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Introduction

Realizing field theories as low energy theories on
branes in string theory has been a fruitful avenue of
research in recent years. Sometimes, non-trivial field
theory dynamics clarifies the behavior of branes in
otherwise inaccessible regimes. In other cases it is the
other way around.

ExamB‘es include:
e Seiberg duality.
e Seiberg-Witten theory.
e AdS/CFT.

In general, our understanding of the dynamics is
enhanced by keeping in mind both points of view.
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Introduction

Realizing field theories as low energy theories on
branes in string theory has been a fruitful avenue of
research in recent years. Sometimes, non-trivial field
theory dynamics clarifies the behavior of branes in
otherwise inaccessible regimes. In other cases it is the
other way around.

Examhes include:
e Seiberg duality.
e Seiberg-Witten theory.

o AdS/CFT.

In general, our understanding of the dynamics is
enhanced by keeping in mind both points of view.
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Introduction

Realizing field theories as low energy theories on
branes in string theory has been a fruitful avenue of
research in recent years. Sometimes, non-trivial field
theory dynamics clarifies the behavior of branes in
otherwise inaccessible regimes. In other cases it is the
other way around.
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Introduction

Realizing field theories as low energy theories on
branes in string theory has been a fruitful avenue of
research in recent years. Sometimes, non-trivial field
theory dynamics clarifies the behavior of branes in
otherwise inaccessible regimes. In other cases it is the
other way around.

Examples include:
e Seiberg duality.
e Seiberg-Witten theory.

o AdS/CFT.

In general, our understanding of the dynamics is
enhanced by keeping in mind both points of view.

(no source spedials found) -78,492pt | Page: 2 (2nd of 19)
[ e ——— L T



Yap 2.4.1803 - [perimeter.dvi]

) Fle View Tools Window Help =
E88 FT43L 9 200 TT BEEEHR YDA

Introduction

Realizing field theories as low energy theories on
branes in string theory has been a fruitful avenue of
research in recent years. Sometimes, non-trivial field
theory dynamics clarifies the behavior of branes in
otherwise inaccessible regimes. In other cases it is the
other way around.

Examples include:
e Seiberg duality.
e Seiberg-Witten theory.

e AdS/CFT.

In general, our understanding of the dynamics is
enhanced by keeping in mind both points of view.

2

(o source spedials found) -199,663pt Page: 2 (2nd of 19)



Yap 2.4.1803 - [perimeter.dvi]

) Fle View Tools Window Help e
2SS T4 L = @0¢TT EEgN YO

Today | will discuss a system that follows the same
pattern — a string model which realizes QCD as the low
energy theory on a collection of D-branes. One of the
interesting features of this model is that it embeds QCD
in a wider class of theories which exhibit confinement
and chiral symmetry breaking for all (generic) values
of the parameters and can be solved in different limits
using different techniques.

In particular, one can analyze the spectrum of
mesons and their interactions, the behavior of the
theory at finite temperature and density, and other
properties. So far, this has been achieved in regimes
in parameter space in which the theory is not QCD,
but it is in the same universality class. We hope to
eventually extend the results to the QCD regime.

Another nice aspect of this model is that it allows
one to describe in a uniform way different looking
systems in various dimensions that exhibit similar
phenomena (J. Harvey's lecture).
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Pure Yang-Mills from D-branes

We start with a system of N. D4-branes in |IA
string theory, which we will take to be stretched in
the directions (01234). The low energy theory on the
branes is 4 + 1 dimensional supersymmetric SU(N,)
Yang-Mills (YM) theory with 16 supercharges. The
strength of interactions in this theory is determined by
the 't Hooft coupling

A= g.NJd,=g°N_

where g is the five dimensional gauge coupling of the
theory and g. the string coupling.

We will study the dynamics in the limit
gs—0, N.— ¢

with gsN,. large but fixed.

(no source spedals found) -199,598pt Page: 4 (4th of 19)
[ e — o o e e



Yap 2.4.1803 - [perimeter.dvi]

) Fle View Tools Window Help 7]
2SS T4 L &= e TT BHEEMYMa

We start with a system of N. D4-branes in IIA
string theory, which we will take to be stretched in
the directions (01234). The low energy theory on the
branes is 4 + 1 dimensional supersymmetric SU(N,)
Yang-Mills (YM) theory with 16 supercharges. The
strength of interactions in this theory is determined by
the 't Hooft coupling

A= g NI, = g°N.

where g is the five dimensional gauge coupling of the
theory and g, the string coupling.

We will study the dynamics in the limit
gs—0, N.— oo

with ggN. large but fixed.
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The coupling A is a length scale. For energies < A
the theory is weakly coupled. The coupling increases
with the energy, and at E ~ 1/)\ the gauge theory
description breaks down.

String theory resolves this problem by embedding
the 4 + 1 dimensional gauge theory in a 5 + 1
dimensional CFT (the (2,0) theory on N. Mb5-branes)
compactified on a circle. The transition between the
441 and 5+ 1 dimensional regimes occurs at distances
of order A\

To study QCD one needs to break SUSY and reduce
from 4 + 1 to 3 + 1 dimensions. £ \Vitten proposed
to do this by compactifying (say) x*:

2t ~zt + 27 Ry

The fermions on the Dd4-branes are taken to have
antiperiodic boundary conditions around the circle.
Thus, at energies < 1/R, they disappear from the
spectrum. Scalars on the branes also get masses from
loop effects and decouple at low energies.
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The coupling A is a length scale. For energies < A
the theory is weakly coupled. The coupling increases
with the energy, and at E ~ 1/) the gauge theory
description breaks down.

