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We discuss the spontaneous breaking of the chiral symmetry in quantum chromodynamics (QCD) in the framework
of the string/gauge duality. A relation between string theory and gauge theory was firstly pointed out by’t Hooft in
1974. His statement is as follows; the perturbative expansion of SU(N ) gauge theory can be considered as string loop
expansion under large N_ limit with fixed g ,,N,, where g,,, is the gauge coupling of the gauge theory. It suggests thet
there is a correspondence between large N_gauge theory and string theory. In 1997 Maldacena proposed an interesting
conjecture, so called the Ads/CFT correspondence. This correspondence relates a weakly coupled string theory
in (d+1)-dimensional anti de Sitter (AdS) spacetime (times a compact space) to a strongly coupled d-dimensional
conformal field theory (CFT). The AdS/CFT correspondence provides a new non-perturbative approach to strongly
coupled gauge theories. Recently the AdS/CFT correspondence was extended to the string/gauge duality, which is a
generalization to non-conformal and non-supersymmetric theories. The string/gauge duality can provide a useful tool
for analysis of low energy behaviors of QCD such as the confinement and spontaneous chiral symmetry breaking.
This approach to QCD is often called the holographic QCD.

In this doctoral dissertation we consider two different holographic models of QCD. One of them is the general
intersecting Dg/Dp brane model consisting of N_ Dg-brane and a single probe Dp-brane. The other is the Dg/Dp-
Dp brane model in which we use N, Dp-Dp-brane pairs as probe brane. In both models there is an s-dimensional
intersection between Dg-branes and probe brane. The theory localized at the intersection contains quarks and gluons
in the fundamental and the adjoint representation of SU(N ), respectively. Such theory is QCD-like. We simply call
this theoly QCD,,,. There are many brane configurations which are dual to QCD_,;. However we can classify these
configurations by a pair of numbers (q+p, )

The differences between the Dg/Dp model and the Dg/Dp-Dp model appear in the treatments of the chiral
symmetry and the quark mass. In the Dg/Dp model there are configurations having the directions transverse to both
Dg-branes and Dp-brane. Such configurations are called non-transverse intersections. The rotational symmetry SO

(9-g-p+s) of such directions can be regarded as the chiral symmetry of QCD_,, for certain (q+p, s). In the class (6, 1),



which is dual to QCD,, there is an SO(4) symmetry and it is regarded as the non-Abelian chiral symmetry SU(2) xSU(2)...
In the class (10, 3), which is dual to QCD,, there is an SO(2) symmetry and it is regarded as the Abelian chiral symmetry
U(1),. For non-transverse intersections, we can separate Dg-branes and Dp-brane in the directions transverse to
these branes and break the rotational symmetry. In the holographic description this deformation makes quarks on
the intersection massive and leads to an explicit chiral symmetry breaking. The asymptotic separation between these
branes is identified with quark mass. Therefore we can study the chiral symmetry breaking with a non-vanishing
quark mass.

Alternatively, the situation of the D4/D8/D8 model with s =3, which is an interesting example of the Dg/Dp/Dp
model and dual to QCD,, is quite different. In this model quarks at the intersection are always massless since there
is no directions in which we can separate both branes. However the gauge symmetry U(N,),,xU(N,)5; on the probe
D8-D8-brane pairs can be regarded as the non-Abelian chira symmetry U(N)) xU(N))..

In both cases the breaking of the chiral symmetry is closely related to the configurations of the probe branes. In
terms of the string/gauge duality we can study the dynamics of strongly coupled large N, QCD_,,. The near horizon
limit and the probe approximation allow us to treat the Dg-branes as a background geometry and the Dp-brane or
Dp-Dp-branes as a probe which do not affect this background geometry. We study the dynamics of the probe branes
in the Dq background geometry at zero and finite temperature. T (and also at finite chemical potential x) for the above
two models. The temperature T is related to a period Jz. of the S' compactified Euclidean time coordinate as T = 15t
The chemical potential x for the baryon number symmetry is introduced as a non-vanishing asymptotic value of the
time component of U (1) gauge field on the probe brane A,~ .

In the Dg/Dp model at zero temperature we fine that the Dp-brane embedding breaks the rotational symmetry
of the transverse space. The quark mass m, and the quark condensate < wy >can be read from the asymptotic
behavior of the Dp-brance embedding. In particular there is a non-zero quark condensate even for massless quark
limit. This corresponds to the spontaneous breaking of the chiral symmetry of QCD_,, for certain (g+p, s). Since
the vacuum embedding spontaneously breaks the rotational symmetry SO (9—g—p+s) to SO (8—g—p+s), there should
appear massless Nambu-Goldstone (NG) bosons. Indeed we find (8—g—p+s) massless NG bosons associated with the
spontaneous symmetry breaking by studying the fluctuations around the vacuum embedding. If quarks have a small
mass the resulting NG bosons becomes pseudo-NG bosons with a non-vanishing mass. In the finite temperature
analysis two types of Dg-brane background geometries are possible. One of them is dominant at low temperature and
this background corresponds to the color confining phase. The other is dominant at high temperature and corresponds
to the color deconfining phase. The phase transition between these two backgrounds corresponds to the confinement/
deconfinement phase transition. As in the zero temperature analysis we also find that the Dp-brane embedding breaks
the rotational symmetry of the transverse space. In the high temperature phase we fine that the chiral symmetry
restores only at high temperature limit 7 —oo.

In the D4/D8-D8 model we introduce a chemical potential x for the baryon number symmetry U(1), as well as
temperature T. We fine that the D8-D8-brane embedding breaks the gauge symmetry on the probe brane pairs as
U(N))pgXU(N)5s—U(N,) . In the low temperature phase there are only U-shaped embeddings for which D8 and
D8-branes are connected each other. This corresponds to the chiral symmetry breaking U(N) xU(N)).—U(N)),. In the
high temperature phase another type of embeddings is possible in addition to U-shaped embeddings. This is straight
disconnected D8 and D8-brane embedding and this type of embeddings preserves the chiral symmetry. There is a
phase transition between these two types of embeddings, and this transition corresponds to a chiral phase transition in

QCD,. This phase transition is of the first order. We obtain the phase diagram in u-T space.
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