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1. Claim

The main claim of this article is that string theory can be a theory of hadrons. For this, we
donotmean that QCD has some missing ingredients to describe hadrons. Our claim is that string
theory in a certain curved background can be physically equivalent to QCD at least at low energies.
At first sight, the string theory description looks completely different from QCD, and one may
wonder why they can be dual to each other. The fundamental degrees of freedom in string theory
are not elementary particles but strings. QCD is a gauge theory without gravity, but string theory
contains gravitons as massless modes. Furthermore, string theory is defined in a ten dimensional
curved background, while QCD is defined in a flat four dimensional space-time. As we will explain
below, this claim is based on gauge/string duality, which has been studied extensively since the
discovery of the AAS/CFT corresponden@:[One of the most surprising features in gauge/string
duality is that two theories defined in different space-time dimensions, (gauge theory in four (or
lower) dimensions and string theory in ten dimensions), are claimed to be dual to each other. For
this reason, this duality is often called a “holographic dual”, and the string theory description dual
to QCD is called “holographic QCD”, which is the title of this article.

In holographic QCD, hadrons are described without using quarks and gluons. As explained
below, mesons and baryons correspond to open strings and D-branes wrapped on a non-trivial cycle
in the background, respectively. With this interpretation, we are able to analyze low energy prop-
erties of hadrons. The main purpose of this article is to report how well hadrons can be described
in this approach and discuss future directions.

The article is organized is as follows. In sect@nwe give a tiny review of D-branes and
gauge/string duality. If you are familiar with these terminologies you can skip this section. Our
model is explained in sectid@ If you just want to learn what we can obtain using holographic
QCD, you can go directly to sectiéh where we summarize some of the typical results. Sefion
and sectiof are the summary of the status and perspectives for the future, respectively.

2. Gauge/string duality

The gauge/string duality is a duality between a four dimensional gauge thaodystring
theory in a certain ten dimensional curved background. A typical example of the gauge/string
duality is the duality between four dimensional’ = 4 super Yang-Mills theory and type IIB
superstring theory in AdS«< S background. Sincet” = 4 super Yang-Mills theory is a conformal
field theory (CFT), and the background in the holographic dual description contains AdS factor,
this type of duality is often called “AdS/CFT correspondence”. Even for this most well-studied
example, the direct proof of the equivalence between these two descriptions is still an open problem.
However, since there are a large number of evidences supporting this duality, it is widely believed
that they are physically equivalent. Our aim is to apply this idea to more realistic gauge theory
(QCD) and see what we can learn from string theory.

To explain the basic idea of the duality, we introduce an object called D-brane in string theory.
A Dp-brane is defined as(@+ 1) dimensional object on which end points of open strings can be

1See, e.g.[]] for a review.
2There are examples in other dimensions, but here we only consider four dimensional gauge theories.
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attached. It can be shown that gauge patrticles living on fxdane are obtained as the massless
modes of the open strings attached on it. Therefore, if we consider a flrdhe, a(p+ 1)
dimensional gauge theory is realized on it. For the casesMgth p-branes located at the same
place, the gauge group is enhancetd {®\.).

The basic idea of gauge/string duality is as follows. Consider a system with D-branes. As
we have just explained, the low energy effective theory of open strings attached on the D-branes
is a gauge theory. On the other hand, since D-branes couple with gravity, the space-time around
them will be curved following the general principle of general relativity. In some parameter region
(largeN; and largeA in our case discussed in the following sections), it can be shown that the
D-branes are better described as the corresponding curved background. Therefore, there are two
descriptions of the D-branes. One of them is a gauge theory and the other one is string theory in a
curved background. Since they are describing the same D-brane system, these two descriptions are
expected to be equivalent.