String theory resolves this problem by embedding
the 4 + 1 dimensional gauge theory in a 5 + 1
dimensional CFT (the (2,0) theory on N. M5-branes)
compactified on a circle. The transition between the
441 and 5+ 1 dimensional regimes occurs at distances
of order A

To study QCD one needs to break SUSY and reduce
from 4 + 1 to 3 + 1 dimensions. £ \Vitten proposed
to do this by compactifying (say) =*:

z* ~ ' + 27 Ry

The fermions on the D4-branes are taken to have
antiperiodic boundary conditions around the circle.
Thus, at energies < 1/R, they disappear from the
spectrum. Scalars on the branes also get masses from
loop effects and decouple at low energies.
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The only remaining massless degrees of freedom
are the SU(N_.) gauge fields. Their 3 + 1 dimensional
't Hooft coupling is

B A
"~ 2xRy

A4

If A4 is small their dynamics is described by pure YM
theory. This theory generates dynamically a scale

| =
-"-I'!'-QC'DE E-&! v y

which is much smaller than other scales in the problem,
such as 1/R4, 1/A  In this regime the theory is
expected to have a discrete spectrum of glueballs with
masses of order Agep, but its detailed structure is
unknown.
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YM theory is hard, but here it is embedded in a
larger set of theories labeled by ;. YM corresponds to
As < 1. In the opposite limit, Ay > 1, the dynamics
simplifies. One can replace the D4-branes by their
near-horizon geometry,

ds® = (E) " (Mdsda” + F(U)(dz*)?)

R
U\~ 2 [ dU?
= & EdQE
+(R) (f[U)+U *)
where
R =7\
Ue\”
= B bkl )
F(U) ( x )
47 A
Uk = ?R—E

In this geometry, U > Upgg. This is related to
confinement (the force between static quarks is linear).
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One can use supergravity to compute the spectrum
of glueballs, by studying fluctuations about the
solution. Can also compute the deconfinement
temperature,

Ty~ 1/Ry
and other finite temperature properties.

The theory described by supergravity is not YM,
but it is obtained from it by varying the continuous
parameter \y. One does not expect to encounter a
phase transition as A; varies, so confinement should
hold for all A\y. The details of the spectrum are
expected to be different for small and large A;.

One can think of the parameter \; as governing the
strength of the confining force. When it is small, the
theory is weakly coupled at the scale R and vice-versa.
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One can use supergravity to compute the spectrum
of glueballs, by studying fluctuations about the
solution. Can also compute the deconfinement
temperature,

Ti~ 1/Ry

and other finite temperature properties.

The theory described by supergravity is not YM,
but it is obtained from it by varying the continuous
parameter A\y. One does not expect to encounter a
phase transition as A; varies, so confinement should
hold for all Ay. The details of the spectrum are
expected to be different for small and large Ay

One can think of the parameter A, as governing the
strength of the confining force. When it is small, the
theory is weakly coupled at the scale Ry and vice-versa.
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Adding Flavor

So far we described pure YM using branes. In order
to compare to experiment it is important to add light
quarks. This should allow one to study chiral symmetry
breaking and the spectrum and interactions of mesons.

One can proceed in a way proposed by T Sakal
and 5. Sugimotc. Add Ny D8-branes and antibranes
stretched in (012356789) which intersect the D4-
branes on B!

— i D& ﬁ

Now, in addition to the SU(N.) gauge field we
have massless quarks in the fundamental of SU(N.),
qr., gr, which are left and right-handed fermions living
at the 4 — 8 and 4 — 3 intersections, respectively.
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Adding Flavor

So far we described pure YM using branes. In order
to compare to experiment it is important to add light
quarks. This should allow one to study chiral symmetry
breaking and the spectrum and interactions of mesons.

One can proceed in a way proposed by T Sakal
and S. Sugimotc. Add Ny D8-branes and antibranes
stretched in (012356789) which intersect the D4-
branes on R3:1.

— em D& o]

Now, in addition to the SU(N.) gauge field we
have massless quarks in the fundamental of SU(N.),
qr., qr, which are left and right-handed fermions living
at the 4 — 8 and 4 — 8 intersections, respectively.
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So far we described pure YM using branes. In order
to compare to experiment it is important to add light
quarks. This should allow one to study chiral symmetry
breaking and the spectrum and interactions of mesons.

One can proceed in a way proposed by T Sakal
and S. Sugimotc. Add Ny D8 branes and antibranes
stretched in (012356789) which intersect the D4-
branes on R31.

] D& ﬁ

Now, in addition to the SU(N,.) gauge field we
have massless quarks in the fundamental of SU(N.),
qr. gr, which are left and right-handed fermions living
at the 4 — 8 and 4 — 3 intersections, respectively.
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The dynamics depends on two dimensionless
parameters, A\/Ry, A/L. For A\/Ry < 1, L ~ Ry,
similar arguments to those above imply that the theory
on the branes is SU(N.) QCD with N; massless
flavors. This theory is believed to confine and break
chiral symmetry

U(Ng)L x U(Ng)r — U(Ny )diag

It is expected to develop a non-zero condensate

(g} -qr) #0

which leads to dynamical mass generation for the
fermions ¢r.qg.

What happens when we vary %, Li? It is natural
to expect that there are again no phase transitions
for finite values of these parameters. Thus, the
theory should exhibit confinement and chiral symmetry
breaking for all values of the couplings.
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Adding Flavor

So far we described pure YM using branes. In order
to compare to experiment it is important to add light
quarks. This should allow one to study chiral symmetry
breaking and the spectrum and interactions of mesons.

One can proceed in a way proposed by T Sakal
and 5. Sugimotc . Add Ny D8-branes and antibranes
stretched in (012356789) which intersect the D4-
branes on R3!.

] D& ﬁ

Now, in addition to the SU(N.) gauge field we
have massless quarks in the fundamental of SU(N.),
qr. g, which are left and right-handed fermions living
at the 4 — 8 and 4 — 8 intersections, respectively.

(no source specdials found) -199,5%3pt Page: 9 {(9th of 19)



Yap 2.4.1803 - [perimeter.dvi]

) Fle View Tools Window Help =T
£E88 FT43L 9 200 TT BEEEM YDA

The dynamics depends on two dimensionless
parameters, A\/Ry, A/L. For A\/Ry < 1, L ~ Ry,
similar arguments to those above imply that the theory
on the branes is SU(N.) QCD with N; massless
flavors. This theory is believed to confine and break
chiral symmetry

U(Ng)L x U(Ng)r — U(Ny )diag

It is expected to develop a non-zero condensate

(gl -qr) #0

which leads to dynamical mass generation for the
fermions ¢r.qg.

