other things
that TrU = 0 is never a solution in the non-zero charge sector.

2.4.3 Model effective action at strong coupling

Following our previous discussion, we will include the generic logarithmic
term in the effective potential for a fixed non-zero charge, and proceed to
analyze the saddle point structure following [20].

Our proposal for the gauge theory effective action is

Sq = S(a(T),b(T), .., p) + qlog(p) (2.49)
Introduction of a chemical potential changes the formula (2.41) as
e igl(x,t,yﬂ) =e'F Z (U”);Gg(x,t +nB,y, 0)(U_")§'
where '
Gi(z,t +np,y,0) = ™ Go(z,t + np,y,0) (2.46)

Hence in each order in perturbation theory the terms containing cos(nu) also get multiplied
by (TrUTrU~1)™ m > n or the higher operators like TrU™ which can be integrated out
to give again a term like (TrUTrU~1)™.
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and the saddle point equations are

pF(a(T),b(T),c(T),..0%) +q=p* p < %
pF(a(T),b(T),e(T),...0%) +q = 4(1—[)_,0)4’ - % (2.50)

Where F(p) = S ;;(p). We assume that
1. F(z,T) is a monotonically increasing function of x and F(0,T)=0

2. Value of F(x,T) increases for fixed x as we increase the temperature

and F(x,0)=0.

These global properties of F(z) reproduce the phase diagram of
supergravity.

Analysis of solution structure

Let us consider the function D(T', p) = pF(p,T) — M(p) (Where M (p) is the
contribution from measure appearing at the right hand side of (2.50)). At
T =0, F(p,T) is zero. Hence D(T, p) is a monotonically decreasing function
of pat T'=0.

We know that at T" = Ty; a pair of two new saddle points appear at
Po1 > % Hence at T' = Ty, we have D(To1, po1) = 0 and D'(Toy, po1) = 0.
D(To1,p) has a zero for p = 0 and it is a decreasing function in the
neighborhood of p = 0. It again increases and become zero at pp; and then
the function again decreases as p — 1. This implies that the function has a
local maximum and local minimum.

In summary:

1. D(0, p) is a monotonically decreasing function of p.
2. D(To1, p) has a maximum and minimum.

There is a temperature T..; at which the local maximum and local
minimum appear (Fig 2.4.3). Let us call this temperature Ti.;;. At T
the curve D(T,.;;, p) will have a point of inflection at p = pe., say. Let the
value of D(Tcm’t’ parit) = Yerit-

Increasing the value of ¢ from zero we need to solve the equation
D(T,p) = q. We will get a solution for a non-zero value of p. Denote
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Figure 2.4: Plots of D(T,p) for T =0, T = T,.4t,T = T, from below.

this solution as I. As the temperature increases, two new solutions appear
at T' = Ty,. Call the stable solution as 111, and the unstable solution I1. As
the temperature is further increased to Tj, the unstable solution 17 and the
stable solution I merge. For T" > Tp, , the only solution is 171.

As q approaches ¢..;; from below the two temperatures Tp; and Toe
approach each other. At g = ¢..;t, we have Ty, = Toe = T,..;s. If we increase
¢ beyond g..;;+ only one solution appears for all temperature. These facts are
consistent with supergravity solutions(section 2.1).

With a sufficiently sharp rising function F/(T, p) in (2.50) we can obtain
this critical point in the region p > %.10. As the function D(p,T’) is smooth
in the region p > 1 the second derivative of the function D(T', p) will vanish
at the inflection point, and we will get a third order phase transition. We
can calculate the partition function in suitable double scaling limit near the
critical point. This is discussed in section 2.5.

A specific example

We will now illustrate the above phenomenon in a simple model defined by
F(p) = ap+ bp® (2.51)

where a,b > 0.

10Which describes supergravity in the bulk[20].
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We will determine the parameter ranges of a,b for which all the three
saddle points of (2.51) are in the range p > 1.

D
-0.128

o — .65 = P
-0.132
-0.134

Figure 2.5: Plots of D(T, p) with with fixed a and increasing b from the top,
showing a critical transition in the region p > % (from the top, the 3rd graph
has a point of inflection)

At p= % we have the constraints

p
0,(pF(p) — —) <0
p
O2(pF(p) — ———— >0 (2.52)
’ i)
Putting the value of p = % in the above inequality we get the following

constraints on the parameters a +b < 1 and a + 3b > 2. Simplifying we have
b > % and a < %

As the coupling become stronger, we expect that b is not necessarily
small and will be of o(1) or greater. All the saddle points of (2.50) are then
naturally shifted to the region p > % Here, as was discussed in [20], we can
expect to match the solutions of the gauge theory with those of supergravity.
The stable saddle point I corresponds to the stable black hole branch I of
supergravity. And unstable saddle point I7 is matched with the unstable
black hole branch II. The stable saddle point III is matched with the
big stable black hole in supergravity. With this identification the thermal
history and critical behavior of the gauge theory, discussed earlier in this
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chapter, match with the thermal history and critical behavior of supergravity
(discussed in section 2.1 and [26]).

2.5 Universal neighborhood of critical point
and the critical exponents

Let us consider the effective action Si(p,T,q) which includes the

contribution from the path integral measure over an unitary matrix. The

derivative of Sy,; with respect to p, say G(p,T,q), gives the saddle point

equations (2.50). We have already discussed that by a suitable choice of

parameters the critical point appears in the region p > % This critical point

is a third order critical point because three saddle points of the system merges

here. Hence the first and second derivatives of Gy, (p, T, q) with respect to

p vanish at p = perit, ¢ = qerit, T = Terig. Expanding G(p, T, q) around the
critical point , we get
L03G

Gp,T,q) = ((5p)5%—|—((5T)8TG+((5q)8qG+((5p)((5T)8p8TG—|—(5q)((5T)8p8qG

' (2.53)

Let us fix T' = T,y or T = 0. Then the equation (2.53) has one solution.

In order to know how the saddle point value of p approaches pg.; (0p — 0)

as 0qg — 0, we equate the leading part of (2.53) to zero.

3

e
(5p)3% + (69)0,G =0 (2.54)

Hence dp 5q% and we get the same universal exponent % as in supergravity
[26].

2.5.1 Partition function near the critical point

Near the critical point we can write the Sy, as
4

Stot = Stot(pcrit> Tcrita QCm't) + (5p)4a£_|s + (5Q)aq5 + (5(]) (5p)6paq5 + O(5p5)
' (2.55)

If we define a double scaling limit N%p =ux, N%q = z , we can write the o(1)

part of the partition function, after suitable rescaling of the variables, as

Zy X /daze_(x4_zx) (2.56)
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This can be calculated in a power series
Z ai - r® 4l (2.57)
T4 (2n) 2 4 '

2.5.2 Approaching the critical point through a line of

first order transitions
tll

Another type of double scaling limit is possible in this problem. We can se
(2.58)

(0T)0rG + (6¢)0,G =0
by choosing a suitable relation between 07" and §q. Using (2.58) in (2.53) we

get

PG
(39 L7+ (30)(6T)2,01G + (34)0,0,G) = 0 (2.59)
with the solutions
op=20
Sp o +(6T)2 (2.60)
We can expand S.¢f as
4
(2.61)

a;S
Seff ~ Scm't + ((Sp)4ﬁ + Cl((ST)((SIO)Z + oT

where OT are terms independent of dp. Defining a suitable double scaling
3 1
limit. N20T = 2z, N2Jp = x and a suitable rescaling of the parameters we

can evaluate the o(1) factors in the partition function as

2 (22)" 1 :
Ty o /d:ce(z4+2” ) o Z (L')F(g + Z) x \/EeTK%(E) (2.62)
n!

n=0

where z < 0.
Tt is same as following the HP(first order) transition line in parameter space.
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2.6 Conclusion

In this chapter we have studied the logarithmic matrix model generated
by fixing the R-charge in the gauge theory partition function. In the free
gauge theory it has been shown that there is no solution with p = 0 (AdS
type solution). We then studied the effect of adding an interaction term in
our model and discussed the generic nature of the logarithmic term even at
arbitrary value of the coupling. We identified the supergravity saddle points
and their critical behavior which was discussed in (]26]).

Our main aim was to give another example of the utility of unitary matrix
methods in providing a non-perturbative dual description of blakholes in AdS
and to understand the relation between matrix models and string theory in
general. It would be interesting to consider an effective unitary matrix model
to describe phases of Kerr-Ads black holes.

2.7 Appendix: Inclusion of Fermions

Including the contributions from the fermions of N' = 4 SY M theory change
(2.23) to

Z(8,Qo) = /DU/duexp(Nz(a + ccos(p) + dcos(g)),o2 —iuQo) (2.63)

Where d([3) is the single particle partition function for the fermions.
At large N |, the integral in (2.63) could be evaluated by the saddle point
method. The equations determining the saddle points of © = im and p are

(¢ sinh(m) + gsinh(%)) - % (2.64)
and
p(a + cosh(m) + dcosh(%)) =p (2.65)

We would like to see weather there is a solution with p = 0. As the right
hand side of (2.64) becomes large in the limit p — 0, we can self consistently
approximate cosh(m) and sinh(m) as e™ and we get

4q
~ log — 2.66
m~log (2.66)
Hence a logarithmic potential for p is once again generated. One can also
confirm this by putting (2.66) in (2.65).
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2.8 Appendix: Positivity of the coefficient of
the quadratic term in the effective action

Let us consider the partition function of YM theory on a compact manifold
written as an integral over the effective action of p = TrUTrU~!.

2(8) = / DUNSerr o) (2.67)

_ /dp€N2(Scff(ﬂ)_SM(P)) (2.68)

Where Sys(p) is the contribution from the measure part'? of path integral
and

Serr(p) = a(B)p” + D an(B)p" (2.69)

i.e. a polynomial in p. As f — oo we have S.rr(p) — 0. Contribution
from the measure part Sjp/(0) has only one minimum at p = 0. Hence at
low temperature the system will have a saddle point at p = 0. Expanding p
around this saddle point as p = 0 + 67\,2 we get

2(8) = / d(5p)e 0@ rol3) (2.70)

o0

Like any thermal partition function, (2.68) or (2.70) is a decreasing function
of the 5. Hence a(f) should also be a decreasing function of (. Since
a(o0o) = 0, for any finite 3, a(3) is a positive decreasing function. Hagedorn
transition happens when a(f8y) = 1, but whether a(3) will reach 1 or not
depends on the model.

12See discussions before (2.27).
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Chapter 3

Blackhole/String Transition in
AdSy and Critical Unitary
Matrix Models

The problem of the fate of small Schwarzchild blackholes is important to
understand, in a quantum theory of gravity. In a unitary theory this problem
is the same as the formation of a small blackhole. An understanding of this
phenomenon has bearing on the problem of spacelike singularities in quantum
gravity and also (to some extent) on the information puzzle in blackhole
physics. It would also teach us something about non-perturbative string
physics.

In the past Susskind [38], Horowitz and Polchinski (SHP) [39] and others
[40, 41, 42] have discussed this, in the framework of string theory, as a
blackhole-string transition or more appropriately a crossover. Their proposal
is that this crossover is parametrically smooth and it simply amounts to
a change of description of the same quantum state in terms of degrees of
freedom appropriate to the strength of the string coupling. The entropy
and mass of the state change at most by o(1). By matching the entropy
formulas for blackholes and perturbative string states, they arrived at a crude
estimate of the small but non-zero string coupling at the crossover. The SHP
description is difficult to make more precise because a formulation of string
theory in the crossover regime is not yet explicitly known.

There are many studies on the blackhole-string transition and the
nature of the blackhole singularity in the case of two and three-dimensional
blackholes[48, 49, 50, 47, 51, 52]. Small extremal supersymmetric blackholes
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have been discussed in string theory with enormous success [43, 44, 45, 46].
In particular the o/ corrections to the entropy of the supersymmetric string
sized blackholes has been matched to the microscopic counting.

In this work we discuss the blackhole-string crossover for the small 10
dimensional Schwarzschild blackhole in the framework of the AdS/CFT
correspondence. In [20], building on the work of [10, 11, 36, 13, 53, 18], a
simplified model for the thermal history of small and big blackholes in AdS5
(which were originally discussed by Hawking and Page [14]) was discussed in
detail . In particular, the large N Gross-Witten-Wadia (GWW) transition
21, 22, 23] was identified with the SHP transition for the small AdSs
blackhole.

However it turns out that the small blackhole in AdS5, which is uniformly
spread over S°, has a Gregory-Laflamme instability. When the horizon radius
rn ~ 0.5R [54] the [ = 1 perturbation is unstable. The final configuration
this instability leads to, as r;, decreases and the horizon becomes less and less
uniform over S°, is most likely to be the 10 dim Schwarzschild blackhole. This
small 10 dim Schwarzschild black hole does not have any further instability of
Gregory-Laflamme type. This blackhole also happens to be a solution with
asymptotic AdSs x S° geometry for I, < 1, < R(3.16).

When the horizon of this blackhole approaches the string scale I, we
expect the supergravity (geometric) description to break down and be
replaced by a description in terms of degrees of freedom more appropriate
at this scale. Presently we have no idea how to discuss this crossover in
the bulk IIB string theory. Hence we will discuss this transition and its
smoothening in the framework of a general finite temperature effective action
of the dual SU(N) gauge theory on S? x S1. In fact it is fair to say that in
the crossover region we are really using the gauge theory as a definition of
the non-perturbative string theory.

At large but finite N, since S® is compact, the partition function and
all correlation functions are smooth functions of the temperature and other
chemical potentials. There is no phase transition. However in order to make
a connection with a theory of gravity, which has infinite number of degrees
of freedom, we have to take the N — oo limit and study the saddle point
expansion in powers of % It is this procedure that leads to non-analytic
behavior. It turns out that by taking into account exact results in the
% expansion it is possible to resolve this singularity and recover a smooth
crossover in a suitable double scaling limit.

In the specific problem at hand, it turns out that in the transition
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region the large N expansion is organized in powers of N~=2/3. In the
bulk theory, assuming AdS/CFT, this would naively mean a string coupling
expansion in powers of gf /3. However in a double scaling limit, a renormalized
string coupling g = N g(ﬁc — [3) once again organizes the coupling constant
expansion in integral powers. The free energy and correlators are smooth
functions of g.

The use of the AdS/CFT correspondence for studying the blackhole-string
crossover requires that there is a description of small Schwarzschild blackholes
as solutions of type IIB string theory in AdSs x S°. Fortunately, Horowitz
and Hubeny [55] have studied this problem with a positive conclusion. This
result enables us to use the boundary gauge theory to address the crossover of
the small Schwarzschild blackhole into a state described in terms of ’stringy’
degrees of freedom. Even so the gauge theory is very hard to deal with as we
have to solve it in the % expansion for large but finite values of the tHooft
coupling A.