Note that in this naive explanation, we didn’t use supersymmetry nor conformal symmetry.
Therefore, it is natural to expect that such duality also holds for non-supersymmetric and non-
conformal gauge theory like QCD. In general, it is more difficult to analyze a strongly coupled
gauge theory with less symmetry, and hence, collecting non-trivial evidence of the gauge/string
duality for such cases will be much more challenging. Fortunately, for QCD, we can skip all the
complicated calculations in the gauge theory side and directly compare the results in the string
theory side with the experimental data to check whether this duality works or not. Once we accept
this duality, it will provide powerful tools, which are completely different from the traditional ones
based on QCD, to analyze properties of hadrons.

3. Holographic QCD

A holographic description of Yang-Mills theory (without quarks) was proposed by Witten in
[B]. He proposed to considé\. D4-branes extended alon§™* directions, where thg* direction
is compactified t' with an anti-periodic boundary condition for all the fermions in the system.
The supersymmetry is completely broken by this boundary condition and it is possible to show
that the low energy effective theory of the open strings attached on the D4-brah@s:isyang-
Mills theory. To add quarks to this system, we addD8-D8 pairs extended along™~2 andx>>°
directions[] The D8-branes anB8-branes are placed at the antipodal points irdhearameter-
ized byx*. (See the left side of Figul®) Then, we can show that the massless degrees of freedom
obtained from the open strings stretched between D4-branes andD®ranes ardl; massless
fermions in fundamental representation of theé\;) gauge group. As a result, the system flows to
U (N;) QCD with Ny massless quarks at low eneryy.

Note that the chiral symmetty (N¢). x U (N;)r is manifestly realized as the gauge symmetry
of the D8D8 systent: We take a limit to decouple gravity as well as the other particles that can

3We do not care much about the difference betw®e(N;) andU (N¢), because the (1) part ofU (N¢) will become
weak at low energies and also because the contribution &f (hepart is subleading in the/N; expansion.

4The axialU (1) part is anomalous. Although we will not discuss it in this article, it is possible to estimate the effect
of this anomaly. Sed] for the details.
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move away from the D4-branes. In this limit, the gauge fields on the Dd0&)ebranes decouple
from the QCD sector and thé(N¢),. x U (Nf)r Symmetry becomes a global symmetry.

There are two parameters in the system. One of them is the radius ¥ tthenoted as/llzé,
and the other parameter is the 't Hooft couplig- g%M Nc. Note that there are Kaluza-Klein (KK)
modes with masses of ordilikk , which cannot be interpreted as particles in QCD. Therefdig,
can be thought of as a cut-off scale below which the theory can be regarded as QCD. Note, however,
that we expect the effect of this “cut-off” is much milder than that of lattice gauge theory, because
we are not really cutting off the energy higher thdrk and the Lorentz symmetry as well as the
chiral symmetry are not explicitly broken.

To obtain a holographic description, we replace the D4-branes with the corresponding curved
background found ifg. Then, the radius of th&' becomes dependent, whereis the radial
coordinate of the®>? plane, and we obtain a cigar-like geometry as depicted in the right side
of Figurel The topology of the space-time B3 x RZ x S*, whereR!3 and R? factors are

D4 r ol S e——
-0 = <00

Figure 1: Replacing D4-brane with the corresponding curved background.
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parameterized by’~3 and(r,x*), respectively, an&* corresponds to the angular directions of the
x>~9 plane. The D8-branes are treated as probe branes and we neglect their backreaction to the
background. This treatment is called probe approximation and it can be justifiedNybemN;. It
is analogous to the quench approximation widely used in lattice QCD, because we are neglecting
the contributions of string world-sheet with extra boundaries attached on the D8-brane, which
correspond to fermion loops in QCD. Then, the D8-pairs are now smoothly connected as in the
right side of Figur€ll This is the setup of our holographic QCD.