What happens when we vary %, Li? It is natural
to expect that there are again no phase transitions
for finite values of these parameters. Thus, the
theory should exhibit confinement and chiral symmetry

breaking for all values of the couplings.
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The dynamics depends on two dimensionless
parameters, A\/Ry, A/L. For A\/Ry < 1, L ~ Ry,
similar arguments to those above imply that the theory
on the branes is SU(N.) QCD with N; massless
flavors. This theory is believed to confine and break
chiral symmetry

U(Nj)L x U(Ng)r = U(Ny )diag

It is expected to develop a non-zero condensate

(l -ar) #0

which leads to dynamical mass generation for the
fermions ¢r.qg.

What happens when we vary %, Li? It is natural
to expect that there are again no phase transitions
for finite values of these parameters. Thus, the
theory should exhibit confinement and chiral symmetry
breaking for all values of the couplings.

10
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The dynamics depends on two dimensionless
parameters, A\/Ry, A/L. For A\/Ry < 1, L ~ Ry,
similar arguments to those above imply that the theory
on the branes is SU(N.) QCD with N; massless
flavors. This theory is believed to confine and break
chiral symmetry

U(Nj)e x U(Ng)r = U(Ny )diag

It is expected to develop a non-zero condensate

(a1 -ar) #0

which leads to dynamical mass generation for the
fermions gr.qg.

What happens when we vary %, %? It is na_lt.ur'al
to expect that there are again no phase transitions
for finite values of these parameters. Thus, the
theory should exhibit confinement and chiral symmetry

breaking for all values of the couplings.
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Adding Flavor

So far we described pure YM using branes. In order
to compare to experiment it is important to add light
quarks. This should allow one to study chiral symmetry
breaking and the spectrum and interactions of mesons.

One can proceed in a way proposed by T Sakal
and 5. Sugimotc. Add Ny D8-branes and antibranes
stretched in (012356789) which intersect the D4-
branes on R3!.

] D& ﬁ

Now, in addition to the SU(N.) gauge field we
have massless quarks in the fundamental of SU(N.),
qr. gr, which are left and right-handed fermions living
at the 4 — 8 and 4 — 8 intersections, respectively.
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The dynamics depends on two dimensionless
parameters, A/Rys, A/L. For A\/Ry < 1, L ~ Ry,
similar arguments to those above imply that the theory
on the branes is SU(N.) QCD with N; massless
flavors. This theory is believed to confine and break
chiral symmetry

U(Nf}[_ x U[Nf}ﬂ —F U[ﬁrf}djag

It is expected to develop a non-zero condensate

g} -qr) #0

which leads to dynamical mass generation for the
fermions ¢r.qg.

What happens when we vary %, %? It is natural
to expect that there are again no phase transitions
for finite values of these parameters. Thus, the
theory should exhibit confinement and chiral symmetry

breaking for all values of the couplings.
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An interesting limit is Ry — oc (decompactification
of the extra dimension) in which the confinement scale
Aocp goes to zero. Question:

What happens to the chiral symmetry breaking scale
in this limit?

Heuristically, one expects it to remain finite. As
R, grows, it matters less that z* is compact, and the
dynamically generated fermion mass should become
independent of Ry. It is due to interactions between
the fermions via exchange of D4-brane modes. These
interactions are insensitive to the value of z* if the
latter is sufficiently large.

To test this picture, consider the extreme case,
R4y = oc, in which the theory does not confine. The
dynamics still depends non-trivially on A/L, which can
be thought of as the 4+ 1 dimensional 't Hooft coupling
at the scale L.
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The dynamics depends on two dimensionless
parameters, A\/Ry, A/L. For A\/Ry < 1, L ~ Ry,
similar arguments to those above imply that the theory
on the branes is SU(N.) QCD with N; massless
flavors. This theory is believed to confine and break
chiral symmetry

U(Ng)L x U(Ng)r — U(Ny )diag

It is expected to develop a non-zero condensate

(gl -qr) #0

which leads to dynamical mass generation for the
fermions ¢r.qg.

What happens when we vary %, Li? It is natural
to expect that there are again no phase transitions
for finite values of these parameters. Thus, the
theory should exhibit confinement and chiral symmetry

breaking for all values of the couplings.
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The dynamics depends on two dimensionless
parameters, A/Rs, A/L. For A\/Ry € 1, L ~ Ry,
similar arguments to those above imply that the theory
on the branes is SU(N.) QCD with N; massless
flavors. This theory is believed to confine and break
chiral symmetry

U{h’}‘)[_ x U[Nf}ﬂ —¥ U{f\rf}d_mg

It is expected to develop a non-zero condensate

g} -qr) #0

which leads to dynamical mass generation for the
fermions ¢r.qg.

What happens when we vary %, %? It is natural
to expect that there are again no phase transitions
for finite values of these parameters. Thus, the
theory should exhibit confinement and chiral symmetry

breaking for all values of the couplings.
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Adding Flavor

So far we described pure YM using branes. In order
to compare to experiment it is important to add light
quarks. This should allow one to study chiral symmetry
breaking and the spectrum and interactions of mesons.

One can proceed in a way proposed by T Sakal
and 5. Sugimotc. Add Ny D8-branes and antibranes
stretched in (012356789) which intersect the D4-
branes on R3!.

] D& ﬁ

Now, in addition to the SU(N.) gauge field we
have massless quarks in the fundamental of SU(N.),
qr, gr, which are left and right-handed fermions living
at the 4 — 8 and 4 — 8 intersections, respectively.
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The dynamics depends on two dimensionless
parameters, A\/Ry, A/L. For A\/Ry < 1, L ~ Ry,
similar arguments to those above imply that the theory
on the branes is SU(N.) QCD with N; massless
flavors. This theory is believed to confine and break
chiral symmetry

U{Nf}[_ x U{Nf}ﬂ — U{ﬁrf}djag

It is expected to develop a non-zero condensate

(a} -qr) #0

which leads to dynamical mass generation for the
fermions ¢r.qg.

What happens when we vary %, Li? It is natural
to expect that there are again no phase transitions
for finite values of these parameters. Thus, the
theory should exhibit confinement and chiral symmetry

breaking for all values of the couplings.
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The dynamics depends on two dimensionless
parameters, A\/Ry, A/L. For A\/Ry < 1, L ~ Ry,
similar arguments to those above imply that the theory
on the branes is SU(N.) QCD with N; massless
flavors. This theory is believed to confine and break
chiral symmetry

[-r[“rf}l_ X U[Nf}ﬂ —¥ U[Jvf}d.lag

It is expected to develop a non-zero condensate

la} -qr) #0

which leads to dynamical mass generation for the
fermions gr.qg.