However there is a window of opportunity to do some precise calculations
because it can be shown that the effective action of the gauge theory at
finite temperature can be expressed entirely in terms of the Polyakov loop
which does not depend on points on S®. This is a single N x N unitary
matrix, albeit with a complicated interaction among the winding modes
trU". This circumstance, that the order parameter U in the gauge theory
is a constant on S3, matches well on the supergravity side with the fact
that all the zero angular momentum blackhole solutions are also invariant
under the SO(4) symmetry of S3. The blackhole may be localized in S°,
but it does not depend on the co-ordinates of S3. The coefficients of the
effective action depend upon the temperature, the ‘t Hooft coupling A\ and
the vevs of the scalar fields. Since the 10-dimensional blackhole sits at a point
in S° one may be concerned about the spontaneous breaking of SO(6) R-
symmetry and corresponding Nambu-Goldstone modes. We will conclude,
using a supergravity analysis, that the symmetry is not spontaneously
broken. Instead we have to introduce collective coordinates for treating the
zero modes associated with this symmetry.

The general unitary matrix model can be analyzed due to a technical
progress we have made in discussing the general multi-trace unitary matrix
model. We prove an identity that enables us to express and study critical
properties of a general multi-trace unitary matrix model in terms of the
critical properties of a general single trace matrix model.
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As is well known, the single trace unitary matrix model at N = oo has a
third order GWW transition, which occurs when the density of eigenvalues
of the unitary matrix develop a gap on the unit circle. The vanishing of
the density at a point on the circle leads to a relation among the coupling
constants of the matrix model which defines a surface in the space of couplings
(parameters of the effective action). The behavior of the matrix model in
the neighborhood of this surface (call it critical surface) is characterized by
universal properties which are entirely determined by the way the gap in the
eigenvalue density opens: p(0) ~ (7 — 0)?™, where m is a positive integer. In
our problem, there is only one tunable parameter, namely the temperature.
Hence we will mainly focus only on the lowest m = 1 critical point and
present the relevant operator that opens the gap. We also discuss the possible
relevance of higher order multi-critical points.

Using the properties of the % expansion near and away from the critical
surface, we will argue that the small blackhole (or for that matter any saddle
point of supergravity around which a well defined closed string perturbation
expansion exists) corresponds to the phase of the matrix model where the
density of eigenvalues on the unit circle has a gap. The small blackhole
therefore corresponds to the gapped phase of the unitary matrix model.

We make a reasonable physical assumption based on the proposal of
SHP, that the thermal history of the unstable saddle point corresponding
to the small blackhole, eventually intersects the critical surface at a
critical temperature 7T, which is o(1/ls). T, is smaller than the Hagedorn
temperature. Once the thermal history crosses the critical surface it would
eventually meet the AdSs x S° critical point corresponding to a uniform
eigenvalue distribution. (Such a history was already discussed in the context
of a simplified model in [20].) It is natural to identify the crossover across the
critical surface in the gauge theory as the bulk blackhole-string crossover.

At the crossover, the o(1) part of the gauge theory partition function
(which depends on the renormalized string coupling) can be exactly
calculated in a double scaling limit. This is a universal result in a sense that
it does not depend on the location of the critical point on the critical surface
but depends only on deviations which are normal to the critical surface. If
we parame;crize this by t, the the free energy —F(t) solves the differential

O2F

equation S5 = 2(t) where f(t) satisfies the Painlevé II equation. The
ot

exact analytic form of F(t) is not known, but F(t) is a smooth function
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in the domain (—oo,00)'. All the operators p, = T’;\(/k condense in the

crossover region. In fact <N§(pk — ng)> = Ck%F, where O} = (*;)k and

py? represents the expectation value of pj in the ungapped phase.

The smooth crossover of the Euclidean blackhole possibly has implications
for the resolution of the singularity of the Lorentzian blackhole, because
within the AdS/CFT correspondence we should be able to address all
physical questions of the bulk theory in the corresponding gauge theory.
In particular we should be able to address phenomena both outside and
inside the blackhole horizon. The plan of this chapter is as follows. Section
3.1 discusses the string-blackhole transition. Section 3.2 discusses the small
10-dimensional blackhole in AdSs x S°. Section 3.3 discusses the finite
temperature gauge theory and the effective action in terms of the unitary
matrix model. Section 3.4 presents the multi-trace partition function as
the calculable integral transform of the single trace unitary matrix model.
Section 3.5 discusses critical behavior in the unitary matrix model. Section
3.6 discusses the saddle point equations of the matrix model. Section 3.7
discusses the double scaled partition function. Section 3.8 discusses the
introduction of chemical potentials and higher critical points. Section 3.9
discusses the applications of the critical matrix model to the small 10-
dimensional blackhole. Final section discusses the Lorentzian blackhole. We
also include appendices explaining and extending some of the results.

3.1 Blackhole-string transition

In this section we review the blackhole-string crossover. Consider the
10-dim Schwarzschild blackhole. As long as its horizon radius r;, > [ (I
is the string length), the supergravity description is valid and we can trust
the lowest order effective action in [,. When 7, ~ [, this description breaks
down and one learns to derive an effective action valid to all orders in [
or devises other methods to deal with the problem. Let us assume that
the all orders in I description is available, then presumably the geometrical
description is still valid in principle, and one can indeed discuss the notion
of a string size horizon with radius r, ~ [ [43, 44, 46]. It is reasonable to
expect that in such a description the qualitative fact that the mass decreases

IThis universal formula also appeared in the discussion of the simplified model in [20]
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with the horizon radius and increasing temperature, is still valid. These
facts are obviously valid to lowest order in [,, because r, = 2GyM and
T, = (GyM)Y7. Here Gy is Newton’s coupling and M is the mass of
the blackhole. For definitiveness let us fix the mass and the entropy of the
blackhole. Then the 7, and 7}, vary with the gravitational coupling Gy.
Now since g2 = Gyl;®, we can say that r, and T}, vary with g, and hence a
crossover at r, ~ [, happens at a specific value of the string coupling.

When 7, < [ the above description of the state has to be replaced by a
description in terms of microscopic degrees of freedom relevant to the scale
ls. Even in this description it is reasonable to assume that the temperature
of the state varies as we change the string coupling. The assumption of
Susskind-Horowitz-Polchinski is that the mass of the state would change by
at most o(1) in the string coupling.

From the above discussion it is clear that the blackhole-string crossover
occurs in a regime where the curvature of the blackhole is o(1) in string
units, so as to render the supergravity description invalid. It is also clear
that besides [, related effects, the string coupling is non-zero and its effects
have to be taken into account. Presently our understanding of string theory
is not good enough for us to make a precise and quantitative discussion
of the crossover. Hence we will discuss the problem using the AdS/CFT
correspondence. In order to do this we need to be able to embed the small
blackhole in AdS5 x S°. This has been discussed by Horowitz and Hubeny
[55]. We briefly review their work in the next section.

3.2 Embedding the 10-dimensional
Schwarzschild blackhole in AdS; x S°

It is not difficult to argue that the small 10-dim Schwarzschild blackhole
exists as a solution of Einstein’s equation in AdSs x S°. A small patch of
the AdSs x S® space is locally identical to 10 dim Euclidean space. Since
the horizon radius of this blackhole r, < R, we can have a solution which is
locally identical to a 10 dim Schwarzschild blackhole in flat space-time. We
would also require that the solution for large 10 dimensional radial distances
asymptotes to AdS® x S®. This solution is not explicitly known, but can
be numerically constructed given the boundary conditions on the radial
functions. The more non-trivial issue is concerning the fact that the type
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IIB theory also has a 5-form. In the absence of the blackhole this form is
the volume form of S® and carries N units of flux. It turns out that in the
presence of the small blackhole, a consistent solution to the equations of
motion, is such that there is no energy flux into the blackhole. Hence the
small blackhole remains small. In the above analysis one neglects the back
reaction on the metric due to the fact that the blackhole is small and the
curvature near its horizon is large.

The solution is conveniently represented if we use a 10 dimensional radial
coordinate system (fixed by the area of S®) in AdSs x S°. One splits S® into
S3 and S%, corresponding to the rotational SO(4) symmetry of AdSs and the
remaining (unbroken) SO(5) symmetry of S°. This is achieved by using the
following coordinate transformation in (3.16)

r = psiné (3.1)
X = pcosf

In these coordinates, a flat patch within AdS is achieved in the limit r, £ < R,
where R is the radius of AdSs. The metric takes the form

ds®> = —dt* + dp® + p*(d6® + sin® 0dQ; + cos® 0dS)3) (3.2)

(The angular term in parenthesis is equivalent to d22). Similarly the 5-form
field strength takes the form

F = —psin*0dt A dp A dQs — p*sin® 0 cos Odt A df A dSs + (3.3)
r*cos® Odp A dy — 7° sin 0 cos*(0)df A dQy

In this metric the Schwarzschild solution is given by

ds® = —f(p)dt® + f 1 (p)dp® + p*(dO* + sin® d3 + cos? 0dQT)  (3.4)
F = g1(p, 0)[—p*sin* 8dt A dp A dQ3 — r° sin @ cos® 0dO A dS2y] (3.5)
+g2(p, 0)[p* sin® O cos Odt A df A dQ3 + 1 cos® Odp A dS2y]

where near the blackhole horizon f = 1 — :—é As r — oo, the functions
f(r), g1(r,0),g2(r,0) approach their corresponding values in AdSs x S°
geometry. The explicit solution for these functions are not known but their
form can be determined by numerically integrating a set of coupled linear
differential equations. These solutions have the desired property that imply

that the small blackhole remains small.
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3.3 Finite temperature gauge theory, order
parameter and effective action

We first present a general discussion of the order parameter of SU(N) YM
theory on the compact manifold S3. We consider the theory in the canonical
ensemble, i.e. the Euclidean time direction is periodically identified with a
period of 3 = £. It was pointed out in [10, 12] that the Yang-Mills theory
partition function on S3 at a temperature T' can be reduced to an integral
over a unitary SU(N) matrix U, which is the zero mode of Polyakov loop
on the euclidean time circle. Their analysis was done in the limit when the
‘tHooft coupling A — 0.

Z\T) = / dU 5 (3.6)
with

U = Pexp <z /0 ’ AOdT) (3.7)

where Ay(7) is the zero mode of the time component of the gauge field on
S3. This follows from the fact that apart from Ay all modes of the gauge
theory on S? are massive. We will discuss the validity of the above expression
in both strong and weak (\) coupling regimes. Hence we can use U as an
order parameter. Gauge invariance requires that the effective action of U be
expressed in terms of products of trU", with n an integer, since these are
the only gauge invariant quantities that can be constructed from Aq alone.
Se(U) also has a Zy symmetry under

2mi

U—enU (3.8)

This is due to the global gauge transformations which are periodic in the
Euclidean time direction up to Zy factors. Zy invariance puts further
restriction on the form of the effective action and a generic term in S(U, UT)
will have the form

tr U™tr U™ - - - trU™, ny+---ng =0 (mod N), E>1  (3.9)

In the large N limit we can work with U(N) rather than SU(N), and in that
case Zy is replaced by U(1).
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We can expand S in terms of a complete set of such operators. The
first few terms are

b
S(U, U = atrUtr U™ + NtrU%rU—ltrU_1 +

%tr Ubtr U e U~ e U2 - - (3.10)

More generally we will write the effective action (3.10) in a form which
will be convenient for later discussion,

p
S(U, UT) = Zaitr Uitr Uﬁ + ZO‘E,E’TE(U)TE’<UT)’ (3.11)
i=1

kR
where k, k' are arbitrary vectors of nonnegative entries, and

T(U) = H(tr Uf)kj. (3.12)

It is useful to define

0(k) = ijj, k| = Z k;. (3.13)

The above parametrization of the general action is slightly redundant, since
the second summand in (3.11) is already the most general gauge-invariant
action for U, UT, but writing it this way will be very useful. Reality of the
action (3.11) requires agpp, = o, In fact, using the explicit perturbative
rules to compute S(U,UT) in (3.11), one can show that the agz are real,
therefore

On the other hand, invariance of S(U,U') under U — €U requires that
0(k) = (k). (3.15)

We now present evidence at both weak and strong A\ that the above
effective action is correct.
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3.3.1 Perturbative analysis

In perturbation theory one can integrate out all fields, except the zero-mode
Ay of the time component of a gauge field, to get an effective action of U [12].
All fields other than this mode are massive in a free YM theory on S3. The
scalar fields get their mass due to the curvature coupling. We can expand
all other fields on S2, and due to the finite radius of S® all the harmonics
are massive. Hence at small coupling (small A) one may integrate out all the
fields and derive an effective action for U. In [36] the perturbative (up to
three loop order) effective action was calculated and it has the form (3.10).

3.3.2 Strong coupling analysis

The above discussion is perturbative and there is no guarantee that the scalar
fields remain massive in the expansion of the theory around A = co. We will
now show, using the AdS/CFT correspondence, that even at strong coupling
(large M), all the excitations of N” = 4 SYM theory on S? are massive [5]. For
illustration we consider the wave equation of a scalar field ¢(r,t) in a general
blackhole background which is asymptotically AdSs x S°.

The AdS5 x S° metric is given by

2 r’ 2 dr? 2 102 2 192
ds :(1—1—?)617' + — +r7dQy + R7dQ; (3.16)
R?

Let us consider the situation when the asymptotic solution depends on
the co-ordinates of S® and S®. Since S° and S3 are compact spaces, their
laplacians have a discrete spectrum. We focus on the radial part and consider
a finite energy solution of energy E, ¢(r, 03,05, 7) = f(r,03,05)exp(ET). The
wave equation in the asymptotic metric (3.16) is given by

r
14 r?
TAS%Z5)f(T7 837 95) =0

1
B L3~ rM2) () = 0

1
(34 5r2) f'(r,03,05) + (1 4+712) f"(r,05,05) + ( E* + ;Aég +

’
142

where ’ is the partial derivative with respect to r and Lqs is the contribution
from S® harmonics and M3, is the contribution from S° harmonic.
For f(r) ~ r®, as r — oo, equation (3.17) reduces to

572 ((a(a — 1) 4+ ba) — Mas) = 0 (3.17)

B+52)f'(r) + (1472 f"(r) + (

46



In the last equation we have neglected the term E?r® and the S harmonics
part, as it is suppressed by a factor of order % Hence oy = —2++/4 4+ M? or
ay = —2 — /4 4+ M? are two solutions of (3.17). Consequently , f(r) ~ r*?
is the only solutions which is normalizable.

Let us now analyze the situation near the blackhole horizon which, in the
euclidean continuation, acts like the origin of polar co-ordinates. Hence, we
have the boundary condition,

a _

_ 1
=0 (3.18)

Near the origin, the scalar field laplacian in the blackhole back ground will
have two solutions for a given E. One of them diverges at the horizon
and other maintains the condition (3.18). For a generic E, a well-behaved
solution in general approaches a non-renormalizable solution as r — oo.
As in quantum mechanical problems, a normalizable solution exists only for
those values of E for which, the solution that behaves correctly at the lower
endpoint also vanishes for r — oo. This eigenvalue condition determines a
discrete value of E. Hence the mass gap in SYM theory on S? persists at the
strong coupling. The basic physical reason for the discrete spectrum is that
the asymptotic AdSs x S® geometry gives rise to an infinitely rising potential
for large r.