As mentioned above, thg(N; ). x U (N¢ )g gauge symmetry of the DB-8 system corresponds
to the chiral symmetry in QCD. Since the pairs are connected after replacing the D4-branes
with the corresponding curved background, tHidNs ). x U (N¢)g is broken taU (N¢). This phe-
nomenon corresponds to the chiral symmetry breaking in QCD. In fact, as we will see in the next
section, we can find the Nambu-Goldstone modes associated with this chiral symmetry breaking in
the spectrum.

In this description, it can be shown that the string coupling is proportionaftg and the
string length is proportional th ~1/2. Therefore, this description can be trusted whgandA are
large enough. Since QCD is an asymptotically free theory, the latter conditizn) implies that
this description works better at low energy.

4. Surprise

Using the holographic description explained in the previous section, a lot of properties of
hadrons can be extracted. Here, we just show some of the interesting results without trying to
explain the details. The readers should keep in mind that the approximations we made may not be
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accurate enough. In most of our calculations, we have only estimated the leading terms/iN¢the 1
and /A expansions. Since we have not estimated thé.land /A, corrections, we cannot tell
how much we can trust our results. In our quantitative results, widlgetto be around 1 GeV,
which is not high enough to justify the decoupling of unwanted KK modes. In addition, we have
neglected the effect of the quark mas3éherefore, we should not expect too much. If the order
of magnitudes in our calculations turn out to be comparable to the experimental results, we should
consider it as a success. But, please don't be too pessimistic. As we will show in the following, it
turns out that the results look much better than what one would naively expect.

First of all, hadrons are nicely realized in our framework. As depicted in Figugue-
balls, mesons, and baryons in QCD are realized as closed strings, open strings attached on the
D8-branes, and D4-branes wrappedSinrespectively. Since the end points of the open strings

closed open
string string

5:\} e @é@ = O e A

Figure 2: Hadrons in the model.

glueball meson baryon D-brane

are attached on the D8-branes, each open string carries two flavor indices, which is consistent with
our interpretation as a meson. Although we will not explain the details here, it is known that the
D4-brane wrapped on tH## has to havé\. open strings attached on it because of the RR flux in the
background[], 17 Therefore, it is plausible to interpret this object as a bound stah& gfiarks

in QCD.

4.1 Mesons

The effective theory of mesons can be obtained from the effective theory of open strings at-
tached on the D8-branes. Using the standard D8-brane effective action, and integrating 8Ver the
direction, we obtain the following five dimensiona(N¢) Yang-Mills-Chern-Simons theory:

Ssdim ~ Sym + s

Sym = K/d4deTr (;h( 2)F V+k( 2) uz) , Scs= 2|4\1|712/5d.mw5(A) ) 4.2)

whereh(z) = (1+2%)Y3 andk(z) = 1+ . Hereu,v = 0 ~ 3 correspond to the coordinates of
our four dimensional world, ando < z < « is the coordinate parameterizing the D8-brane world-
volume in the right side of Figuf8 The coefficienk in Syy is a constant proportional toN, and
ws5(A) in Ssis the Chern-Simons 5-form. The five dimensional gauge field can be decomposed as
=5 B n(@) , A7) = ¢ 4.2)
n>1 n>0
using complete setSin }n>1 and{ ¢ }n>o of functions ofz. The coeff|C|enB and¢™ are four
dimensional vector and scalar fields, respectively. It can be shown that the vectBﬂﬁéidcomes

5See[@ [T for the analysis including quark masses.
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massive by absorbing™, while ¢(© remain massless. Now, we interpret (the isovector part of)

Bf,l), BLZ), Bff), etc., as thgp-mesona;-meson,p’-meson, etc., respectively, adxﬁo) as the pion.