What happens when we vary %, %? It is natural
to expect that there are again no phase transitions
for finite values of these parameters. Thus, the
theory should exhibit confinement and chiral symmetry

breaking for all values of the couplings.
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An interesting limit is Ry — oc (decompactification
of the extra dimension) in which the confinement scale
Aocp goes to zero. Question:

What happens to the chiral symmetry breaking scale
in this limit?

Heuristically, one expects it to remain finite. As
R, grows, it matters less that z* is compact, and the
dynamically generated fermion mass should become
independent of R;. It is due to interactions between
the fermions via exchange of D4-brane modes. These
interactions are insensitive to the value of z* if the
latter is sufficiently large.

To test this picture, consider the extreme case,
Ry = nc, in which the theory does not confine. The
dynamics still depends non-trivially on A/L, which can
be thought of as the 4+ 1 dimensional 't Hooft coupling
at the scale L.
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The dynamics depends on two dimensionless
parameters, A\/Ry, A/L. For A\/Ry < 1, L ~ Ry,
similar arguments to those above imply that the theory
on the branes is SU(N.) QCD with N; massless
flavors. This theory is believed to confine and break
chiral symmetry

It is expected to develop a non-zero condensate

la] -qr) #0

which leads to dynamical mass generation for the
fermions ¢r.qg.

What happens when we vary %, Li? It is natural
to expect that there are again no phase transitions
for finite values of these parameters. Thus, the
theory should exhibit confinement and chiral symmetry

breaking for all values of the couplings.
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An interesting limit is By — oc (decompactification
of the extra dimension) in which the confinement scale
Aocp goes to zero. Question:

What happens to the chiral symmetry breaking scale
in this limit?

Heuristically, one expects it to remain finite. As
R, grows, it matters less that z* is compact, and the
dynamically generated fermion mass should become
independent of Ry. It is due to interactions between
the fermions via exchange of D4-brane modes. These
interactions are insensitive to the value of z* if the
latter is sufficiently large.

To test this picture, consider the extreme case,
Ry = oo, in which the theory does not confine. The
dynamics still depends non-trivially on A/L, which can
be thought of as the 4+ 1 dimensional 't Hooft coupling
at the scale L.
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Adding Flavor

So far we described pure YM using branes. In order
to compare to experiment it is important to add light
quarks. This should allow one to study chiral symmetry
breaking and the spectrum and interactions of mesons.

One can proceed in a way proposed by T Sakal
and 5. Sugimotc. Add Ny D8-branes and antibranes
stretched in (012356789) which intersect the D4-
branes on R3!.

] D& ﬁ

Now, in addition to the SU(N.) gauge field we
have massless quarks in the fundamental of SU(N.),
qr, gr, which are left and right-handed fermions living
at the 4 — 8 and 4 — 8 intersections, respectively.
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An interesting limit is Ry — oc (decompactification
of the extra dimension) in which the confinement scale
Aocp goes to zero. Question:

What happens to the chiral symmetry breaking scale
in this limit?

Heuristically, one expects it to remain finite. As
R, grows, it matters less that z* is compact, and the
dynamically generated fermion mass should become
independent of R;. It is due to interactions between
the fermions via exchange of D4-brane modes. These
interactions are insensitive to the value of z* if the
latter is sufficiently large.

To test this picture, consider the extreme case,
R4y = oc, in which the theory does not confine. The
dynamics still depends non-trivially on A/L, which can
be thought of as the 4+ 1 dimensional 't Hooft coupling
at the scale L.
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The dynamics depends on two dimensionless
parameters, A/Rs, A/L. For A\/Ry < 1, L ~ Ry,
similar arguments to those above imply that the theory
on the branes is SU(N.) QCD with N; massless
flavors. This theory is believed to confine and break
chiral symmetry

U(Ng)L x U(Ng)r — U(Ny )diag

It is expected to develop a non-zero condensate

- qr) #0

which leads to dynamical mass generation for the
fermions ¢r.qg.

What happens when we vary %, Li? It is natural
to expect that there are again no phase transitions
for finite values of these parameters. Thus, the
theory should exhibit confinement and chiral symmetry
breaking for all values of the couplings.
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An interesting limit is Ry — oc (decompactification
of the extra dimension) in which the confinement scale
Aocp goes to zero. Question:

What happens to the chiral symmetry breaking scale
in this limit?

Heuristically, one expects it to remain finite. As
R, grows, it matters less that z* is compact, and the
dynamically generated fermion mass should become
independent of Ry. It is due to interactions between
the fermions via exchange of D4-brane modes. These
interactions are insensitive to the value of z* if the
latter is sufficiently large.

To test this picture, consider the extreme case,
R4y = oc, in which the theory does not confine. The
dynamics still depends non-trivially on A/L, which can
be thought of as the 4+ 1 dimensional 't Hooft coupling
at the scale L.
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Adding Flavor

So far we described pure YM using branes. In order
to compare to experiment it is important to add light
quarks. This should allow one to study chiral symmetry
breaking and the spectrum and interactions of mesons.

One can proceed in a way proposed by T Sakal
and 5. Sugimotc. Add Ny D8-branes and antibranes
stretched in (012356789) which intersect the D4-
branes on B*!.

s D& ﬁ

Now, in addition to the SU(N.) gauge field we
have massless quarks in the fundamental of SU(N.),
qr., Gr, which are left and right-handed fermions living
at the 4 — 8 and 4 — 3 intersections, respectively.
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An interesting limit is Ry — oc (decompactification
of the extra dimension) in which the confinement scale
Aocp goes to zero. Question:

What happens to the chiral symmetry breaking scale
in this limit?

Heuristically, one expects it to remain finite. As
R, grows, it matters less that z* is compact, and the
dynamically generated fermion mass should become
independent of Ry. It is due to interactions between
the fermions via exchange of D4-brane modes. These
interactions are insensitive to the value of z* if the
latter is sufficiently large.

To test this picture, consider the extreme case,
Ry = oc, in which the theory does not confine. The
dynamics still depends non-trivially on A/L, which can
be thought of as the 4+ 1 dimensional 't Hooft coupling
at the scale L.
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Consider first the case of large A/L. The 4 +1
dimensional gauge theory is strongly coupled and the
useful description is the supergravity one. The near-
horizon metric is

)
ds® = (%) - (Muwdz*dz? + (dz*)?)