In order to make an estimate of the mass gap we note that the blackhole
metric depends on the combination GM, where G ~ ﬁ is Newton’s coupling
and M ~ N? is the mass of the blackhole. Further using standard formulas
of blackhole thermodynamics it is possible to express GM entirely in terms
of the temperature of the blackhole, which sets the scale of the mass gap.

We also expect the single negative eigenvalue in the spectrum of the
euclidean Schwarzschild solution in asymptotically flat space-time to persist
in the present case. Next we discuss the zero modes.

SO(6) non-invariance of the 10-dimensional blackhole

As discussed in the introduction, our main interest is the study of the 10
dimensional small blackhole to string transition in AdSs x S°. The metric
of the small 10 dimensional blackhole in AdSs x S® is not symmetric under
the SO(6) transformations of S°. Hence the corresponding saddle point in
the gauge theory would transform under the SO(6) R-symmetry group and a
natural question is whether the SO(6) symmetry is spontaneously broken in
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the dual gauge theory with associated massless Nambu-Goldstone modes. If
this were true, then we would have to include additional degrees of freedom
in the effective action (3.10).

Fortunately even though the small 10 dimensional blackhole sits at a
point in S% the massless modes associated with motions about this point
correspond to normalizable solutions of the small fluctuations equation. Let
us discuss this point in more detail.

We have already discussed in the section 3 that the small 10 dim blackhole
is invariant under an “unbroken” SO(5) subgroup of SO(6). The remaining
broken generators of SO(6) rotate the blackhole in S°. The blackhole is
labeled by its mass (equivalently temperature) and its position in S° which
we denote by the co-ordinates f5. SO(6) rotations can rotate the blackhole
to any point in S®. The action of the initial and final blackhole is the same,
because we get the final solution just by a co-ordinate rotation of the initial
solution. As there is an orbit of blackhole solutions with the same action, it
is expected that there is a zero mode in the spectrum of the small oscillations
operator around the blackhole.

Let us clarify this point in more detail. Consider a blackhole metric
(90, (05)) as a function of 5. As we mentioned before, an infinitesimal
rotation in S° creates a new black solution which is given by g}w = gg,ﬂ—é -
As both the matrices ggy and g}w solve the equations of motion, their
difference dg,,, will be a zero mode. The existence of such a zero mode does
not necessarily signal the onset of spontaneous symmetry breaking. The
important point is whether the zero mode is normalizable or not. We will
show that dg,, is a normalizable zero mode.

We make the assumption that the asymptotic geometry of an uncharged
blackhole solution is determined by its mass. Hence the asymptotic geometry
of the blackhole is given by that of a small AdS; blackhole [14] with
corrections f,,,

2 2

m
Sy, R —
r? )

where f,, ~ % as r — oo. Hence the difference of ¢°(p,v) and g*(u, v) can
be written as

r

ds? = (1+ = +r2d63 + R2d62 + f,dade” (3.19)

59(p,v) = fu, — fr (3.20)

where f* and f! denotes the f’s corresponding to ¢° and g*. Now f,, ~ =

r3

48



implies 6g,, ~ 5. Hence dg,, is square integrable 2,

1 1
/d4x§g/2w x /drr?’ﬁ x /drﬁ (3.21)

Since the symmetry is not spontaneously broken, we should consider the
full orbit of the classical field under SO(6) (or its coset) using the method of
collective coordinates [62]. Hence we have the situation in which the degrees
of freedom correspond to two sets of zero modes: those corresponding to Ay
and those corresponding to SO(6) symmetry. In the method of collective
coordinates we make the following change of variables in the gauge theory
path integral.

For simplicity of presentation we denote the fields of the gauge theory
that transform under SO(6) by ¢(z) and consider

$(z) = ¢o(x) ) + () (3.22)

and the gauge condition,
(m.é5") =0 (3.24)

where ¢o(x)?") is the orbit under SO(6) of the classical configuration ¢o(z).
The path integral measure now becomes

Dé(z) = d¥Dn(z)s(n, ¢ A (3.25)

where A is the Faddev-Popov determinant. Then by standard means we can
see that the zero mode is eliminated by the delta-function and the collective
coordinate (compact group measure) factors out of the path integral and the
remaining action is a functional of the classical field ¢g(x). Integrating out
the fluctuations 7, we will obtain an effective action entirely in terms of the
unitary matrix U. The coefficients of the effective action will now depend on
the vevs of the scalar fields.

2This argument seems to be independent of o/ corrections as the asymptotic geometry is
always weakly curved for any black hole situated in a asymptotic AdS space with Iy << R.
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3.3.3 Comments on the effective theory

It should be mentioned that the effective action (3.10) is constructed only
from the zero mode of Ay on a compact manifold. Hence this effective action
will not be able to describe physical situations which depend on the co-
ordinates of the compact manifold S3. However on the supergravity side
all the zero angular momentum blackhole solutions are invariant under the
S0O(4) symmetry of S3. The blackhole may be localized in S°, but it does
not depend on the co-ordinates of S3. This fortunate circumstance enables
us to use (3.10) as a reliable effective action to describe some aspects of the
string theory in AdSs x S°.

The saddle points of (3.10) corresponding to the N' = 4 SYM theory
are in one to one correspondence with the bulk supergravity (more precisely
[IB string theory) saddle points. For example, the AdSs; x S° geometry
corresponds to a saddle point such that (trU") = 0 ¥n # 0. Hence
the eigenvalue density function is a uniform function on the circle. Now,
depending on the co-efficients in (3.10) the saddle point (tr U™) can have
a non-uniform gaped or ungapped eigenvalue density profile. Changing the
values of the coefficients, by varying the temperature, may open or close
the gap and lead to non-analytic behavior in the temperature dependence
of the free energy at N = oco. We will interpret this phenomenon as the
string-blackhole transition. As we shall see this non-analytic behavior can
be smoothened out by a double scaling technique in the vicinity of the phase
transition.

3.4 Exact integral transform for the partition
function

We start with the most general effective action given in the equation (3.11).
The partition function is given by

7 = / [d U5V, (3.26)

We will assume in the following that a; > 0 in (3.11). This amounts to the
assumption that p; = (xtrU?) = 0 is always a saddle point of the effective
action. It corresponds to the AdSs x S° saddle point of IIB string theory. In
[15] it was shown that, at sufficiently low temperatures, a; > 0.
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We now use the standard Gaussian trick to write,

exp{ P aitr U'tr UTZ}

p — —_ . .
= <§—) ST, d";—j‘giexp{—NQ P U NYE (gitr U+ gitr U“)}

(3.27)
Using this trick a second time we have,
6Xp(-N2 ?:1 gf{jj)
2 P — — . — —
= (N7> STy azdu; dujexp{—NQ S0 agufi; +iN? S (G, + T 9)
(3.28)

In order to deal with an arbitrary polynomial P of tr U tr UT", we use the
following identity in (3.27),

P
exp{P(tr Ut tr UT) + Z a; Tr U'Tr U“}

i=1
N2\? [ {5 dg; dg, ™ 9,7, o 9

= _ I AatA) —_N? JiIL pP(—
(277) /,11 a; exp{ ; i }exp{ (Nagi’Nagi)}

p
-exp{N Z(giTr Ul +g,Tr U™ }

=1
o) T —
i=1 i i=1
0 0 2 L 9i9;

=1

o1



In the last line we have integrated by parts. Then we use (3.28) to write
0 0 N
P(— — — N2 RAli)
exp{ ( Nog;’ Nagi)}exp{ ; a; }
N2\* 0 0
= | = P(— _
<7r ) exp{ ( Nog;’ N@?i)}

p p
. / [T aidn dﬁjexp{—NQ > aju; +iN?Y (17, + ﬁjgj)}
j=1 Jj=1 J

(3.30)

N2 p p p B . 3 B _
= (7) /Hajduj dﬁjexp{—NQZajujuj +IN? (g, + 95 + P(Nuj,Nuj))}
=1 ‘

Jj=1 J

Since the effective action (3.11) is a polynomial in tr U?, tr U, we can
use the procedure discussed above to write the partition function (3.26) as

N4 p p 9
7 — (ﬁ) /Hdgi dg; dui dp;exp(N=Sef) (3.31)
where
p
Ser = — > ajuifi; +1Y (1, + T05) + (3.32)

J

7j=1
> g (CO)FHEIT ()T (1) + F g1 3.

ki
In the above formula we have introduced the definition

k;
Te(u) =[] wy” (3.33)
J
and the free energy F(gx,g;) is defined by

(Vg = [0 ¥ v g, 33

1>1

It is important to note that given the effective action S(U, UT) of the gauge
theory, Seg can be exactly calculated.
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One notes that F'(g;,g,) depends only on the p— 1 phases, since one of the
phases of the g; can be absorbed by a rotation of U in the unitary integral
in (3.34). The full integrand (3.31) can be shown to be independent of one
phase of g; by a redefinition of the auxiliary variables ;, 11;.

The significance of (3.31) is that the partition function (3.26) can be
expressed as an exact integral transformation of the linear matrix model
(3.34). The phase structure and the critical behavior of the linear matrix
model is well understood, and hence we can study these to learn about the
critical behavior and the phase structure of (3.26). In the next section we
will discuss the phase structure of (3.34).

3.5 Critical behavior in matrix model

The eigenvalues of an unitary matrix U are the complex numbers ¢?.3 In
the large N limit, we can consider an eigenvalue density p(€) defined on the
unit circle by,

N
1 1 » 1 .
p0) = ; 00 —6:) = - ; exp(inf) 1-tr U (3.35)
The density function is non-negative and normalized,
/p(Q)dQ =1 (3.36)
p(6) =0 (3.37)

It is well known that in the limit of N — oo, p(0) can develop gaps, i.e. it
can be non-zero only in bounded intervals. For example, in the case of a

single gap when p(6) is non-zero only in the interval (—%, %), it is given by
the classical formula
) 0
p(0) = f(e)\/ sin? 50 — sin? 5 (3.38)

A well known example of a p(f) which does not have a gap is

3Phase structure of a generic unitary matrix model has been discussed in [34].
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p(6) = %(1 +acos(f)), a<l1 (3.39)

At a =1, p(m) = 0, and a gap will begin to open. For a > 1 the functional
form of p(@) is as given by (3.38).

The matrix model under investigation has a complicated effective action.
The saddle point distribution of the eigenvalues of the matrix U may or may
not have a gap, depending on the values of parameters gy in (3.34). In the
large N expansion, the functional dependence of F'(g,g,) on g, g, depends
on the phase, and we quote from the known results [35, 56, 58, 66],

- _ n=od 1
N%F(gx,3,) = N? Xk: kgig, + e 2N £(9k.) ; WFS), ungappe(B.40)

win

_ B n=oo _gn B
N°F(g,g) = N*> kgsgp+ Y N73"FP, g —ge~o(N73)
k n=0

= )
N*F(gk,g;) = NZG(Qka?k)"i_ZW? gapped
n=1

In the above, we have assumed for simplicity that the eigenvalue
distribution has only one gap. (In principle we can not exclude the possibility
of a multi gap solution. But in this chapter, since we are interested in
the critical phenomena that results when the gap opens (or closes) we will
concentrate on the single gap solution.) Near the boundary of phases, the
functions F),(g) and G,,(g) diverge. It is well known that in the leading order
N, F(gk, ;) has a third order discontinuity at the phase boundary. This
non-analytic behavior is responsible for the large N GWW type transition.
In the o( N~3) scaling region near the phase boundary (the middle expansion
in (3.40)) this non-analytic behavior can be smoothened by the method of
double scaling. This smoothening is important for our calculation of the
double scaled partition function near the critical surface.

In (3.40) f(gx,9r), FY,F® and G™(gk, g;,) are calculable functions using
standard techniques of orthogonal polynomials. As an example, G(gx, )
can be expressed as,

1
Glan50) = 5y losho + [ dé(1 = ©)log fo(© (3.41)
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where fy(€) and hg are determined in terms of gy, g, by a recursion relation of
orthogonal polynomials for the unitary matrix model. It should be noted that
in the ungapped phase all perturbative (#) corrections to the leading free
energy vanishes. This follows from the fact that in the character expansion
(strong coupling expansion) the ungapped free energy becomes an exact
result. We also note that at gx = 0 = 7,, f = 0 and the non-pertubative

term is absent.

3.5.1 Gap opening critical operator at m=1 critical
point

We now derive the form of the critical operator that opens the gap and
2
corresponds to the scaling region of width o(N~3).
From (3.40) we can easily find the density of eigenvalues in the ungapped
phase.

1 , _ .
p(0) = %(I—FZ(/{:gkexp(sz)—l—k;gkexp(—@krﬁ)) (3.42)
k40
and p = kg,

For a set of real gi, the lagrangian (3.34) is invariant under U — UT. We
will assume that the gap opens at § = 7 according to p(m — 0) ~ (7 — 0)?,
which characterizes the first critical point*. At the boundary of the gapped-
ungapped phase (critical surface) we have p(7m) = 0. In terms of the critical
fourier components pjf, it is the equation of a plane with normal vector
Dy, = (—=1)*

> (=DM +pp) =1 (3.43)

k=—o00
Now since p§ = kg§, (up to non-perturbative corrections), we get the equation
of a plane

[e.e]

> (=D k(g; +95) = —1 (3.44)

k=—00

2m

4In general the mth critical point is characterized by p(m — 0) ~ (7 — 6)
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where g; are the values of g; at the critical plane. Since the metric induced
in the space of g; from the space of pj is Gy = kQ(Sk,k/, the vector that
defines this plane is

(3.45)

We mention that the exact values of g; where the thermal history of the small
blackhole intersects the critical surface are not known to us as we do not know
the coefficients of the effective lagrangian. However this information, which
depends on the details of dynamics, does not influence the critical behavior.
The information where the small blackhole crosses the critical surface is given
by the saddle point equations (3.50), which are in turn determined by the
o(N?) part of the partition function.

Below we will show that the critical behavior is determined by the
departure from the critical surface and not on where the thermal history
intersects it, and conclude that the o(1) part of the doubled scaled partition
function is always determined in terms of the solution of the Painlevé II
equation.

If we go slightly away from the critical surface by setting gx = g5 + dgx
and g, = g{ + 09, then the gap opens provided p(m) < 0 °. This condition
is easily ensured by the choice dgx + 0g, = tN %Ck, t < 0, which is normal
to the critical plane (3.44).