It can be easily checked that the spin, parity and charge conjugation parity are consistent in this

interpretation. Another reason for interpretigif) as the pion field is that the pion is considered

to be the Nambu-Goldstone particle associated with the spontaneous chiral symmetry breaking and

should become massless when the quarks are massless. We recover this property su€cessfully.
Inserting the expansiond.Q) into the five dimensional actioE{l) and integrating ovez, we

obtain a traditional four dimensional effective action of the mesuons a, etc.:

S:;dim(A) - S4dim<n7p7a17p/7aél_7 o ) . (43)

It is not difficult to compute the masses and couplings from the effective actiégh3dn (t turns
out that the kinetic terms and mass terms for the meBﬁPmre diagonalized when we choose the
complete sef yn }n>1 to be a set of eigenfunctions satisfying the eigenequation

~h(2)*0,(k(2)0yn(2))

whereA, is the eigenvalue. Then, the masB@a is given byy/A,Mkk . It can be readily shown that

the eigenvalueg, (n=1,2,3,---) are all positive and non-degenerate. We choose the order such
that 0< A1 < A2 < ---. The coupling constants are obtained as the coefficients of the interaction
terms in 3. For example, th@-7-11 couplinggp . is obtained as

= Antn(2) , (4.4)

o= 1. [ 42K2) s(2). @9

It is not difficult to evaluate these values numerically. We list some of the results in[lable

coupling || our model experiment
fr [92.4 MeV] 92.4 MeV
Ly 058x107% | (0.1~0.7)x10°3
mass|| our model | experiment Lo 12x10°% | (1L1~17)x10°3
P [776 MeV] | 776 MeV L3 —35x103% | —(24~4.6)x10°3
ap | 1189 MeV | 1230 MeV Lo 87x10°% | (6.2~7.6)x103
p’ | 1607 MeV | 1465 MeV L1o ~87x10% | —(48~6.3)x10°3
Qo 4.8 6.0
9o 0.16 Ge\ 0.12 GeV
Qayprr 4.6 GeV 2.8~ 4.2 GeV

Table 1: Masses and couplings calculated in our modeP] Here, Mk andA are
fixed by fitting thep meson mass and the pion decay consfant

Furthermore, it can be shown that the meson effective theory obtainEd@rré¢produces a
lot of old phenomenological models of hadrons, such as Skyrme model, vector meson dominance
model, Gell-Mann - Sharp - Wagner model, hidden local symmetry model, a bottom up holographic

61t was also shown that the Gell-Mann - Oaks - Renner relation (the relation between the pion mass and quark
masses) is satisfied when the quark masses are incBHed.[



Holographic QCD: Status and perspectives for the future Shigeki Sugimoto

model proposed ifl3, etc., without making any phenomenological assumptions. The CS-term
Scs correctly reproduces the chiral anomaly in QCD and yields the WZW term.

As a typical example, let us briefly explain what we can learn fowtheeson decayg] Here
we consider the cases witlly = 2. Then, the vector meson fieBLl) obtained above is a2
hermitian matrix. The trace part (isoscalar part) corresponds t@tmeson, while the other three
components (isovector part) correspond to thmeson p° and p*). We are interested in the
decay channele) — iy andw — it The relevant diagrams for these decay channels obtained
from the effective action4.3) are depicted in Figui@ Note that there are no direat-1-y and

4 PRl
0 n

s T
Figure 3: The relevant diagrams fan — my andw — mrrr. p" is the isovector part

of the vector mesoBf”*D.

w-T1-17-1T couplings, and these decay modes are always mediated by the vector m&sehsch

is the isovector part of the vector mesBﬁ”fl). This structure is exactly what Gell-Mann - Sharp
- Wagner proposed iflfl]. Furthermore, using the completeness condition{fgg}.>1, we can
show a sum rule:

< Jwpnndpny _ 4

2 T, Qo 5 (4.6)
whereggpnr, Gony @andgprr are the coupling constants for-p"-1, p"-y and p-r-1t interaction,
respectively, andn,n is the mass of the vector mespi. Using this sum rule, the decay width of
the w — 11y can be calculated as

N2 a hd nridpn 2 N2 a
M@= 1) = 5 aar (21W> el =3 gz bl (47
which reproduces the expression giver(if][

Other mesons, including higher spin mesons, are obtained as excited string states. For exam-
ple, ax(1320), b1 (1235, (1300, ap(1450), etc., are interpreted as the first excited open string
states, angs(1690), 76(1670), etc., are interpreted as the second excited states. The lightest spin
J mesons with] > 1 are(J — 1)-th excited open string states. SEkfpr more details.