3
+ (%) (dU? + U?d)

while the dilaton is given by

3
U T

® _ o
. (7)

The original D8-branes and antibranes wrap S*, R*1,
and are extended in U at fixed #*. It turns out that
this is not the lowest energy configuration of these
branes.
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To find the lowest energy configuration one needs
to allow the z* of the eightbranes to be a function of
[/. The shape U(z*) is obtained by minimizing the
energy of the brane (given by the DBI action)

3
E~fd:r4U4\/1 + (g) U2

Minimizing this one finds

IREj.. 9 1 2 9 1
rt sl Seim W
I(U}_SU%[B(IE’Q} B{UB'IB’2}]
0
where U, is related to L:
A
Uﬂ L_E
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Pictorially, this has the following form:

We see that the ground state of the system has the
D&-branes and antibranes connected by a “wormhole”
into a single curved connected brane.

Comments:

e As L decreases, the width of the wormhole, [/,
grows. This is reasonable since the force between
gr and g grows.

e The fermion corresponds to a fundamental string
stretched between the curved D8-brane and U = 0.

It is massive: )
=to~ 1o
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To find the lowest energy configuration one needs
to allow the z* of the eightbranes to be a function of
[/. The shape U(z*) is obtained by minimizing the
energy of the brane (given by the DBI action)

3
Em/.d:ﬁU“\/l + (g) U2

Minimizing this one finds

1RZ[_ 9 1 2 9 3
r4 e i ] e e — _ﬂ'__
=(U) SU%[B(IE’Q} B{Uﬂ”lﬁ’z]
0
where U, is related to L:
A
Uﬂ L_E
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Pictorially, this has the following form:

We see that the ground state of the system has the
D&-branes and antibranes connected by a “wormhole”
into a single curved connected brane.

Comments:

e As L decreases, the width of the wormhole, U7,
grows. This is reasonable since the force between
gr and g grows.

e The fermion corresponds to a fundamental string
stretched between the curved D8-brane and U = 0.

It iIs massive: )
ng=Vo~ 1
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To find the lowest energy configuration one needs
to allow the z* of the eightbranes to be a function of
[/. The shape U(z*) is obtained by minimizing the
energy of the brane (given by the DBI action)

3
- fdf.tr*‘\/l + (g) 2

Minimizing this one finds

)= LB [Bf

where [, is related to L:

1 Us 9 1
g~ B{U_ﬂ”lﬁ’ﬁﬂ
A

I?
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Pictorially, this has the following form:

We see that the ground state of the system has the
D&-branes and antibranes connected by a “wormhole”
into a single curved connected brane.

Comments:

e As L decreases, the width of the wormhole, U,
grows. This is reasonable since the force between
gr and g grows.

e The fermion corresponds to a fundamental string
stretched between the curved D8-brane and U = 0.

It is massive: X
s A
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Pictorially, this has the following form:

We see that the ground state of the system has the
D8-branes and antibranes connected by a “wormhole”
into a single curved connected brane.

Comments:

e As L decreases, the width of the wormhole, U,
grows. This is reasonable since the force between
gr. and g grows.

e The fermion corresponds to a fundamental string
stretched between the curved D8-brane and U = 0.

It is massive: X

TH.EI:UG"“-"L—Z

B4
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Pictorially, this has the following form:

We see that the ground state of the system has the
D&-branes and antibranes connected by a “wormhole”
into a single curved connected brane.

Comments:

e As L decreases, the width of the wormhole, 7,
grows. This is reasonable since the force between
gr and g grows.

e The fermion corresponds to a fundamental string
stretched between the curved D8-brane and U = (.

It 1s massive: )

quUﬂwL—z

14
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4)

We see that the ground state of the system has the
D&-branes and antibranes connected by a “wormhole”
into a single curved connected brane.

Comments:

e As L decreases, the width of the wormhole, [/,
grows. This is reasonable since the force between
gr and qp grows.

e The fermion corresponds to a fundamental string
stretched between the curved D8-brane and U = ().

It 1s massive: )

=

quUﬂN
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The mass my is large in the supergravity regime.

e The symmetry breaking U(Ny)r x U(Ny¢)gp —
U(Ny )aiag has a nice geometric interpretation:
due to brane recombination, one cannot perform
independent U(Ny) transformations on the D8 and
D8-branes.

e One can study the spectrum of “mesons” in this
strong coupling limit. While the mass of the fermion
is mg ~ A/L%, there are mesons with masses of
order 1/L(< my) obtained from fluctuations of the
DBI action. These are tightly bound states. From
the string point of view their presence is natural
since the fermion is a long string while mesons are
short ones.

e One can also calculate finite temperature properties.
There is a chiral restoration transition at 7. ~
1 /L. The transition is strongly first order ( Ahzrony,
Sonnenschein, Yankielowicz; Parnachev, Sahakyan).
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The mass m, is large in the supergravity regime.

e The symmetry breaking U(Ny¢)p x U(N¢)gp —
U(Nf)diag has a nice geometric interpretation:
due to brane recombination, one cannot perform
independent U( Ny ) transformations on the DS and
D&-branes.

e One can study the spectrum of “mesons” in this
strong coupling limit. While the mass of the fermion
is mg ~ A/L?, there are mesons with masses of
order 1/L(< my) obtained from fluctuations of the
DBI action. These are tightly bound states. From
the string point of view their presence is natural
since the fermion is a long string while mesons are
short ones.

e One can also calculate finite temperature properties.
There is a chiral restoration transition at 7T, ~
1 /L. The transition is strongly first order ( Ahzrony,
Sonnenschein, Yankielowicz; Parnachev, Sahakyan).

15
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Pictorially, this has the following form:

We see that the ground state of the system has the
D&-branes and antibranes connected by a “wormhole”
into a single curved connected brane.

Comments:

e As L decreases, the width of the wormhole, U7,
grows. This is reasonable since the force between
gr and g grows.

e The fermion corresponds to a fundamental string
stretched between the curved D8-brane and U = (.