The operator that corresponds to p(m) = 0 at the first critical point is

o0

O = D (g U + g2 UM (3.46)

k=1

The gap at 6 = 7 opens if we add a perturbation that leads to a small negative
value for the ungapped solution of p(7). Such a perturbation is necessarily
in the direction of the vector C}, because a perturbation that lies in the
critical plane does not contribute to the opening of the gap. Hence we will
set (gr —g5) = N ~31;. As we shall explain in Appendix A, #; = tCj, where
t=C-%is an arbitrary parameter and C is the unit vector corresponding
to C. Therefore the relevant gap opening perturbation to be added to the
action is

Or = N7ty Cp(tr U* + tr U™) (3.47)

k=1

To calculate p(f) we have used the ungapped solution in (3.40)
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The factor N~5 is indicative that the perturbation is relevant and has
exponent —%. N acts like an infrared cutoff .

In the double scaling limit, near the critical surface, Féz) in (3.40) is a

function of the parameter ¢ (see Appendix A). It is known that Fé2) () (from
now on we will call it F'(t)) satisfies the following differential equation,

R
= =) (3.48)

where f(t) satisfies the Painleve II equation,

10%f 3
SHE tf+f (3.49)
The exact analytic form of F'(t) is not known, but F'(¢) is a smooth function
in the domain (—o0, 00). Smoothness of F'(t) guarantees the smoothening of
large N transition in the double scaling limit.

In the gapped phase of the matrix model, F(gx,g,) has a standard
expansion in integer powers of %, which becomes divergent as one
approaches the critical surface. In the double scaling region (3.40) (g — g.) ~
O(N~3), and the the perturbation series (3.40) is organized in an expansion

V]

in powers of N73. The reason for the origin of such an expansion is not
clear from the viewpoint of the bulk string theory. However, it is indeed
possible to organize the perturbation series, in the scaling region, in terms
of integral powers of a renormalized coupling constant. We will come back
to this point later. In the ungapped phase the occurrence of o(e ") terms
is also interesting. Here too we lack a clear bulk understanding of the non-
perturbative terms which naturally remind us of the D-branes.

3.6 Saddle point equations at large N

In this section we will use the results of the previous section to write down
the large NV saddle point equations for the multi-trace matrix model (3.31).
We treat p; and p; as independent complex variables. This is natural as
the saddle point of the theory may occur at complex values of the variable,
though at the end we will find that for real aj, in (3.11) we have saddle
points in imaginary y; and real g;. From (3.11) we deduce the saddle point
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at large N by including the leading o(N?) contribution of F(gy,7,) to the
free energy. The equations for saddle points are given by

OSet : 1
= iu,+—g, =0 3.50

Jg; Wi g% = )
OSesr . 1

— = Wi+ —=g; = 07
8gj J 2] J
OSer _ — N k; —
o = g+ e (=)L) T () = 0

Hi ¥ &
O0Se . (R —
g = kgt 3 o) ST T () = 0

Hi ¥ g

These equations correspond to the ungapped phase. Equations similar to
equation (3.50) can also be written using F'(gx,g,) in the gapped phase.

By the AdS/CFT correspondence the solutions to (3.50) are dual to
supergravity /string theory solutions, like AdSs x S° and various AdS5 x S°
blackholes. The number and types of saddle points and their thermal histories
depends on the dynamics of the gauge theory (i.e. on the numerical values
of the parameter a; and «jj,, which in turn are complicated functions of
A and ). These issues have been discussed in the frame work of simpler
models in [20], where the first order confinement/deconfinement transition
and its relation with the Hawking-Page type transition in the bulk has also
been discussed. Here we will not address these issues, but focus on the
phenomenon when an wunstable saddle point of (3.50) crosses the critical
surface (3.44).

By solving the eqn.(3.50) we can write g; in terms of ;1; and the coefficients
a;j(B),az(B). Using the critical values of g; (3.44), we get the relation
between 7aj(ﬂ), ag i (B) at the critical surface,

C
of; 9; R EI R k; . ,
g9;(ja; — 1)+7?+ § :22 k| |k|<_1)|k|+\k|aE7E,g_JqTE+E,(gj) =0, j=1,--,p.
R J

(3.51)

Whether the above relation is achieved for some values of the co-
efficients a;(3), oz z(0) is a difficult question which again needs a detailed
understanding of the gauge theory dynamics. The coefficients a;(5), oz 7 (5)
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have been perturbatively calculated in [36] and it can be shown that at some
specific 3 < Bug © the condition (3.51) is satisfied.

We would like to mention that there is no fine tuning associated with
the relation (3.44) or (3.51) being satisfied. This is because we have one
tunable parameter, the temperature, and one relation (3.44) to satisfy. Hence
one may hope that in the most general situation the relation (3.44) will be
satisfied. In the next section we will discuss the doubled scaled partition
function near the critical point.

In a later section we will use the AdS/CFT correspondence to argue that
in the strongly coupled gauge theory, a 10 dimensional “small blackhole”
saddle point reaches the critical surface (3.51). The interpretation of this
phenomenon in the bulk string theory, as a blackhole to excited string
transition will also be discussed.

3.7 Double scaled partition function at
crossover

We will assume that the matrix model (3.34) has a saddle point which
makes a gapped to ungapped transition as we change the parameters of the
theory(oz% g,,aj) by tuning the temperature 3-. We will also assume that,
this saddle point has one unstable direction which corresponds to opening
the gap as we lower the temperature. These assumptions are motivated by
the fact that the small (euclidean) Schwarzchild blackhole crosses the critical
surface and merges with the AdSs x S® and that it is an unstable saddle point
of the bulk theory. To calculate the doubled scaled partition function near
this transition point, we basically follow the method used in [20]. We expand
the effective action (3.34) around the 1st critical point, and we simultaneously
expand the original couplings a;, g;, g, and O around their critical values

aj, 35, g; =0, and of - For clarity we define

Pp, i a) = ) o (=) FI0(m) Ty (1) (3.52)
¥

We also introduce the column vectors,

Gﬁﬁé is the temperature of Hagedorn transition.
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— (M), A= < “j) - (gf) 3.53
s <ﬁj>’ are) T \g, (359

and expand the above mentioned vector variables

g—g° = N73f (3.54)
p—pt = NTin
A—A° = GN 3a

where § = N3(8—0,) and a = %| 3=p.- The expansion of the co-efficients a;
and 04% 7 are proportional to the deviation of the tuning parameter § from

its critical value, i.e. g = N§(ﬁc - B).
The expanded action takes the following form,

1 2 ~ 4
N2Sepp = —§N_§nt£n +n"(Jt —gHa)+ F(C-t) + O(N~3)  (3.55)

In the above we have, following the discussion in Appendix A, used the
fact that the o(1) function F' depends on the scaled variable through the
combination ¢ = C - ¢. Recall that C is the constant vector normal to the
critical plane and the matrices £, J, H are given by

L &d& L
L= OpjOp 3 Y3k Op;om,
)

a9g., _ _o°P _ 8P
3 Pk oo, O Opig
2
_ [ THI%F B0 (3.56)
H = 2p’ s
— 10 o°p
ILLJ Jk aﬁjaa,;’,;,

L(iF F
2 \iFr -F)

In the above we have introduced the diagonal matrix
1 .
ffjk:j ik Jk=1--,p. (3.57)

All quantities appearing in the matrices are calculated at the first critical
point. Here o(NN?) part of the action does not depend on n,t and hence we
do not show this part of the action explicitly.
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We now do the Gaussian integration over n in the functional integral

Z~ / df(det(N;ﬁ))5exp{%N§(?—’éca)tM<t~—’g“ca)+F(cf)+0(N§> ,

(3.58)
The matrices appearing here can be easily obtained,
1 F 0 t p—1 —1 7t p—1
D:§ 0 ) M=JLT+D, C=-M"TJLH. (3.59)

Notice that the Hessian associated with Sg is given by

"= (_jﬁ g) . (3.60)

In order to discuss the further evaluation of the integral (3.58), we must
take into account the fact that we are evaluating the integral near an unstable
saddle point. That the saddle point has precisely one unstable direction is
motivated by the fact that in the bulk theory the euclidean 10-dimensional
blackhole has one negative eigenvalue. This statement strictly speaking
should apply to the saddle point in the gapped phase. However since the
GWW phase transition is third order an unstable saddle point in the gapped
phase should continue to be unstable at the crossover.

In order to render the gaussian integral (3.58) along the unstable direction
well defined, we should make an analytic continuation. Once this is done we
can easily see that as N — oo the integral in (3.58) is localized at

t = gCa (3.61)

This follows from a matrix generalization of the gaussian representation of
the delta function.
Putting the above expression in (3.58) we get the final result,

Z ~i(det(H)) ZexpF (§C - Cav), (3.62)

where C' - Ca is a constant independent of g. We have assumed that the
Hessian H does not have a zero mode, but the one negative eigenvalue
accounts for the 7 in front of (3.62).

The o(1) part of the partition function, (3.62) is universal in the sense
that the appearance of the function F'(g x constant), does not depend on the
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exact values of the parameters of the theory. In the double scaling limit the
partition function becomes a function of a single scaling variable g. Exact
values of the couplings and the o(/N?) part of the partition function determine
where the thermal history crosses the critical surface (3.44). However the
form of the function F' and the double scaling limit of (3.55) are independent
of the exact values of g;. They only depend on the fact that one is moving
away perpendicular to the critical surface. This is the reason why in [20] we
obtained exactly the same equation when gf # 0 but all other g; = 0.

3.7.1 Condensation of winding modes at the crossover

We will now discuss the condensation of the winding Polyakov lines in the
crossover region. Specifically we will discuss the expectation value of the
critical operator (3.46). In the leading order in large N we have already seen
in (3.43), that p§ = kg§. In order to calculate subleading corrections it can
be easily seen that all the pi’s condenses in the scaling region,

2 u dF
(N3 (o= pl)) = = (3.63)
where p.? = kgi.. This smoothness of the expectation value of the pj’s follows
from the smooth nature of F'(t). The exact form of F'(¢) is not known but it is
known that it is a smooth function with the following asymptotic expansion.

#1 3 63
F(t) = — — =log(—t) — e, —t> 1 3.64
®) 6 319807~ TogE T Ioa T > (3.64)
1 _asp 1 35 3745
F(t) = —e 5 (= - — +en), t>1
®) 2 ( 8v2t: 38413 18432213 )

The derivative of F(t) diverges as t — —oo and goes to zero as t — o0.
This behavior tallies with the condensation of winding mode in one phase (the
gapped phase) and the non-condensation of winding modes in the ungapped
phase. The condensation of the winding modes also indicates that the U(1)
symmetry (which is the Zy symmetry of the SU(N) gauge theory in the
large N limit) is broken at the crossover, but restored in the limit ¢ — oo.
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3.8 Higher critical points and the
introduction of chemical potentials

Besides the first critical point, single trace unitary matrix models can have
higher critical points. The mth critical point is characterized by,

pr(0) ~ (6 —m)*™, 0 —m, (3.65)
and hence it is specified by the following relations,
pP(r) =0, 0<n<m (3.66)

Writing the above in terms of g,’s we get,

(=DM gr+95) =0, 0<n<m (3.67)

k=—0oc0

A particular choice for the density of eigenvalues with this behavior is

6 2m
pm(0) = cp, (2 cos 5) : (3.68)
where 02 ( ‘)2
™ (m)!

By expanding in Fourier modes, one finds

pm(0) = L (1 + QZ:: (m = g;?gn sy cos k@) (3.70)

Using the relation between the density of eigenvalues in the ungapped phase
and the matrix model potential one recovers the critical potential of Periwal
and Shevitz.

As the plane (3.67) is determined by more than two equations, a generic
curve in the space of couplings gr’s will not necessarily intersect the plane.
Hence by tuning one parameter, the history of a saddle point may not reach
the higher critical points. But one may consider a situation where along
with temperature, some additional chemical potentials are also turned on
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[59]. Using these chemical potentials (like say the R-charge) we may be able
to reach higher multicritical points.

In appendix (3.12), we have considered a more general effective action
which includes general source terms in addition to (3.11),

SU,UN =S, U+ N (bptr U* + bitr U™). (3.71)

k>1

Using the above action, we have calculated the doubled scale partition
function near higher critical points. Similar to our result in (3.62), the o(1)
part of the doubled scaled partition function becomes a universal function
determined by the mKdV hierarchy. It should be mentioned that the
calculation is performed near the m—th multicritical point characterized by,

gn=0 ,n>m (3.72)

According to the comments at the end of section 3.7 the final form of the
doubled scaled partition function(3.119) and the double scaling limit (3.106)
is universal and independent of the particular choice of (3.72).

3.9 Applications to the small 10-dimensional
blackhole

We now apply what we have learned about the matrix model (gauge theory)
GWW transition and its smoothening in the critical region to the blackhole-
string transition in the bulk theory. The first step is to identify the matrix
model phase in which the blackhole or for that matter the supergravity
saddle points occur. We will argue that they belong to the gapped phase
of the matrix model. This inference is related to the way perturbation
theory in % is organized in the gapped, and ungapped phase as discussed in
(3.40). Note that it is only in the gapped phase, that the % expansion is
organized in powers of ﬁ, exactly in the way perturbation theory is organized
around classical supergravity solutions in closed string theory. Hence at the
strong gauge theory coupling(A > 1), it is natural to identify the small 10
dimensional blackhole with a saddle point of the equations of motion like
(3.50) but obtained by using F(gx,g,) corresponding to the gapped phase. 7

7A saddle point of the weakly coupled gauge theory may also exist in the gapped
phase. With a change in the temperature the saddle point can transit through the critical
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One can associate a temperature with this saddle point which would satisfy
17> T> R

As the temperature increases towards [ !, one traces out a curve (thermal
history) in the space of the parameters a;, ay s of the effective theory. One
can also say that a thermal history is traced in the space of p; = (+trU?),
which depends on the parameters of the effective theory. We will now
make the reasonable assumption that the thermal history, at a temperature
T, ~ 17!, intersects the critical surface (3.43) (equivalently the plane (3.44)
and then as the temperature increases further it reaches the point p; =
(+trU%) = 0, which corresponds to AdSs x S°. Once the thermal history
crosses the critical surface, the gauge theory saddle points are controlled
by the free energy of the ungapped phase in (3.40). The saddle points of
equs. (3.50) which were obtained using this free energy do not correspond to
supergravity backgrounds, because the temperature, on crossing the critical
surface is very high 7' > I;!. Besides this the free energy in the gapped
phase has unconventional exponential factors (except at g = 0 which
corresponds to AdSs x S®). It is likely that these saddle points define in
the correspondence, exact conformal field theories/non-critical string theories
in the bulk. Neglecting the exponential corrections exp(—N), it seems
reasonable, by inspecting the saddle point equations, that in this phase the
spectrum would be qualitatively similar to that around p; = 0. Since this
corresponds to AdS5 x S%, we expect the fluctuations to resemble a string
spectrum.

As we saw in the previous section, our techniques are good enough only to
compute the o(1) part of the partition function in the vicinity of the critical
surface which depends on the renormalized coupling. The exact solution of
the free energy (in the single trace model) in the transition region in (3.40)
enabled us to define a double scaling limit in which the non-analyticity of the
partition function could be smoothened out, by a redefinition of the string
coupling constant according to g = N %(60 — ). This smooth crossover
corresponds to the blackhole crossing over to a state of strings corresponding
to the ungapped phase.