4.2 Baryons

As mentioned above, baryons are obtained as D4-branes wrap@dibis known that a D4-
brane embedded in D8-brane world-volume is equivalent to a soliton in the gauge theory realized
on the D8-brand[g In our five dimensional gauge theoi.[)), baryons are described as a soliton
carrying non-trivial instanton number

1
62 L THFAF) =Na. (4.8)
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whereR* is the four dimensional space parameterized py~3,2)} andNg is an integer inter-
preted as the baryon number. This is analogous to the description of baryons as solitons (Skyrmions)
in Skyrme model[I7], and more directly related to the proposal[d], in which the Skyrmions
are obtained from the instanton configurations in a five dimensional Yang-Mills theory.

Applying the techniques developed in the Skyrme mdd@f] fo our system, we can analyze
various properties of baryons. The spectrum of the baryon is obtained as in BligOwe result

mass mass(GeV)
Ik _ _ L _ 21 ° °
I [ ]
- = .
I - 15 o = 1
2 -_— —_—
\/jMKK I
3 _ 1] _—
JP i+t 1- 3t 33— 1+t 1~ 3t 3-
2 2 2 2 2 2 2 2

Figure 4: Left side is the baryon spectrum obtained in our moBElhile the right
side is the spectrum of the baryons with= J taken from particle listings by Particle
Data Group. Heré andJ are the isospin and spin, respectively, and RBiiglthe parity.

(left side of Figurél) seems to reproduce some of the qualitative features found in the experimental
data (right side of Figurd). For example, the lightest and second lightest baryons are the states
with J° = %+ andJP = %+, respectively, the second lightest baryon with= %+ (P = %+) and

the lightest one witld® = { (P = %7) are almost degenerate, etc. Note that the latter feature had
been a mystery in hadron physics for a long time, since it contradicts with the naive analysis based
on quark model.

By evaluating the electromagnetic current operator, we can analyze the electromagnetic prop-
erties of baryons generalizing the idea@f][for Skyrmions. The results for the charge radii and
magnetic moments for nucleons obtaineddpdre listed in Tabl@2 It is also possible to compute
the electric and magnetic form factors for baryons. A plot of the electric form factor for a proton
computed ind is shown in Figur@® The low energy behavior seems to agree quite well with the
dipole profile(1+R2/A2)‘2, which is known empirically to reproduce the experimental data very
well at low energies.

5. Summary of Status

Let us summarize here what are more or less well-understood up to now.

1. Qualitative features

"See, e.g.[I0 2] for the analysis in lattice gauge theory.
8See alsdfA P23 24 23 for related works.
9See alsdZ8 PH for related works.
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our model

experiment

(r?),_o || (0.74 fmy
(r2),_, || (0.74 fmy
(r?), | (0.54 fmy

gi=0 1.7
Oi=1 7.0
oA 0.73

(0.81 fmy

(0.94 fmy

(0.67 fmy
1.8
9.4
1.3

Table 2: (r2),_,, (r?) _, and(r?), are isoscalar, isovector and axial mean square
radii, respectivelyg,—o andg,—; are isoscalar and isovector g-factoga. is the axial

coupling.

k2 GeV?

Figure 5: A plot of the electric form factor for a proton. The solid line is our reddit [
and the dotted line is the dipole profile wittf = 0.758 Ge\~.