It is massive: )
A 7
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The mass m, is large in the supergravity regime.

e The symmetry breaking U(Ny)r x U(Ny¢)p —
U(Nf )diag has a nice geometric interpretation:
due to brane recombination, one cannot perform
independent U( Ny ) transformations on the D8 and
D&-branes.

e One can study the spectrum of “mesons” in this
strong coupling limit. While the mass of the fermion
is mg ~ A/L%, there are mesons with masses of
order 1/L(< my) obtained from fluctuations of the
DBI action. These are tightly bound states. From
the string point of view their presence is natural
since the fermion is a long string while mesons are
short ones.

e One can also calculate finite temperature properties.
There is a chiral restoration transition at T, ~
1 /L. The transition is strongly first order | Aharony,
Sonnenschein, Yankielowicz; Parnachev, Sahakyan).

(no source specdials found) -199,598pt Page: 15 (15th of 19)
[ e ————————— T T e



Yap 2.4.1803 - [perimeter.dvi]

) Fle View Tools Window Help =T
ESSG T4 L &= @< TT BHEEMYMa

The mass m, is large in the supergravity regime.

e The symmetry breaking U(Ng)r x U(Nf)r —
U(Nf )diag has a nice geometric interpretation:
due to brane recombination, one cannot perform
independent U( Ny ) transformations on the D8 and
D&-branes.

e One can study the spectrum of “mesons” in this
strong coupling limit. While the mass of the fermion
is mg ~ A/L%, there are mesons with masses of
order 1/L(< my) obtained from fluctuations of the
DBI action. These are tightly bound states. From
the string point of view their presence is natural
since the fermion is a long string while mesons are
short ones.

e One can also calculate finite temperature properties.
There is a chiral restoration transition at 7T, ~
1 /L. The transition is strongly first order ( Aharony,
Sonnenschein, Yankielowicz; Parnachev, Sahakyan)

’
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e The symmetry breaking U(N¢)r x U(N¢)gp —
U(Nf)aiag has a nice geometric interpretation:
due to brane recombination, one cannot perform
independent U(Ny) transformations on the D8 and
D&-branes.

e One can study the spectrum of “mesons” in this
strong coupling limit. While the mass of the fermion
is mgq ~ A/L?, there are mesons with masses of
order 1/L(< my) obtained from fluctuations of the
DBI action. These are tightly bound states. From
the string point of view their presence is natural
since the fermion is a long string while mesons are
short ones.

e One can also calculate finite temperature properties.
There is a chiral restoration transition at 7T, ~
1 /L. The transition is strongly first order ( Aharony,
Sonnenschein, Yankielowicz; Parnachev, Sahakyan).
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As in the case without quarks, sugra describes a
theory that is strongly coupled from the gauge theory
point of view. For A < L the 4 + 1 dimensional theory
is weakly coupled and can be described by a Lagrangian
of the form

1 L -
£ — _:FF.EIN +6(x* + E}‘IEJF“@# + Aulan+

L .
§(z — i}q};g#(zap + A, )qr

i,e. a 4+ 1 dimensional gauge theory with two
codimension one defects containing left and right-
handed fermions.

This description is in the spirit of the Nambu-Jona-
Lasinio model of dynamical symmetry breaking. Here,
the source of the attractive interaction between the
left and right-handed fermions is exchange of 4 + 1
dimensional gauge fields.
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Summary

The string embedding provides the following
insights into QCD dynamics:

e QCD is a special case of a class of theories in
which in general chiral symmetry breaking and
confinement are distinct phenomena. One can have
¥SB without confinement, but not the other way
around.

e One can write a Lagrangian for 3 + 1 dimensional
fermions interacting with 4 + 1 dimensional gauge
fields, which exhibits ySB at arbitrarily weak
coupling. This generalizes models such as GN in
1 + 1 dimensions.

e At strong coupling one can construct sugra models
that confine, break chiral symmetry and have either
the same or different deconfinement and chiral
symmetry restoration temperatures, and study them
in detail (spectrum, low energy interactions, etc).
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Consider first the case of large A/L. The 4 +1
dimensional gauge theory is strongly coupled and the
useful description is the supergravity one. The near-
horizon metric is

= ;
ds® = (%) - (Mudz*dz” + (dz*)?)

3
+ (%) (dU? + U?dQ)

while the dilaton is given by

3
U T

® _ e
=3 (7)

The original D8-branes and antibranes wrap S*, R31,
and are extended in U at fixed x*. It turns out that
this is not the lowest energy configuration of these
branes.
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Pictorially, this has the following form:

We see that the ground state of the system has the
D8-branes and antibranes connected by a “wormhole”
into a single curved connected brane.

Comments:

e As L decreases, the width of the wormhole, U7,
grows. This is reasonable since the force between
gr and g grows.

e The fermion corresponds to a fundamental string
stretched between the curved D8-brane and U = 0.

It is massive: X
vg=Vla~1a
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Pictorially, this has the following form:

We see that the ground state of the system has the
D8-branes and antibranes connected by a “wormhole”
into a single curved connected brane.

Comments:

e As L decreases, the width of the wormhole, U,
grows. This is reasonable since the force between
gr and g grows.

e The fermion corresponds to a fundamental string
stretched between the curved D8-brane and U = ().

It Is massive: \

quUqu—E

14
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The mass m, is large in the supergravity regime.

e The symmetry breaking U(N;)r x U(Ny¢)g —
U(Nf )diag has a nice geometric interpretation:
due to brane recombination, one cannot perform
independent U( Ny ) transformations on the DS and
D&-branes.

e One can study the spectrum of “mesons” in this
strong coupling limit. While the mass of the fermion
is mg ~ A/L%, there are mesons with masses of
order 1/L(< mg) obtained from fluctuations of the
DBI action. These are tightly bound states. From
the string point of view their presence is natural
since the fermion is a long string while mesons are
short ones.

e One can also calculate finite temperature properties.
There is a chiral restoration transition at 7. ~
1 /L. The transition is strongly first order ( Aharony,
Sonnenschein, Yankielowicz; Parnachey, Sahakyan).
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As in the case without quarks, sugra describes a
theory that is strongly coupled from the gauge theory
point of view. For A < L the 4 + 1 dimensional theory
is weakly coupled and can be described by a Lagrangian
of the form

1 L s_...
L= =7 5Fhn + 8" + aro" (0, + Apar+

L ‘
8z — E}qggﬂ(zap + A, )qr

i.,e. a 4+ 1 dimensional gauge theory with two
codimension one defects containing left and right-
handed fermions.