We have also computed the vev of the scaling operator and hence at the
crossover the winding modes p; = (xtr U’) condense (3.63). They also have

surface. Using the results of [20], it is easy to see that this is precisely what happens
for the perturbative gauge theory discussed in [36]. We note that in the corresponding
bulk picture since Iy >> R 445, the supergravity approximation is not valid. It would be
interesting to understand the bulk interpretation in this case.
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a smooth parametric dependence across the transition. This phenomenon in
the bulk theory may have the interpretation of smooth topology change of a
blackhole spacetime to a spacetime without any blackhole and only with a
gas of excited string states. However in the crossover region a geometric
spacetime interpretation is unlikely. We may be dealing with the exact
description of a non-critical string in 5-dims. in which only the zero mode
along the S? directions is taken into account. This interpretation is inspired
by the fact that the free energy F'(t) also describes the non-critical type 0B
theory as was already discussed in [57, 20].

3.10 Implications for the Lorentzian
blackhole

All our discussion has been in the context of the euclidean time, both in the
bulk and the boundary theory. Since the boundary theory is governed by a
well defined positive Hamiltonian the analytic continuation from euclidean
to lorentzian signature is well understood and simple. Hence the partition
function gives a way of computing the density of states at a particular energy
using the formula,

Z(B) = /0 h dEp(E)e P (3.73)

where p(E) = trdo(H — E) is the density of states at energy E. Since the
partition function, in an appropriate scaling limit, is a smooth function of
the renormalized coupling constant ¢, at the crossover between the gapped
and ungapped phase, (3.73) implies that p(F) inherits the same property.
Since p(FE) is as well a quantity that has meaning when the signature of
time is Lorentzian, it would imply that the blackhole-string crossover in
the Lorentzian signature is also smooth. This is an interesting conclusion
especially because we do not know the AdS/CFT correspondence for the
small Lorentzian blackhole. The Lorentzian section of the blackhole has a
horizon and singularity. Since the gauge theory should also describe this
configuration, a smooth density of states in the cross over would imply that
the blackhole singularity was resolved in the gauge theory.

We believe in this conclusion but an understanding of this can only
be possible if we have an explicit model in the gauge theory of the small
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Lorentzian blackhole. Work in this direction is in progress drawing lessons
from [5, 8, 60, 61, 63, 64].

This program was originally motivated by an attempt to understand
and resolve the information puzzle in blackhole physics. In the AdS/CFT
correspondence we know that the SU(N) gauge theory is defined by a
hermitian hamiltonian defined on S® x R. The N — oo limit and the
A — oo limits make contact with semi-classical gravity limit of the type
IIB string theory in the bulk. In this limit, one can represent the quantum
gravity theory path integral as an integral which splits into a sum over
distinct topologies. In particular in the euclidean framework the path integral
splits as a sum of contributions from histories with and without a blackhole.
However this representation arises by a naive consideration of the large N
limit. We know that as long as N is finite the notion of summing over
distinct topologies does not exist. A careful understanding of the double
scaling limit has indeed made it possible to treat finite N effects in a saddle
point expansion around large N and smoothened the GWW transition. Since
we have identified this gauge theory phenomenon with a smooth blackhole-
string crossover, we conclude that topology change is indeed possible in the
bulk string theory.

In light of our results we are not convinced about Hawking’s proposed
solution to the information puzzle [65] which uses the notion of representing
the quantum gravity path integral as a sum over all topologies. At large but
finite N (or equivalently at small but finite string coupling) this notion is not
neccessarily valid.

3.11 Appendix A:
Discrete recursion relations, m = 1
critical point and Painleve 11

In this appendix we discuss the appearance of the m=1 critical point in the
discrete recursion relations in the presence of general couplings g, where k
is a positive integer. The main point can be explicitly illustrated in the case
of two couplings ¢g; and g5, and the generalization to more general potentials
is straightforward. We briefly review how we find scaling regions in matrix
models and how double scaling limits are implemented. We follow closely
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the work of Periwal-Shevitz [56]. The action we consider is:
g1<trU+trUT) +gz<trU2+trUT2) = Vi + paVa, (3.74)
where V) o are the first critical potentials found in [56]:

Vi=itrU+t2rU"),

2 (3.75)
Vo= 3(U+o0t) + (00 + w0®).

and
w1 = 2g; — 16gs, o = 12¢s. (3.76)
For those interested in the details we have modified the critical potentials
by making the transformation g, — (—1)*gx, U — —U. This is a symmetry
of the action that guarantees that the gap opens at § = w. In the original
paper [56] the gap opens at # = 0. Obviously the gap can open anywhere on
the circle, but we simply have to be consistent once a convention is chosen.
The Periwal-Shevitz’s [56] equation with two couplings ¢g; and g, in our
convention takes the following form,

n+1
—R, N = (1 - Ri)[_(Rn—H + Rn—l)gl — 292(Rn_1R72171 + (377>

Rifan + 2Rn71Ran+1 + RnRi+1 - Rn+2 - Rn72 + R721+1Rn+2)]

We will show that this equation besides the m=2 fixed point also has the
m=1 fixed point. The latter is well known to be described by Painleve II
equation with just one coupling. (The derivation of Painleve II from the one
coupling case has been discussed in the original paper [56]).

As usual to find scaling regions we first solve the planar theory. However
we have to solve it for any n, in other words, in the planar case R,, becomes a
function R(&), where £ = n/N which completely determines the planar limit
of the theory. The equation that determines R(&) is obtaining by ignoring in
3.78 the above the shifts in the R's. This yields the planar string equation:

RE = (1 — R?)(2(g1 — 292) R + 129, R?) (3.78)

If we take the scaling region to be close to the endpoint of the £ interval, i.e.
1, we introduce the scaling variable:

E=1—ad% (3.79)
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as is standard in matrix models, and a is a small “lattice” parameter that
is necessary to study the scaling region. Since in these theories the critical
value of R = 0, we have to write the function R in terms of some scaling
funcion with appropriate exponents:

R=af(t) (3.80)

Since we want to consider only the first critical point m = 1, this implies
that v = 1 and the scaling behavior of R is

R=af(t) (3.81)
Substituting in the planar string equation we obtain:
af(1—at) = (1 — 2 1%)2gn — 2p)af +12000°1%)  (3.82)

The terms of order a determine the criticality condition, which as expected
is the gap opening condition

1

The terms of order a® now provide the planar string equation that determines
the functional form of f as a function of ¢ to leading order in 1/N:

—a’tf(t) = —a’ f2(2(g1 — 2g2) — 12g5) (3.84)

all other terms are irrelevant to this order, and what this equation does is
to determine f(¢), and also it provides the first term in the expansion of
the P-II equation in powers of fractional powers of t. The condition 3.83
determines the first critical point of the theory, m = 1, which implies that
near £ = 1 equation 3.78 has a second order zero in R. If we require that
the zero is of order 4 (after dividing by a common R on both sides) we
obtain the conditions for the m = 2 critical point governed by the scaling
action V5 above. Since in our problem we have a single control paremeter,
i.e. the temperature, we focus on the m = 1 condition 3.83 and study next
the double scaling limit. To make contact with the arguments of section VI
we will study this limit for generic coupling g1, g, this way we include also
the perturbations of a given model on the “critical surface” 3.83 by the gap
opening operator (VI.44).
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So far the parameter a is just a small number, and for the time being it
has no dependence on N. To get the N-dependence we do the double scaling
limit, by expanding the full string equation, and see what is the relation
beteween N and a that leads to a differential equation containing the string
coupling constant, i.e. containing higher genus terms in the expansion and
thus generating a string perturbation theory. Let us do it in general, but of
course we have to keep track of the fact that we have already determined the
scaling behavior of both ¢ and R(£), and we have to include it in 3.78:

af ()1 —a’t) = (1—d®f(€)?) (2ag (&) —4ags [(§) +12d° g, f(£)*)

2 2
+ (1= £(©)°) (20a° 2 () 1) (3.85)
1
2
ool —80) (€ + 2060 0 O €))7z + -
Now we are ready to get the relation between N, and a. In going from
derivatives with respect to & to derivatives with respect to ¢, we obtain,
including the factor of 1/N a term of the form < for each derivative.
Since the first nontrivial terms with derivatives contains two of them, this
2
means: m%.
The final result up to two derivatives (it is easy to show that higher ones
are irrelevant) is:

—f(l) = (1 12g)a° F(1)° (3.86)
d2
+ (91—892)amd—t§
+ 2092a3@<ff'2+f2f'>

where the dots are derivatives with respect to t. To get the double scaling
limit, notice that we want that up to a numerical constant

1
G(N—ag)z = gya’ (3.87)
Hence, up to g we obtain:
an~ N3 (3.88)

Note that the terms in the third line of 3.86 will vanish like a? after we divide
out by a® unless we force a strange scaling of g, but this is something we
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cannot do in the above procedure. The equation that survives is of course
Painleve-I1 after some simple numerical rescalings. The computation has
been carried out only for the two coupling case, but it is easy to generalize
to a more general action. We have also included the case where we have
a shift of the couplings of the model with respect to the critical surface.
Of course the answer is the same, and the reason is that any of the terms
tr(U* + U~*) that appear in the gap opening operator have a component
along the first scaling operator. For the two coupling theory this is the origin
of the term —12¢, in the f3 piece and the term —8goa in the term f. We
get Painleve-II unless we do some unnatural fine tuning in the coupling gs, a
freedom we do not have at our disposal given that we have just one control
parameter. Obviously, even if we consider more general potential, the same
will happen with the gap opening operator. The operator identified with gap
opening in the text should be more precisely be called the “bare” gap opening
operator. After renormalization around any critical point, and in particular
near the m = 1 it will be be dominated by the first scaling operator. We
know also from [56] that the integrable hierarchy behind the unitary matrix
model is the modified KAV (mKdV), and their flows can be identified with
the expectation values of the scaling operators of the theory (including of
course the irrelevant ones at the m = 1 critical surface.

One may wonder what happens with the expectation values of the p, at
the cross over region. This is however no problem, since we can renormalize
these operators with more freedom than we have above, in fact, the way to
argue that generically, at the initial conditions of the mKdV hierarchy that
starts with Painleve-1I; the continuum limit of the p,, get an expectation value
is to use the renormalized Wilson loop operator of the matrix model, as it is
done in [66]. The expansion of the Wilson loop (w(t)) has as coefficients, for
each power of t"*! precisely the expectation value of the corresponding o,
which are the continuum limits of the p,,, and what follows from the double
scaling limit of the loop equations is that to leading order those expectation
values are not zero and are given by a power of f to leading planar order
with corrections. This power of course is not zero, and hence it says that
the corresponding derivative of the free energy with respect to the scaling
parameter t,, that produces the expectation value of p,, is not zero even when
we set t, = 0 after taking the derivative.
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3.12 Appendix B: Partition function near
multicritical points

Here we will calculate the double scaled partition function near higher
multicritical points. We start with eqn (3.71) and denote

7 = / [dUeSUUD, (3.89)

where S(U, UT) has the form (3.71). We will assume in the following that
a; > 0. We closely follow the discussion of section 3.7 and use the standard
Gaussian trick discussed in section 3.4, to write

272

N4\ P p
Z = (—> /Hdgi dg; du; dit;exp(N?Seg) (3.90)
i=1
where

p
Soar == D_agtsTiy +1 (3G +7,95) + 3 e () TR() Y (1)

=1 J 3z

+ F(gi + bg, Gy, + br).

(3.91)
We now write g; as
1 .
g = ﬂ(ﬁl — Z’}/l) (392)
and we also write ]
b, = %(:‘jk — ) (3.93)
Performing change of the variables in the integral,
gk — Gk + b, G — Gp + b (3.94)
we get,
a i
Sur =3 (—asmt, + 5 (0= 30+ 1) + 605 = )y — 1)
j=1
+ > g ()FFIY (@) T (1) + F (B ).

(3.95)
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We will assume that we are analyzing the theory in the ungapped phase, in
the proximity of the even multicritical point m = 2k. In this case we have,

N?F(B,7) = N*Fyu(8,7) + N* Fycating (8, 7), (3.96)

where Fyz(3,7) is the planar free energy in the ungapped phase (3.40), and
Fscaling (ﬁ, ’)/) satisfies

dim N Faging (8,7) = FU™ (1), (3.97)

where F(™)(t,) is the double-scaled free energy at the m-th multicritical point
determined by the solution to the mKdV hierarchy [58].

To find the saddle point at large N we only have to consider the
contribution of the free energy F'((3,~) in the ungapped phase. The equations
for the saddle point are given by,

[T AR
%%f = — a;fi; + 2%.(53‘ — g+ — 1)

. % aagl(_i)gﬂﬁqi_iyg(ﬁ)rg, (1) =0 (3.98)
%%j == ap + 2%(53' =g — iy +1%)

3 o () ST Ty ) =

In the first two equations we have used that, in the ungapped phase,
OF g 1 0F g 1
=—0B; —=—=—" 3.99

9 2
We will assume that there is a solution to these equations corresponding to
the m-multicritical even point of the model (3.91), which is characterized by

=0, B=p", (3.100)
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where the critical values of the couplings ﬁj(-m) can be read from the particular
solution (3.70). We find that this solution leads to the conditions

um =l = gt (3.101)

One finds the equations for the critical submanifolds in the original couplings,
aj, gr, and ag ),

j ]
ir Bj

(3.102)

where gf is the critical value of g;, and we have set 7 = 0 for simplicity.
We now expand the effective action around the critical point, and we
expand simultaneously the original couplings a;, g;, 7; and agp around a
point a§, g5, 75 = 0, and af . on the critical submanifold determined by

kR
(3.102). We denote

P(u, i, 00) = ag o (=)FHEIT L () T (). (3.103)
K,k

We introduce the column vectors of variables,
n; — H(m) a; — at
g(N)n: _J _{m) ) a = ( ﬁj_ ]c ) 9
By — R R 7

g=<@'_@(‘m)), b= ('gj:gj.)’
Vi i

where £(N) is an appropriate scaling factor. When we expand the action in
(3.91) around the m-th multicritical point, we obtain

(3.104)

Z(gztr U' + gt U “) =V 13" NET, (3.105)
l n

where V(™) is the critical potential associated to the m—th multicritical point,
and V,, are scaling operators which can be explicitly written by using the
results of [67]. In this way we find the relation between the variables ¢
introduced in (3.104) and the scaling operators of the multicritical model,

Ja= GuNEtit,, (3.106)

n>0
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where G is a matrix that can be explicitly determined from the expressions
for the perturbations of the density of eigenvalues. The equation (3.106)
determines the scaling properties of the g,. Notice that we can use the
freeedom to rotate U to get rid of one of the 2p parameters g;, g;, so we will
only have 2p — 1 times.