A lot of qualitative features of QCD are reproduced in holographic QCD. For example, con-
finement, chiral symmetry breaking, existence of baryons and mesons, origin of baryon
masses, etc. are understood quite easily without making any detailed computations, if we

start with the holographic description explained in sedBoirurthermore, the holographic
description provides geometric interpretations for these phenomena.

2. Spectrum of hadrons

As explained in sectiod, glueballs, mesons and baryons correspond to closed strings, open
strings and D-branes, respectively. The spectrum of the hadrons obtained from this interpre-
tation reproduces many of the observed hadrons. Not only the pattern of quantum numbers

(JPC), but also the masses are in reasonable agreement with the experimentél data.

3. Structure of interaction

Coupling constants for the interaction among mesons as well as those with baryons are cal-
culated and compared with the experimental data. Again, we find non-trivial agreement.
Furthermore, it can be analytically shown that the structure of interaction is consistent with

various phenomenological models that are proposed in the past.

10see [@ 27 and references therein for the analysis of the glueball spectrum obtained from the fluctuations of

supergravity fields.
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6. Perspectives
There are a lot of things we should explore. Here, | only list a few of them.

1. 1/A and VN, corrections

As mentioned in sectidd, in most of our results, we have only evaluated the leading terms
in the /A and I/N; expansions. It is not clear how much we can trust this approximation
for the case of realistic QCD witN. = 3 and hence, it is important to evaluate the correc-
tions. The YA and 1/N; corrections in QCD correspond &d and loop corrections in string
theory, respectively. Therefore, in principle, if toé and loop corrections in string theory
are calculated, we are able to estimate the corrections to the results shown inection

2. Connection to perturbative QCD

As sketched in sectioB, our holographic QCD is supposed to be dual to a gauge theory
that flows to four dimensional QCD at low energies. However, since it contains KK artifacts
of masses of ordekk, it will deviate from QCD at high energies. In order to access to
higher energy and connect to perturbative QCD, we should mkelarge, while keeping

the dynamical scalé&qcp fixed. Because of the asymptotic freedom of QCD, we have to
makeA small whenMkg is large. Then, the A expansion will eventually break down and
we have to deal with full stringy calculation to know thedependence for small.

3. Phase structure

Needless to say, it is important to understand the phase structure of QCD. Since it is not
difficult to introduce finite temperature, chemical potentials, electric/magnetic fields, etc.,
in holographic QCD, we expect that holographic QCD may provide useful techniques to
analyze the phase structure including such external parameters. In fact, there are many works
in this direction and this is one of the most actively developing area of research in holographic
QCD. In particular, the situations with finite baryon density are very important, because
lattice simulation is not efficient enough for such cases. In the following, we make a few
comments on this issue.

Let us quickly outline what happens when we try to put baryons in high density. Recall that a
baryon corresponds to a soliton in the five dimensional gauge tH&d)y It can be shown that the
size of the soliton is stabilized at a small value and it behaves like a small particle living in the five
dimensional space-timg3, [3] Due to the CS-term ifl41), it is charged under the diagorial1)
part of theU (N;) gauge symmetry. Because of the non-trivial warp fachdrs andk(z) in (4.),
the soliton has a potential in tlzadirection and wants to sit near= 0.

If there are two baryons, they are repulsed by each other at short distances mainly because of
theU (1) charge[8 29 [30 The U (1) part of the fluctuations of the 5 dim gauge field contains
the component interpreted as ttvemeson. The repulsive force is partly interpreted as that caused
by the w-meson exchange. Next, consider an array of the baryons placed ae@alongx™3
directions and increase the density. It was observe@i132 33 that when the density is higher
than a critical value, the baryons spread inzlgrection. (Figurdg)

10
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Figure 6: Baryons in high density.

This is an interesting phenomenon that involveszdeection in an essential way. But, what
is the interpretation of this phenomenon in QCD? The autho@HBR, 33 proposed to interpret
it as formation of a fermi surface or a manifestation of quarkyonic phase. It would be interesting to
investigate this issue further.
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