This description is in the spirit of the Nambu-Jona-
Lasinio model of dynamical symmetry breaking. Here,
the source of the attractive interaction between the
left and right-handed fermions is exchange of 4 + 1
dimensional gauge fields.
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As in the case without quarks, sugra describes a
theory that is strongly coupled from the gauge theory
point of view. For A < L the 4 + 1 dimensional theory
is weakly coupled and can be described by a Lagrangian
of the form

L
L= —Fin + (" + 310" (i0u + Au)ar+

L .
§(z* — i}qj{gﬂ(zap + A, )qr

ie. a 4+ 1 dimensional gauge theory with two
codimension one defects containing left and right-
handed fermions.

This description is in the spirit of the Nambu-Jona-
Lasinio model of dynamical symmetry breaking. Here,
the source of the attractive interaction between the
left and right-handed fermions is exchange of 4 + 1
dimensional gauge fields.
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The NJL model breaks chiral symmetry when the
coupling exceeds a certain critical value. String
theory makes the striking prediction that the above
generalization of NJL breaks chiral symmetry for
arbitrarily weak coupling!
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As in the case without quarks, sugra describes a
theory that is strongly coupled from the gauge theory
point of view. For A < L the 4 + 1 dimensional theory
is weakly coupled and can be described by a Lagrangian
of the form

1 A
T _J?F.%m +6(z* + E}QEJF(Eau + Aulac+

L .
8z — i}qggﬂ (19, + A, )qr

i.,e. a 4+ 1 dimensional gauge theory with two
codimension one defects containing left and right-
handed fermions.

This description is in the spirit of the Nambu-Jona-
Lasinio model of dynamical symmetry breaking. Here,
the source of the attractive interaction between the
left and right-handed fermions is exchange of 4 + 1
dimensional gauge fields.
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The NJL model breaks chiral symmetry when the
coupling exceeds a certain critical value. String
theory makes the striking prediction that the above
generalization of NJL breaks chiral symmetry for
arbitrarily weak coupling!
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As in the case without quarks, sugra describes a
theory that is strongly coupled from the gauge theory
point of view. For A < L the 4 + 1 dimensional theory
is weakly coupled and can be described by a Lagrangian
of the form

1
L= —492 \_ + 4(x —}qLar*‘(u’:i' + Au)qn+

L ‘
8zt — E}q};o“ (19, + A, )ar

i.,e. a 4+ 1 dimensional gauge theory with two
codimension one defects containing left and right-
handed fermions.

This description is in the spirit of the Nambu-Jona-
Lasinio model of dynamical symmetry breaking. Here,
the source of the attractive interaction between the
left and right-handed fermions is exchange of 4 + 1
dimensional gauge fields.
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The NJL model breaks chiral symmetry when the
coupling exceeds a certain critical value. String
theory makes the striking prediction that the above
generalization of NJL breaks chiral symmetry for
arbitrarily weak coupling!
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To find the lowest energy configuration one needs
to allow the z* of the eightbranes to be a function of
[/. The shape U(z*) is obtained by minimizing the
energy of the brane (given by the DBI action)

3
EN/JI4U4\/1 + (g) U

Minimizing this one finds

1Rz[_ 9 1 U 91
r4 e R s o S g — _ﬂ'__
=RE) g [5[16'2} B{UB"IGQw
0
where U, is related to L:
A
Uﬂ L_2
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One can use supergravity to compute the spectrum
of glueballs, by studying fluctuations about the
solution. Can also compute the deconfinement
temperature,

Ty~ 1/Ry
and other finite temperature properties.

The theory described by supergravity is not YM,
but it is obtained from it by varying the continuous
parameter A\y. One does not expect to encounter a
phase transition as A; varies, so confinement should
hold for all A\y. The details of the spectrum are
expected to be different for small and large A;.

One can think of the parameter \; as governing the
strength of the confining force. When it is small, the
theory is weakly coupled at the scale R4 and vice-versa.
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Adding Flavor

So far we described pure YM using branes. In order
to compare to experiment it is important to add light
quarks. This should allow one to study chiral symmetry
breaking and the spectrum and interactions of mesons.

One can proceed in a way proposed by T Sakal
and 5. Sugimotc. Add Ny D8-branes and antibranes
stretched in (012356789) which intersect the D4-
branes on B!

— i D& ﬁ

Now, in addition to the SU(N.) gauge field we
have massless quarks in the fundamental of SU(N.),
qr. gr, which are left and right-handed fermions living
at the 4 — 8 and 4 — 8 intersections, respectively.
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The dynamics depends on two dimensionless
parameters, A\/Ry, A/L. For A\/Ry < 1, L ~ Ry,
similar arguments to those above imply that the theory
on the branes is SU(N.) QCD with N; massless
flavors. This theory is believed to confine and break
chiral symmetry

U(Ng)L x U(Ng)r — U(Ny )diag

It is expected to develop a non-zero condensate

lq] -qr) #0

which leads to dynamical mass generation for the
fermions ¢r.qg.

What happens when we vary %, Li? It is natural
to expect that there are again no phase transitions
for finite values of these parameters. Thus, the
theory should exhibit confinement and chiral symmetry
breaking for all values of the couplings.
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Adding Flavor

So far we described pure YM using branes. In order
to compare to experiment it is important to add light
quarks. This should allow one to study chiral symmetry
breaking and the spectrum and interactions of mesons.

One can proceed in a way proposed by T Sakal
and 5. Sugimotc. Add Ny D8-branes and antibranes
stretched in (012356789) which intersect the D4-
branes on B!,

= 3 D& ﬁ

Now, in addition to the SU(N.) gauge field we
have massless quarks in the fundamental of SU(N.),
qr, gr, which are left and right-handed fermions living
at the 4 — 8 and 4 — 8 intersections, respectively.
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The NJL model breaks chiral symmetry when the
coupling exceeds a certain critical value. String
theory makes the striking prediction that the above
generalization of NJL breaks chiral symmetry for
arbitrarily weak coupling!
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As in the case without quarks, sugra describes a
theory that is strongly coupled from the gauge theory
point of view. For A < L the 4 + 1 dimensional theory
is weakly coupled and can be described by a Lagrangian
of the form

1 L -1
= _EF.%IN +8(z* + E}QEJF“@# + Aulac+

L e
§(zt — E}q*ﬂgﬂ (19, + A, )ar

i.,e. a 4+ 1 dimensional gauge theory with two
codimension one defects containing left and right-
handed fermions.