We now do a Gaussian integration over n. The relevant part of the action
reads,

N?Seg = —%N2£(N)2nt Ln+ N*¢(N)n"(Jg—JTb+Ha)+ -, (3.107)

where the matrices £, J, H are given by

(.;)5 __9%p %P
i 03k T Byu0my %, 07y,
2
T 5. P
H— ( H05k Ondo (3.108)
L U N o AN B
10k ;00 1

1 (iF F
2 \iFr -F)°

and we have introduced the diagonal matrix

1 .

All quantities involved in these matrices are evaluated at the critical point.
The Gaussian integration leads to

NZp(det(ﬁ))%exp{%NQ(g —Eb—Ca)'M(g—Eb—Ca) + F™ (t)) +--- ¢,

(3.110)
where we have assumed that £ does not have zero modes, and the fact that
the Gaussian integration gives an overall factor N2 which combines with
the overall N*7 in (3.90). Notice that the scaling £(N) does not appear in
this equation. The choice of £(NN) must be done in such a way that the rest of
the terms involving n in the expansion of N2S.4 vanish in the limit N — oo.
The matrices appearing here can be easily obtained from the above data.
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Then, we have

0
b=3 (joE ]—“) ’
M=J'LT + D, (3.111)
C—— M1giL
E=MTTJLTT.
Notice that the Hessian associated to Seg is given by
H= (_jﬁ g) | (3.112)

We now introduce scaling variables for the couplings g, a. The scaling of g
is determined In this way we obtain for (3.110)

exp{ ZNWH’ tn —t0) Aup(t, — t0) + F™(t,) +} (3.113)
where A—G'MG.
£ =Nt Z((g_lc)neaz + (g_lg)njbj)- (3.114)
¢

As we see, the scaling of the original coupling constants packaged in «, b is
determined by the scaling of the couplings in the m-th critical point.
In the limit N — oo, the integral localizes in

t, =t°

ne

(3.115)

To see this in detail, we use the following fact. Let B, be an n X n matrix
whose entries go to +00 as € — 0. Then, one has the following

1

lirré (det(BE))%e_ixtBﬁx =72 §(x). (3.116)

In our case we find that

24n+p Zn>o0(n+1) ’ﬂ'p_%
e N zmd1 (t,—19) Ay (t,—1° } — N7 2wt _5(t—t
Xp{ Z 0) At —12) o)
(3.117)
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as N — oo. Remember that there are only 2p — 1 times involved. After
changing variables in the integral from ¢, g to ¢, we inherit a Jacobian

ano(n72m)

2mF1 det(g)_ (3.118)
Putting all these ingredients together, we finally obtain
Z ~ N(det(H)) zexpF ™ (9), (3.119)

up to factors of 7. We have assumed here that H has no zero modes. The
factor of N comes from the fact that the quotient between the factors of N
in (3.117) and (3.118) gives a power of N given simply by minus the number
of times involved, which is —2p + 1. This combines with the factor N??
in (3.110) to give an overall factor of N. In the above derivation we have
assumed that M (and therefore H has no zero eigenvalues).

We can also analyze the more general case in which M (which is a
p X p matrix) has ¢ nonzero eigenvalues d,, n = 1,--- ¢, and 2p — ¢ zero
eigenvalues. Let R~! be the orthogonal 2p x 2p matrix that diagonalizes M,
ie. R MR = diag(d,,0). Define now the following eigenvectors of M

2m
r = N2»+1 Rg, (3.120)
which in terms of the scaling operators means

o Zanthﬁ, (3.121)
q

where R = RG. Then, the exponent in the Gaussian (3.110) becomes

V4 2p
]_ 2 2m 2 m
SN ;:1: d, (rn _ N72m+1cn) + N §g+:1 roCo, (3.122)

where

G =Y RMTL Ha — JLTNTY), =L+, 2
q

B | —1t( 7t p—1 gt 1 (3.123)
n=—d," Y RN(T'LTHa = TLTTY) , on=1, L
a
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As N — oo, the first term in (3.122) gives a delta function constraint of the
form
> RugtyN7#1 =¢,, n=1,-- L, (3.124)
q20
therefore there are only 2p — 1 — £ independent times involved. From the
behavior of the above equation as N — oo it follows that we have to solve
for the times with the higher scaling dimension in terms of the constants c,.
This in turn determines the scaling properties of ¢,:

2mq

ty=10= 2’”“2%% g=2p—1—14,--- ,2p—2, (3.125)

n=1

where we have inverted the ¢ x ¢ submatrix Ry, ¢,n = 2p—1—{,p — 2.
This fixes the values of ¢ times in the free energy as functions of the scaled
parameters ¢,, n = 1,--- ,£. The other times lead to a integral transform.
To see this, let us define

T, = N swer Z Rongln- (3.126)

n=0(+1

This equation determines the scaling of (,,. Notice that the scaling properties
induced on ¢, and (, are very different. Up to overall factors, we end up with
the integral

2p—2 2p—2 2p—2
/Hdt 11 (5t—toexp{2tt+F )}
n=0

q=2p—1—4¢

22 2p—2—4 2p—2—4
D
Dglop-1-elate / H dteXp{Ztt—i—F (o, s oo t9y 14y tQPQ)}.

(3.127)
For Hermitian matrix models, a similar result was obtained in [68]. Notice
that the integral transform will change the critical exponents of the model,
as noted in [68].
To illustrate our formalism we can look on to the example of free YM
theories at finite temperature [12, 10]

SU,UN) = apr U7 tr UV, (3.128)

j=1
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where
a; = %(ZB(Ij> + (=1)7  zp (). (3.129)

The equation for the critical surface reduces to
8" (ja; = 1)+ = =0, (3.130)

and by tuning the value of g we can reach any critical point. Notice that,
if we do not include the b, terms in the original action, only the first critical
point m = 1 can be realized in the model. In that case, one has

a(T) =1, (3.131)

which defines the Hagedorn temperature 7" = Ty. Also, if we do not include
the source terms involving by, we can turn on only a single scaling operator
in the theory and we recover the m = 1 model. When one includes the by, b
couplings one can also recover all the evolution times of the double-scaled
matrix model.
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Chapter 4

Plasma balls / kinks as solitons
of large N confining gauge
theories

In this work we would like to focus on confining gauge theories which have
two length scales: the confinement scale A and the temperature T = 571
The relevant order parameters in such theories have a spatial variation on
the scale of A=1. The gravity duals of these theories have blackhole solutions
which are localized on the boundary. It has been argued in [76, 8], that their
holographic dual corresponds, in the large N limit, to a localized region of
the de-confinement phase. This object has been called the plasma ball in
8], and it has a mass and a lifetime of o(N?). A qualitative gauge theory
discussion in [8] uses a balancing of positive surface tension and negative
pressure inside the plasma ball, to argue for its existence.

There is no doubt that it is important to study the plasma ball and
its dynamics. Besides its utility for the physics of gauge theories at finite
temperature, it is one more concrete laboratory for testing and studying
various conundrums presented by blackholes [32]. The fact that the blackhole
dual is localized on the boundary provides a greater handle on studying the
horizon and what lies behind it.

Before we begin to make headway into an understanding of these
problems, we need to have a dynamical handle on the plasma ball in the
gauge theory. This is a standard hard strong coupling problem. Here by
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strong coupling we mean large t” Hooft coupling A = NgZ,,. One natural
strategy is to use numerical techniques. However a direct numerical approach
is also difficult without developing a formalism within which we can ask the
right questions.

We present a partial answer to this question in this work. We will discuss
the plasma ball as a large N soliton which can be discussed in terms of
various order parameters which distinguish between the confinement or de-
confinement phases of the gauge theory. In order to do a concrete calculation
we will focus on a concrete model that was discussed in [8] in which an
interpolating solution was found between two bulk solutions of type IIB
string theory: the AdS soliton [71] and a blackbrane. Both solutions are
asymptotically R? x S! x S} where S! is the thermal circle of radius 3 and
Sj is a Scherk-Schwarz spatial circle of radius 27. The corresponding gauge
theory is a Scherk-Schwarz compactification of N' =4 SU(N) gauge theory,
on R? x S! x S}. The relevant and natural order parameters of this gauge
theory are the holonomies of the gauge field around S! x S;. In fact for
technical reasons we will compactify R? to a Scherk-Schwarz cylinder, so
that the Euclidean spacetime of the gauge theory is R' x S x Sj x SL. The
radius of S} is chosen larger than that of the S! and S} !.

We discuss the effective action of the gauge theory in the long wavelength
expansion defined by the confinement scale A. The effective action, in the
axial gauge along the non-compact direction z, is a one dimensional model
of three unitary matrices U(z), V(x) and W (x) corresponding to the zero
modes of the Wilson loops on S! x Sj x S!. Using the fact that we are
working with a confining gauge theory of adjoint fields which are all short
ranged (of the order of A™') one can integrate out V(z) and W(x) to arrive
at an effective action involving the single unitary matrix U(x), which has the
general form .

S = A_l/ da f(U)tr(0,U0,UT) + g(U) (4.1)
where A1 is the confinement scale, and f(U) and g(U) are gauge invariant
functions of U. f(U) and g(U) contain the information that the gauge theory
has a first order confinement/deconfinement phase transition.

It is possible to discuss soliton solutions of the general multi-trace model
using the Hamiltonian formulation together with the method of dealing with
multi-trace operators developed in [16]. However in order to exhibit a solution

! This additional compactification of the boundary does not disturb the bulk solution
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we simplify the effective action even further and present the soliton (plasma
kink) solution. It turns out to be the motion of the Fermi surface of the
many fermion problem that is equivalent to the matrix model in the SU(N)
invariant sector. This solution interpolates between the confinement and
deconfinement phases and has energy density peaked at the phase boundary.

In our investigations we realized that it is imperative to use the 2 + 1
dimensional phase space formulation of the classical Fermi fluid theory. The
collective field formalism, which is a hydrodynamical description in 1 4 1
dimensions inevitably leads to shock formation and singularities. It is not
clear whether a finite energy density soliton solution can be obtained within
collective field theory. The shocks are spurious singularities due to the
collective field description which correspond to the folds on the Fermi surface,
which are inevitable.

The plan of the chapter is as follows. In section 4.1 we describe the two
bulk geometries- the AdS soliton [71] and the black brane solution, for which
an interpolating domain wall solution was constructed in [8]. In section 4.2,
we present a qualitative discussion as to how one can arrive at an effective
description of the thermal gauge theory in terms of the holonomy matrices
around the various cycles of the boundary, starting from a four dimensional
gauge theory compactified on Scherk-Schwarz circles. For technical reasons
we will be working with a gauge theory compactified on two Scherk-Schwarz
circles. One can have two dual effective descriptions, in terms of either
the Polyakov line or the Wilson loop over the spatial cycle. We present
the general class of such effective matrix models. In the following sections
we will be working with a particular matrix model belonging to this class.
This model can be discussed in terms of an exact fermionic description
(78, 79, 80, 81, 82, 83]. We shall also discuss the collective field equations
[84] and indicate that their solution develops shocks in finite time.

In section 4.3 we discuss the phase structure of the model. This model
has two stable phases: the confined and deconfined phases, and it undergoes
a first order phase transition at a particular temperature. Later in the
section we construct the soliton (kink) solution which interpolates between
the two phases at the phase transition temperature. We then discuss some
of the properties of the solution, in particular the surface tension of the
soliton is discussed. We also present the localised (in one dimension) soliton
solution at temperatures greater than the phase transition temperature,
which approaches the confined phase in the two ends, and discuss some of
it’s properties.
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In appendix 4.5 we show that starting from the confined phase of the
theory, where the density of eigenvalues of the Polyakov line is uniform, we
reach the clumped eigenvalue distribution only asymptotically, and never in
any finite time. In appendix 4.6 we discuss the relation of the shocks formed
in the collective field theory description to the formation of folds in the Fermi
description.

4.1 Plasma balls in the large N gauge theory
and dual black holes

A plasma ball is a localized spherically symmetric bubble of the deconfining
phase of a confining gauge theory. In [8] using the AdS/CFT correspondence,
their existence was inferred by exhibiting a bulk solution that interpolates
between the AdS soliton[71] and the black-brane solution. The AdS soliton
(AdSS), is given by the metric,

ds* = L/ (e"?(dr? 4 Tordb? + dw?) + du?) (4.2)
TQW(U)
where,
1
Tor(u) = 1= (5(d+ 1))~ (@) (4.3)

Here we will be working with d < 3. The coordinate 6 is periodic with
periodicity 27, and 7 is the angular coordinate along the thermal circle of
the Euclidean theory, with periodicity 7 — 7 + (3, and the w; are the two
non-compact coordinates, while u is the radial coordinate. The boundary
topology is R? x S x S}, where S! and S} are the thermal and spatial cycles
respectively. From the expression for T5,, one sees that the spatial circle
shrinks to zero size at a finite value of w.
The black-brane (BB) geometry is given by the metric

ds? = L/ (e*?(Tpdr? + db? + dw?) + du® (4.4)

Ts(u)

with Ts(u) =1 — (%(d + 1)e*)~(@+1D " This metric continued to Lorentzian
signature has a horizon. Notice that when g = 27, the two metrics 4.2 and
4.4 are simply obtained from one other by interchanging the thermal circle
with the spatial circle. Since geometrically there is no difference between
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the two, the free energy of the two configurations must be the same at this
temperature. For § < 27, the free energy of the BB geometry dominates
the path integral while for § > 27, the free energy of the AdSS geometry
is dominant. In [8] a domain wall solution which interpolates between these
two solutions was constructed. Clearly such a domain wall solution exists
only for § = 27 when the free energy of the two phases is equal. The domain
wall is independent of one of the non-compact direction and in the other non-
compact direction the BB and AdSS geometry are asymptotically reached at
the two ends.

These solutions can be incorporated within the IIB string theory by
compactifying on S°, with the five-form RR flux turned on. This would
then have a dual boundary description in terms of the Scherk-Schwartz
compactification of the N’ =4 SU(N) SYM theory on a spatial cycle, with
thermal boundary condition on both the cycle S} and S;. The gauge theory
lives on R% x S! x S3. At 3 = 2 clearly the two circles are identical and can
be interchanged.

The above discussion suggests that a ball of large but finite radius of the
deconfined plasma can occur as a solution to the finite temperature effective
action of the gauge theory, at a temperature slightly above T,. At T = T,
there exists a kink solution interpolating between the confined and deconfined
phases.

4.2 Gauge theories on R* x S! x S}

From the AdS/CFT correspondence, these bulk geometries- the AdSS
geometry and the BB geometry correspond in the thermal gauge theory to
the confinement and deconfinement phases respectively [5]. These phases
are characterised by the expectation value of the Polyakov line, which is the
trace of the holonomy around the thermal circle,

U(wy,ws,0) = Pexp(—fATdT) (4.5)

w; are the two non-compact coordinates and the # is the angular coordinate
along the spatial circle, while P denotes path ordering. In particular,
the expectation value of tr U vanishes in the confined phase while in the
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deconfined phase it takes a non-zero value 2. Similarly one can define the

holonomy around the spatial cycle Sj.