This description is in the spirit of the Nambu-Jona-
Lasinio model of dynamical symmetry breaking. Here,
the source of the attractive interaction between the
left and right-handed fermions is exchange of 4 + 1
dimensional gauge fields.
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The NJL model breaks chiral symmetry when the
coupling exceeds a certain critical value. String
theory makes the striking prediction that the above
generalization of NJL breaks chiral symmetry for
arbitrarily weak coupling!

(no source spedials found) -199,598pt Page: 17 (17th of 19)
[ e ———— T e



Yap 2.4.1803 - [perimeter.dvi]

) Fle View Tools Window Help r

B SS T44 L += @0 TT BEEEEYMY

One can use supergravity to compute the spectrum
of glueballs, by studying fluctuations about the
solution. Can also compute the deconfinement
temperature,

Ty~ 1/Ry
and other finite temperature properties.

The theory described by supergravity is not YM,
but it is obtained from it by varying the continuous
parameter A\y. One does not expect to encounter a
phase transition as A; varies, so confinement should
hold for all Ay. The details of the spectrum are
expected to be different for small and large A;.

One can think of the parameter \; as governing the
strength of the confining force. When it is small, the
theory is weakly coupled at the scale R and vice-versa.
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Adding Flavor

So far we described pure YM using branes. In order
to compare to experiment it is important to add light
quarks. This should allow one to study chiral symmetry
breaking and the spectrum and interactions of mesons.

One can proceed in a way proposed by T Sakal
and 5. Sugimotc. Add Ny D8-branes and antibranes
stretched in (012356789) which intersect the D4-
branes on B!

] D& [ﬁ-’

Now, in addition to the SU(N.) gauge field we
have massless quarks in the fundamental of SU(N.),
qr, qr, which are left and right-handed fermions living
at the 4 — 8 and 4 — 8 intersections, respectively.
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The mass m, is large in the supergravity regime.

e The symmetry breaking U(Ny)r x U(N¢)gp —
U(Nf )diag has a nice geometric interpretation:
due to brane recombination, one cannot perform
independent U( Ny) transformations on the D8 and
D&-branes.

e One can study the spectrum of “mesons” in this
strong coupling limit. While the mass of the fermion
is mg ~ A/L%, there are mesons with masses of
order 1/L(< my) obtained from fluctuations of the

DBI action. These are tightly bound states. From
nanaea rermions.

This description is in the spirit of the Nambu-Jona-
Lasinio model of dynamical symmetry breaking. Here,
the source of the attractive interaction between the
left and right-handed fermions is exchange of 4 + 1
dimensional gauge fields.
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As in the case without quarks, sugra describes a
theory that is strongly coupled from the gauge theory
point of view. For A < L the 4 + 1 dimensional theory
is weakly coupled and can be described by a Lagrangian
of the form

¥ 492 h{\r%‘é —}qLJ"[EE} + A#}QL+

L it
§(zt — E}qggﬂ(zap + A, )ar

i,e. a 4+ 1 dimensional gauge theory with two
codimension one defects containing left and right-
handed fermions.

This description is in the spirit of the Nambu-Jona-
Lasinio model of dynamical symmetry breaking. Here,
the source of the attractive interaction between the
left and right-handed fermions is exchange of 4 + 1
dimensional gauge fields.
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The NJL model breaks chiral symmetry when the
coupling exceeds a certain critical value. String
theory makes the striking prediction that the above
generalization of NJL breaks chiral symmetry for
arbitrarily weak coupling!
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Summary

The string embedding provides the following
insights into QCD dynamics:

e QCD is a special case of a class of theories in
which in general chiral symmetry breaking and
confinement are distinct phenomena. One can have
¥SB without confinement, but not the other way
around.

e One can write a Lagrangian for 3 + 1 dimensional
fermions interacting with 4 + 1 dimensional gauge
fields, which exhibits ySB at arbitrarily weak
coupling. This generalizes models such as GN in
1 + 1 dimensions.

e At strong coupling one can construct sugra models
that confine, break chiral symmetry and have either
the same or different deconfinement and chiral
symmetry restoration temperatures, and study them
in detail (spectrum, low energy interactions, etc).
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that confine, break chiral symmetry and have either
the same or different deconfinement and chiral
symmetry restoration temperatures, and study them
in detail (spectrum, low energy interactions, etc).

The NIL model is extensively used to model
hadrons. @ The string embedding goes a long
way towards explaining why it is useful. Further
work may allow one to considerably improve these
descriptions.

The two dimensionless parameters that naturally
appear in the model (A/Ry and A/L) govern
the scales of confinement and chiral symmetry
breaking. By tuning these parameters one can
describe situations in which both phenomena occur
in the supergravity regime, or ones in which one is

seen in sunergravity (vSB) and the other in field
(no source spedals found) -199,334pt Page: 18 (18th of 19)
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e The NJL model is extensively used to model
hadrons.  The string embedding goes a long
way towards explaining why it is useful. Further
work may allow one to considerably improve these
descriptions.

The two dimensionless parameters that naturally
appear in the model (A/Rsy and A/L) govern
the scales of confinement and chiral symmetry
breaking. By tuning these parameters one can
describe situations in which both phenomena occur
in the supergravity regime, or ones in which one is
seen in supergravity (YSB) and the other in field
theory (confinement), etc.

Further study of this model is likely to improve our

understanding of confinement and chiral symmetry
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The NIL model is extensively used to model
hadrons. @ The string embedding goes a long
way towards explaining why it is useful. Further
work may allow one to considerably improve these
descriptions.

The two dimensionless parameters that naturally

appear in the model (A/Rs and A/L) govern
the scales of confinement and chiral symmetry
breaking. By tuning these parameters one can
describe situations in which both phenomena occur
in the supergravity regime, or ones in which one is
seen in supergravity (ySB) and the other in field
theory (confinement), etc.

Further study of this model is likely to improve our
understanding of confinement and chiral symmetry
breaking in QCD.
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