V(wy,wy, ) = Pexp(—j{Ang) (4.6)

Since the role of the two circles are interchanged in the two bulk geometries,
it follows from the AdS/CFT correspondence, that trV' = 0 in the deconfined
phase, and it is non-zero in the confined phase . At 3 = 27, because the
two geometries are identical under the interchange of the thermal and spatial
circles, the effective action in terms of V' should be identical to the one in
terms of U. Later in this section we will qualitatively argue as to how one
can arrive at an effective action in terms of both U and V' and then in terms
of either U or V, starting from the four-dimensional gauge theory.

Since we will mainly be interested in the solution which interpolates
between the confinement and deconfinement phases as a function of one of
the non-compact direction, it should be possible to find the one dimensional
kink solution in an effective one-dimensional unitary matrix model. In order
to realize this in a gauge theory at large N, it turns out to be convenient to
work with R x S! x Sj x Sl where the S} is the spatial circle, obtained by
compactifying a noncompact direction previously labelled by the coordinate
wy. We introduce the holonomy along the spatial cycle S}

W(wy,1,0) = Pexp(—j(I{Aad&) (4.7)

This would correspond to replacing one of the non-compact directions of the
bulk geometry that we discussed earlier, with a circle without changing the
solution. Henceforth we shall set the noncompact direction w; = z.

4.2.1 Effective action in terms of the Polyakov lines
and Wilson loops
The bosonic part of the action of the general gauge theory will be written in

terms of the gauge degrees of freedom A, A,, Ay, A, as well as the scalar
fields ®; which transform in the adjoint representation. Here A; corresponds

2This basically reflects the fact that a quark in the fundamental representation of SU(N)
has infinite free energy in the confining phase and finite free energy in the deconfined phase
3This reflects a gluon condensate in the vacuum of the gauge theory [85].
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to the gauge field in the non-compact direction and we can choose the axial
gauge A; = 0. These fields are in general functions of (x, 6,7, «). Since
the Scherk-Schwarz compactification breaks supersymmetry, the fermions are
massive and the scalar fields get mass at one loop from quantum corrections.
They can therefore be integrated out from the quantum effective action.
Fourier expanding the gauge fields in all the circles and integrating out all
the higher KK modes around every circle, we get a effective theory in terms
of the zero modes of the fields: A%(z), AY(x), A%(z).

This effective theory in terms of the zero modes is gauge invariant, and
therefore we should be able to write it down in terms of the zero modes of the
the holonomy matrices U,V and W. From now on we will use the notation
U, V, W, to denote the zero modes of the above holonomy matrices.

The effective action will be a function of all possible gauge invariant
operators. The gauge invariant operators are constructed out of
the Zy invariant products of the polynomials of U, V and W and
their covariant derivatives, D,U, D,V, D,W,6 and are of the form
[tr(USV™WPi(D,U)™...), where the exponents l;, m;, p;, netc are
integers, such that the sum of all the exponents >, l; +m; +p; +n; +... = 0.
In the gauge A; = 0, the covariant derivatives are the same as the ordinary
derivatives. At sufficiently long wavelengths we neglect the higher derivative
terms which are suppressed by powers of the confining scale A=t

Depending on which of the holonomy matrices condense, there will be
three phases in the gauge theory. In the BB phase trU # 0, trV = 0 and
trlW = 0. In the other two phases one of the spatial holonomy matrices V'
or W will get expectation values, while the expectation value for the other
two vanish. However we are interested in an interpolating solution between
the black brane and the AdS soliton, and not in the transitions involving
all the three cycles. If we choose the radius R(S.) > R(S;), R(Sg), at the
temperature of interest, then from the supergravity solution it follows that
the cycle S! never shrinks and corresponds to (W) = 0 in the gauge theory.
We can therefore put W = 0 in the effective three matrix model to once
again obtain a two matrix model. The action for this will in general be very
complicated, with all terms that are allowed by gauge invariance. It will
contain words of the type tr(U™ V™ U"3....), and also derivative terms. The
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general action in the long wavelength expansion will be of the form,
Sepp = A7 /d:chl(U, V)tr|0,U)? + fo(U V)tr|o, VP +  (4.8)

[UV)(0,U8,V?) + f1(U, V) + h.c

where, A™! is the confinement length scale, f;’s are gauge invariant functions
of arbitrary polynomials of U, V and 3 with appropriate factors of N. At
B = 1/2m, when the size of the two cycles are equal, the effective action will
be invariant under U = V. Integrating over either the U or the V' we will
get a single matrix model in terms of V' or the U matrix.

Since the theory is confining and has a mass gap, we can integrate out
the V matrix, without worrying about infrared divergences, and we will be
left with a model, given by

S = A / de f(U)te(8,U8,U1) + g(U) (4.9)

where again A~! is the confinement scale, and f(U) and g(U) are temperature
dependent, gauge invariant functions. As in (4.8) we have neglected all the
higher derivative terms in the action, which are suppressed by powers of the
confining scale. Equivalently we could integrate out U to arrive at a matrix
model of V.

In the sequel we will mainly study the soliton solution of the simplest of
this class of models, given by 4.

S=A" /detr(|6xU|2) + EferU | (4.10)

Here we will assume that £ > 0 which ensures the existence of a first order
phase transition at some value of £. By rescaling + — A~'z, we can remove
the explicit A dependence from the above action to get,

5= /dmNtr(|f)xU]2) + €| (4.11)

where x is now given in units of A~!. Hence forth we will be using this form
of the action®.

4This model has previously appeared in the discussion of 1+1 dimensional gauge
theories [86]

STherefore all the quantities we calculate later in the text like the surface tension of
the phase boundary of the soliton, for example, will be given in units of the confinement
scale.
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4.3 Analysis of the one dimensional matrix
model

In this section we will analyze the phase diagram of the unitary matrix model
given by the action of the form (4.10). The matrix model described by
the action(4.10) can be discussed using two methods. One is to use the
collective field theory techniques as was done by Jevicki and Sakita[84]. This
is basically a collective field description in 1+ 1 dimension. The Hamiltonian
is written in terms of the density p(6,x) and velocity v(6,x) = OpIL(0, ),
where II is the canonical conjugate of p. The p(6,x) field is the eigenvalue
density field constructed out of the matrix U,

+o0o
p(0,2) = 3 pulw)e™e (4.12)
where p, = %tr(U ™). For example, from the matrix model described by
equation (4.10), we get the following collective field Hamiltonian,

2.3

?J2 T
Hey= [ a0 %+ T2~ o (4.13)

This Hamiltonian, gives rise to the following set of fluid dynamical
equations,

WD) D a0y, )) = 0 (114
&}gi’ ) + v(z, 9)—81}(;0’ 2 + 72p(z,0) 8p(a$9, 2 = —2¢pi(x)sinb

Here 6 is a periodic variable defined in the range [—7, 7] and z is a variable
defined in the range (—oo,+00). The collective field approach is only
valid for solutions which are spatially uniform,(for which v(z,6) = 0 and
Lp(x,0) = 0). The spatially non-uniform solutions generically develop

shocks in finite time, after which the collective field equations are not valid.
6

6 As discussed in more detail in appendix 4.6, this phenomenon can be understood from
the underlying fermionic theory. Infact if we change x — iz and v — —iv in equation
(4.14), we get the inviscid Burgers equation with a source term. In [89], it has been shown,
using the method of hodograph transformation, that the source free version of the Burgers
equation develops shock in finite time.
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A correct (and exact) way to analyze the model (4.10) is to rewrite the
model as a theory of interacting fermions [81] with the Hamiltonian (where
the 'z’ direction is identified with the Euclidean time).

H = / 461 (6)32(0) — € / 4060 (6) (4.15)

In the large N limit the fermion system will be classical and one can use
the phase space density, U(p, 0, z) such that,

/—d@ Up,0,z)=1 (4.16)

If a phase space cell is occupied then U(p,0,z) = 1 or else U(p,0,z) = 0.
Hence U(p, 0, x) satisfies the relation”

Up,0,2)* =U(p,0,z) (4.17)

The Hamiltonian written in terms of the phase space density is,

2
% = /dpdG%M(p,@,x) —£|/dpd96ieu(p,9,a:)\2 (4.18)

In terms of U(p, 0, z), the density and velocity p(6,x) and v(0, z) are,

p(0, ) :/;l—ib{(p,@,a:), v(0,z) = %/;l—pp U(p, 0, x) (4.19)

In the appendix we will further discuss the relation between the phase
space and collective field theory approach and we will interpret the shock
formation as the formation of folds on the Fermi surface. Hence the shock
singularities are artifacts of the collective field approach and are resolved by
a more accurate treatment.

In the following sections we will analyze the solutions of the fermionic
Hamiltonian (4.18). We will start by describing the spatially uniform solution
(phases of the theory) and then describe the non-uniform interpolating
solution (plasma kink).

"The relation (4.17) is true only at large N. At finite N, U satisfies the relation,
UxU = cos 55 (090 — 0,00 ) [U(p, O)UW', )] |y =p,0r=0 = U [83], which reduces to equation
(4.17) at large N.
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4.3.1 Spatially uniform solutions

Here we analyze those solutions where the density of the eigenvalues of the
matrix U is uniform over the direction x. In this case the location of the
Fermi level will also be constant in x. Classically p can always be chosen to
be an even function of . Then the potential in the equation (4.18) becomes,
([ dp% cos OU(p, 0, x))%. In the Hatree Fock approximation, the phase space
evolution equation for a single particle is,

0 = p (4.20)
p = —2pi(x)sind

Where p;(z) = fdp% cos O0U(p, 0, x) and 0 = %9, p= %p. For a spatially
uniform solution, p; is independent of x and we can integrate the above
equations to get,

p* = 2(E + 2£p; cos ) (4.21)

where F is the energy of the particle. Therefore for a particle on the Fermi
level, we have,

Dy = :E\/Z(Ef + 2£p; cos ) (4.22)

where py correspond to the upper and lower branches of the Fermi level.
Consequently

V2

p(0) = 72\/Ef + 2€py cos . (4.23)

One has to satisfy the normalization condition given in equation (4.16) and
the self consistency condition for p;, which effectively solves E¢ in terms of
¢ and py

/d&é VE;+2picosf =1 (4.24)
™

2
/d0£ COSO\/Ef + 26pycosl = py
T

Depending on whether |%| <lor |%| > 1, the integrals in equation(4.24)
will be evaluated between the limits [—6g, 6y], with 6y < m, or over the
full range [—m, +7]. The former case corresponds to the gapped phase, as
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p(0) = 0 outside[—0y, 6y].), while the latter case corresponds to the ungapped
phase).

One can study the different static phases of the model, by solving
the self-consistency and the normalization conditions given in equation
(4.24) simultaneously. This is hard to do analytically, but can be studied
numerically. However it would be useful to have an understanding of the
various phases as extrema of the potential in terms of p. This potential can
be obtained from the Hamiltonian given in equation (4.18), using equations
(4.19, 4.22) to integrate over p. We then obtain,

H = /dé’%pzﬂ + V([p]) (4.25)
where,
Vi) = [a6™ L elonP (1.20

The potential of the model is actually a function of the infinitely many
Fourier modes of p. Note that the static phases are all of the form given by
the equation (4.23). It is therefore useful to parametrize p by

o0

p= Z a, cos(nb) (4.27)

n=0

With this parametrization, the uniform phase solution is given by ay = %,
and all other a,, = 0, while the gapped phase corresponds to a, = 0, for
n > 1 and ag, a; taking appropriate values. With this parametrization, the
potential will be a function of the a,. Since all the phases of the theory lie
in the plane given by a,~; = 0, it will be enough to restrict to this plane.

We therefore parametrize py by the following form.
Pr = £/2(F + 2£C) cos ) (4.28)

We determine £ in terms of C) by the normalization condition (4.16).
Then substituting this in the expression for the potential, the potential
becomes a function of only one parameter C';. Then we can numerically
calculate the potential given by the equation(4.26) as a function of C; (see
figure 4.1).

We now summarise the key points from our analysis of the phase structure
of the model in consideration.
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Figure 4.1: Plot of V(Cy) with €} with £ = 0.22, £ = 0.23, £ = 0.237,
¢ =0.245 and & = 0.25, with value of £ increasing from the top curve to the
bottom.

e At low enough values of £, there is a single phase where p(0) = % or
Dy = :I:%. Here C; = 0. This is the uniform phase of the eigenvalue
distribution.

o At £ = ¢, = 0.227 there is nucleation of two phases for which p(6)
is no more a constant. Both the phases have a gapped eigenvalue
distribution. One phase is unstable (/1) and the other is stable (111).

e The first order phase transition between the phase I and phase 11
occurs at £ = & = 0.237 and C; = 0.4408, £ = 0.1711.

e The phase I becomes locally unstable at £ = & = .25

o At £ = & = 0.23125, and C = 0.3336, phase I] has a gapped to
ungapped transition, this is the point of the third order GWW phase
transition.
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4.3.2 Spatially non-uniform solutions: plasma kinks

In the previous section we have analyzed the phase structure of our model.
In particular we saw that at £ = 0.237, the two stable phases (the confining
and the deconfining phases) of the model have the same free energy. In this
section we will first describe an interpolating domain wall type solution from
the deconfined phase to the confining phase, at this value of £&. Later in the
section we will also construct a localised soliton solution which reaches the
confined phase for large values of |z].

The confining phase is described by a constant Fermi level which is given
by the following equations in phase space,

N 1
Dy = j:§ (4.29)
While in the deconfining phase, the Fermi levels were given by,
Pr = £/2(E + 2£C) cos §) (4.30)

Therefore we are looking for solutions in which the Fermi level evolves from
(4.29) to (4.30). In terms of the geometry of the Fermi level it is a evolution
from a band like to an ellipsoidal structure fig. 4.2.

Figure 4.2: A schematic picture of the Fermi levels.

In terms of p, the solution has the property,

1
p0,z) - —, x— —o0 (4.31)
2m

2
p(0,x) — %\/E—i-%pl cos, = — o0

Now in general the Fermi level will be described by the vanishing of some
implicit function f(#,p,z) = 0. In the static case,

f(p,0) = (py — \/5\/E +26C cosO)(p- + \/5\/E +2£C cosf) =0 (4.32)

93



In the general case f(p,0,z) is not of this simple form and may have more
roots. This corresponds to the case where the upper and lower Fermi levels
develop folds and become multi-valued in 6. 8

As each point in the phase space satisfies the equation, 8 = p,p =V’ (9),
one can derive the time evolution of the function f to be,

Ouf + pOaf + V'(0)0,f =0 (4.33)

It would be interesting to try and solve the above equations numerically as a
boundary value problem. We have not been able to do this. Instead we take
a variational approach to the problem, and make a simple but reasonably
accurate ansatz for the Fermi level. We will now summarise the main steps
of the analysis.

e We choose an ansatz for the Fermi level similar to the form in the static
case,

f(p,0,2) = (py —7p(0, 2) +v(0,2))(p-+7p(0, ) +v(0,2)) =0 (4.34)

with p given by,

p= g\/E(x) +2£C (z) cos b (4.35)

where the E(x), Ci(z) are functions of xz. This would be a good
approximation if the E(z), Ci(z) are slowly varying functions of x.
What we are doing in effect is to approximate the actual solution by
a two Fermi surface solution throughout the evolution of the system,
always given by the two curves p = py.. Therefore p are of the form,

P = £V2\/E(x) + 26Cy (z) cos O + v(6, x) (4.36)

E(z) is determined in terms of Cj(z) by the condition (4.16) or
equivalently

/d@g\/E(m‘) +2¢C(x) cosf =1

8In fact as is shown in appendix 4.6 the folds are inevitably formed no matter what
Fermi level configuration one starts with.
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We determine v(6, z) by the continuity equation,

d do

— 0,x)dp— =0 4.37

e (1.37)
The solution of the continuity equation is given by,

1
p(0,z)

0 ~ ~ ~
v(0,z) = (%/0 dOp(0,z)do) (4.38)

Next, substituting this form of p(#,z) and v(#,z) back into the
Hamiltonian and performing the 6 integral, we get,

H=CPK(C,) —V(C) (4.39)

where C] = %C’l (x). Hence the whole problem is reduced to a quantum
mechanical problem of Ci(z). The function K(Cy) and V(C}) are
determined numerically, and K(C}) is positive and non-zero. Along
the propagation in x the quantity H is conserved. This conservation
law is used to determine the relation,

d ., [E+V(Cy)
20\ ke (4.40)

The above equation is integrated numerically to obtain C;(z) as a
function of . Knowing C(z) enables us to determine the phase space
density U(p, 0, x). The plot of Ci(z) as a function of x is shown in figure
(4.3). It should be noted that the soliton rises slowly but approaches
the other end relatively fast. This follows from the asymmetric nature
of the potential.

It is important to check for the self consistency of this ansatz. This can
be done by substituting the p;(z) obtained from our ansatz into the
single particle equations and see how they evolve in x under this p;.
One can then compute the p;(x) obtained from this exact evolution at
each instance of x, which we denote by p{(x) and compare with p;(x)
obtained from the ansatz. If p;(z) were an exact solution, then one
would get p§(x) = p1(x). This is checked numerically. We started with
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Figure 4.3: Plot of C(z) (green), p(x) (red) and free energy density (blue,
not in scale)

50 x 50 particles uniformly distributed over the phase space region
p € [—3,3],0 € [0,27]. This gives us the band like Fermi level in
figure 4.2. We study the evolution of the individual particles under
the driving force 2£p;(x) and calculate the p{(x) from the phase space
distribution of the particles. We present the plots comparing the two

values of p;(z), in figure 4.4.

e One may also look at the snapshots of the phase space particles. In
figures 4.6 and 10 we have presented two snapshots taken at x ~ 11.9
and at z =~ 11.6. We see from the plots that the system is driven to
the gapped phase configuration to a good accuracy. The phase space
snapshot at the later value of x matches very well with the expected
Fermi distribution in phase I1] at & = 0.237. This means that we are
indeed reaching very near to the phase I11.

We also find that during the evolution of the Fermi sea, folds are formed
on the Fermi level. As we discuss in the appendix 4.6 this is inevitable.
However the area under the folds is a small fraction of the area of the
full Fermi surface. This shows that our ansatz of a Fermi level with no
folds, is self-consistent.
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Figure 4.4: Plot of p{(x) (green) and p;(z) (red) with =

One also sees from the phase space plots that, as discussed in appendix
4.5, p(0,x) # 0 for all .

If we continue to plot the evolution of the phase space particles for
long times, we will see that the value of p§(x) will start falling from it’s
value in the gapped phase, and the particles will disperse away from
the ellipsoid as the system will move away from the gapped phase. This
happens because even though the p; we obtain from our ansatz drives
the system very near to the gapped phase starting from the uniform
phase (as is evident from the phase space plots), it does not take it
exactly to the gapped phase, since no matter how good the ansatz is it
is not the exact solution®. If we continue to the evolve the system this
error will start accumulating and the system will again disperse away
from the gapped phase. This problem would not occur if we could do
the exact numerical simulation for the soliton in the phase space as a
boundary value problem with value of p%(z) fixed at both ends.

An important quantity that we can determine from our solution is the
surface tension. The surface tension in general could either be positive or

9This is clear since in the correct solution folds are always formed no matter how small.
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negative at the phase boundary. However, for lagrangians with positive
kinetic terms, which is true in our case, the surface tension also turns out to
be positive.

In one dimension surface tension is defined as the total free energy of the
soliton, which in turn is the total action for the soliton. Hence the surface
tension o is, (see [87])

+o0
o= 2/ dzx (V(C1(2)) — Viacuum) (4.41)

This quantity at & = & = 0.237 is numerically calculated to be,
o = 0.0027.

4.3.3 Localized soliton- plasma ball

In the previous section we constructed an interpolating kink solution for
& =&, For € between & and &, the two minima corresponding to phase [
and phase I11 have different free energies (figure 4.1) and in particular, the
minima corresponding to phase I(C; = 0) is a false vacuum. In this case
there exists a soliton solution which is localized in the x direction, and which
goes to C; = 0 at both x — oo [88].

Such a solution has a simple interpretation in terms of a particle in real
time moving in a potential —V(x). From the conservation of the Hamiltonian
(4.39), it is obvious that if we start from C; = 0 at x = 0, the solution never
reaches phase I11. It will bounces from a finite value of C}, and comes back
to the phase I again, where C} is determined by the relation V(Cj) = V/(0).
In Fig 4.5 we present a schematic plot of —V(C}) and the bounce solution.

As before, one can construct such a solution numerically (see figure
4.6). This solution has a natural interpretation as a bubble of deconfined
plasma within the confined phase. The plots shows two interesting trends.
The first one is that the width and height of the soliton both increases as
¢ — & = 0.237 from above. The second one is that as £ — &, the height
of the soliton decreases, but the width of the soliton also increases. Hence
width of the soliton comes to a minimum at some value of £ between &; and
&.

One can define the width w of the localized soliton as a measure of the
spread in x over which the value of C drops to a specified fraction C, of
it’s maximum Cj,. As £ — &; the localized soliton becomes the semi-infinite
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Figure 4.5: Plot of V(C}) showing the bounce solution below.
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Figure 4.6: Plot of C}(z) as a function of x at £ = 0.245 (violet), £ = 0.24
(red), £ = 0.238 (green) and & = 0.2375 (blue).
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soliton discussed in the previous section and consequently the width of the
soliton goes to infinity. It would be interesting to calculate the change in the
width of the soliton with & as & — &;. In this limit, C} almost reaches Cpy;.
The equation of motion is given by,

2K (C)C] +2K'(C,)CE = V'(Cy) (4.42)

where Cf = £Cy, K'(Cy) = d%lK(Cl), and similarly V'(Cy) = d%lV(Cl).
Expanding K (Cy),V(C;) around C; = Cpy;, and using the fact that
V'(Cyyr) = 0, and O will be small and negligible near C; = Cj;; (because
Cyyr is a turning point), we get from equation(4.42)

d2

5001 = A(Ci11)3C) (4.43)

where 6C) = Cyyy — Cy and A = i),
Using the boundary conditions, 60C(0) = (Cy;r — Cy) and %501(0) =0,

one can solve the above equation to obtain,

501 = (C]]] — Cb)(COSh<\/Z£L') (444)

If we define B = C}, — C, then the width w is given by,

., B

Crir — Gy
Since Crr — Cy, — 0 as £ — &, it follows that in this limit the leading &
dependence of Cyrr — C, will be of the form Crp — Cy ~ (€ — &)%, where a

could be any real positive number. Putting this dependence back into the
above equation, and solving in the w — oo limit, we get,

1 = cosh(vVAw) (4.45)

w o< —log(§ — &) (4.46)

Hence we see that the width of the soliton diverges logarithmically with £ —¢&;.

4.4 Conclusion

In this chapter we have a presented a o(N?) soliton solution of a confining
gauge theory which interpolates between the confining and deconfinement
phases separated by a first order phase transition. The soliton is a solution
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of the large N, long wavelength effective action of the gauge theory expressed
in terms of the thermal order parameter (Polyakov line). The general three
dimensional effective Lagrangian would have to contain higher derivative
terms to support a solitonsolution and this would make the problem
technically very difficult. However, in the present work we have analyzed a
simpler one dimensional example. We have presented a qualitative discussion
on the possible connection of this model with a higher dimensional confining
gauge theory which has a gravity dual. The soliton that we have found
numerically is a finite region of the deconfinement phase (plasma kink/ball)
with a positive surface tension at the phase boundary. The free energy density
is also a smooth function every where in space.

Even though the soliton solution is obtained in a thermal gauge theory
formulated in Euclidean spacetime it is reasonable to expect it to be a static
solution in Lorentzian spacetime at finite temperature.'® This fact can be
inferred by observing that the bulk solution can be analytically continued
from Euclidean to Lorentzian spacetime. Given these facts it is tempting
to identify the phase boundary as dual to the horizon of the blackhole. A
more precise understanding of this correspondence will enable us to explore
the structure of blackholes, especially ‘inside the horizon’ and address very
directly the persistent question of the blackhole singularity.

4.5 Appendix: Analysis of the clumping in
the eigenvalue distribution in finite time

In this appendix we will prove that if we give a small perturbation around
phase I, p(6, z) never becomes 0 near the point # = 0, at any finite z. Let us
solve the equations of motion for individual phase space points near # = 0.
Near § = 0 we can make the approximation, sinf ~ 6. The equations of

motion can be written as,
Py _ p
(0) = M(x) (9) (4.47)

M(z) = ((1) 25’%“”) (4.48)

where,

10Tn this case the holonomy matrix V(z) may be a more appropriate order parameter.
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Here we start by approximating p;(x) with with a step function such that

p(x) = p, >0 (4.49)
=0, <0 (4.50)

The solution of the equation is given by the condition,

B p(z)\ _ (p(0)

exp(—Mzx) (9(x)> = (0(0) (4.51)
If we look at the Fermi level given by, pi(0) = %pp, then at "time” z the
position of the Fermi level will be,

Pe(z) = o F
* cosh(y/2&xp)

As |p1(x)] < 1, py(x) does not reach 0 at any finite time. Similar result
seems to be true for a time dependent p;. Consequently, eigenvalue density
function p(0) = py(0) — p—(0) is always non-zero at the point 6 = 0. Hence
any gap in the eigen value distribution can not open in finite time. However,

the solution may asymptotically reach a gapped phase.

(4.52)

4.6 Appendix: Shock formation in the
collective field equations and folds on the
Fermi surface

In this section we will show that the collective field equations develop shocks
in finite time which can be understood from the underlying phase space
picture as the formation of folds on the Fermi surface. The collective field
equations may be derived from a classical theory of fermions. Consider first
the theory of free fermions. We are looking at the phase space description
of this theory. The motion of individual phase space points are described by
the equations,

0=p,p=0 (4.53)

From the above equation we can determine the equation of motion for a
particle on the Fermi surface to be,

OuD + pOsp = 0 (4.54)
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Figure 4.7: Fermi level

where p denotes the value of p at any point on the Fermi surface.

Now if the profile of the Fermi surface is such that for each value of 8,
there are exactly two points lying on the Fermi surface, one on the upper
and lower Fermi level each (like in figure (4.7)), then we have

OxPy + DiOppr =0 (4.55)

where p1 characterize the points on the upper and lower Fermi levels
respectively. The source free version of the collective equations in (4.14) are
simply linear combination of the above two equations (see [81]), governing
the dynamics of py + p_ and p, — p_, which are proportional to v and p
respectively from (4.19).

This identification with the collective field equations is perfectly fine for
a fluctuation of the form shown in the figure (4.7). However because of the
equation of the motion, points of the curve which are higher, have greater
velocity than the lower points, hence even if we start with a simple profile
like that given in figure (4.7), the profile changes due to the unequal velocity
of the various points lying on the Fermi level to a profile of the form given
in figure (4.8). In figure(4.8), where the profile becomes multi-valued, the
identification is not as before, since there are more than two values of p
corresponding to the same value of x. For instance, if at a point the Fermi
profile has a multi valuedness of the ”order four”, that is there are four values
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Figure 4.8: Fermi level

of p corresponding to the same value of 6, then the equation for p becomes

2mp(0) = [ " dp U(p,0) + /

p3 P

P

Cdp U(p. ) (4.56)

and similarly for the equation for pv. One can easily see that one cannot
derive the simple collective field equations in this case. Hence the collective
field equations do not describe the dynamics of the Fermi surface at all times.

However we can still look at the the topmost value of p as p, and the
lowest value of p as p_. In that case the equations governing the dynamics of
p+ + p_ and p, — p_ are the same collective field equation throughout, but
then we see clearly from figure (4.8). that the values of these variables jumps
at 0 = 6y, and hence the 6 derivative blows up at this point. This jump
will correspond to the shock of the collective field equations. Note that the
description in terms of the fermion phase space is always perfectly smooth
since it is after all the theory of free fermions.

In our case we are dealing with a 1+ 1 dimensional interacting Euclidean
fermionic theory given by a Lagrangian of one fermionic field ¥ (6)

L = /dG\IJTax\IJ—i—]@g\If]Q (4.57)
9¢ / 040"V (6) W (6) cos(6 — 6) ()0 (8))

These equations give rise to the equation of the form (4.14). The phase space
arguments discussed here will continue to hold even in this case again leading
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to shock formation in finite time (see fig 4.10). But the theory viewed as a
theory of fermions will still be valid.
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Figure 4.10: Phase space particles at z ~ 11.6 showing shocks at around
0 ~ —0.8 and 6 ~ 0.8.
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Chapter 5
Epilogue

In our work we concentrated on finite temperature gauge theories and the
AdS/CFT correspondence. Even if one starts with a super-symmetric gauge
theory, the super-symmetry will be broken by finite temperature effects. It
is difficult to make a systematic study of these problems using analytic or
numerical methods. Our approach was to study gauge theories, using the
Polyakov loop as an order parameter and arrive at an effective unitary matrix
model. We have shown that analyzing these effective matrix models, one may
learn interesting information about gauge theories and their gravity duals.
With more thorough and improved analytical studies we believe that our
type of approach will provide more information about gauge theories and
the nature of the AdS/CFT correspondence. The exact value of the co-
efficients appearing in the effective unitary matrix models are difficult to
calculate analytically and many important facts including the calculation of
black hole entropy depend on them. Numerical techniques using monte-carlo
simulations may be important in these situations [90]. In our studies we have
entirely neglected the questions related to the real time dynamics of the finite
temperature gauge theories. We used Polyakov loop as our order parameter
and by construction it does not carry any information about the real time
dynamics. Progress in fluid dynamical view point and understanding of
the viscosity-entropy relation [91] is an important step to study the finite
temperature , real time gauge theory. In our future work we would like to
venture in this direction.
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