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We consider aspects of dynamical baryons in a holographic dual of QCD that is formu-
lated on the basis of a D4/D8-brane configuration. We construct a soliton solution carrying a
unit baryon number and show that it is obtained as an instanton solution of four-dimensional
Yang-Mills theory with fixed size. The Chern-Simons term on the flavor D8-branes plays
a crucial role of protecting the instanton from collapsing to zero size. By quantizing the
collective coordinates of the soliton, we derive the baryon spectra. Negative-parity baryons
as well as baryons with higher spins and isospins can be obtained in a simple manner.

§1. Introduction

Since the discovery of the AdS/CFT correspondence’ ) (For a review, see
Ref. 4).), it has been recognized that a gravity description is a promising frame-
work for understanding non-perturbative aspects of gauge theory. The application
of this idea to realistic models, like QCD, has attracted much attention. (See, for
example, Refs. 5)-9) for recent progress along this line.)

In Refs. 10) and 11), a holographic dual of QCD with N; massless quarks is
constructed using a D4/D8-brane configuration in type ITA string theory. It has been
argued that the low energy phenomena of QCD, such as chiral symmetry breaking,
can be derived from this model. The key components of the D4/D8 model are the
G = U(Ny) five-dimensional Yang-Mills (YM) and Chern-Simons (CS) theory on a
curved background, both of which originate from the low energy effective action on
the probe D8-branes embedded into the D4 background presented in Ref. 12). In
this model, the massless pion and an infinite tower of massive (axial-)vector mesons
are interpreted as Kaluza-Klein states associated with the fifth (or holographic)
direction, and the masses and couplings of the mesons are found to be in good
agreement with experiments. In addition to the mesonic states, dynamical baryons
are also studied in Ref. 10), where it is demonstrated that the baryon number can be
identified with the instanton number of the 5d YM, and hence it is concluded that
baryons can be described by a soliton with a non-trivial instanton number. (See also
Ref. 5).)
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In the context of the AdS/CFT correspondence, it has been argued that baryons
are constructed from D-branes wrapped on non-trivial cycles.!® 19 In the case of
the D4/D8 model, baryons are identified as D4-branes wrapped on a non-trivial
four-cycle in the D4 background. Such a D4-brane is realized as a small instanton
configuration in the world-volume gauge theory on the probe D8-brane. Also, it
has been found that the pion effective action obtained from the 5d YM theory is
identically that of the Skyrme model, in which baryons appear as solitons, called
Skyrmions.2?)22) It can be shown that the baryon number of a Skyrmion, which
is defined as the winding number carried by the pion field, is equivalent to the
instanton number in the 5d YM theory. In this way, the D4/D8 model connects
various descriptions of baryons. (For further studies of baryons in the AdS/CFT or
AdS/QCD, see Refs. 23)-28). Also, closely related works are presented in Refs. 5)
and 29).)

The purpose of this paper is to investigate aspects of baryons described as in-
stantons in the 5d YM-CS theory formulated in the D4/D8 model. For brevity, we
restrict ourselves to the two-flavor case, Ny = 2. We first construct a soliton solution
of the 5d YM that carries a unit baryon number. We show that for A = g%,MNC > 1,
which ensures the validity of the supergravity approximation, the soliton is repre-
sented by a BPST one-instanton solution®?) with a fixed size of order A\='/2 located
at the origin in the holographic direction. Here, the CS term and the U (1) part of the
gauge field play an important role in stabilizing the instanton size. We next quantize
the soliton by formulating a quantum-mechanical system that governs the collective
motion. A baryon is identified with a quantum state of this system. Note that this
procedure is a natural extension of the old, well-known idea of Adkins, Nappi and
Witten3! in the context of the Skyrme model.2922) In the original work, appearing
in Ref. 31), only the massless pion is taken into account. Therefore it is natural to
extend the analysis to include the contribution from massive (axial-)vector mesons.
Such an extension has been studied in Refs. 32)-35) (See Refs. 36) and 37) for re-
views and references therein.) using phenomenological effective actions including
the (axial-)vector mesons, such as the p, w and a; mesons. This paper proposes a
new approach for incorporating vector mesons. This approach utilizes the fact that,
in the D4/D8 model, the pion and an infinite number of the massive (axial-)vector
mesons are unified in a single 5d gauge field with a reasonably simple effective action.
Thus, it is expected that a thorough study of this model will allow us to gain some
new insight into baryon physics that cannot be captured by the Skyrme model.

The idea of describing baryons in terms of YM instantons was previously investi-
gated in Ref. 38), in which it is argued that the pion field configuration corresponding
to the Skyrmion is accurately approximated by integrating the one-instanton solu-
tion along an artificial fifth direction. Our approach is a manifestation of this idea,
although the motivation is completely different. An interesting point here is that the
introduction of the fifth direction is not just a mathematical trick. Rather, this direc-
tion has a physical interpretation as one of the spatial directions in the holographic
description of QCD.

Unfortunately, because the instanton size is of order A™'/“, it is necessary to
incorporate an infinite number of higher-derivative terms into the 5d YM-CS theory

1/2
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in order to derive quantitatively precise results concerning baryon physics. In this
paper, we do not attempt to resolve this issue. Instead, we mainly consider the 5d YM
theory with the CS term (although in Appendix B, we also analyze the non-Abelian
DBI action). For this reason, it may be the case that quantitative comparisons of our
results with experiments, which are made below for several examples, are of limited
physical meaning. However, even if this is the case, we believe that the qualitative
picture of baryon physics investigated in this paper is rather interesting and can help
us to gain deeper insight into it. In fact, the baryon spectrum obtained in this paper
seems to capture some characteristics of the baryon spectra observed in experiments,
although the predicted masses are not very close to the experimental values.

The organization of this paper is as follows. In §2, we formulate the 5d YM-
CS system that we treat throughout this paper. In §3, we show that baryons are
described by an instanton solution whose size is fixed by taking into account the effect
of the CS term. Section 4 is devoted to the construction of the Lagrangian of the
collective motion of the soliton. Quantization of the Lagrangian is performed in §5,
where the correspondence between each quantum state and a baryon is established.
There, we also make a quantitative comparison of our results with experimental
results for several cases. We end this paper with conclusions in §6. Some technical
details are summarized in the Appendices.

§2. The model

Our model consists of the following YM-CS theory with gauge group U(Ny) in
a five-dimensional curved background:

S = Sym + Scs ,
1
Sy = —m/d‘lxdz tr [5 h(z)}—i,, + k(z)fzz g
N,
Ses = wg(Nf)(A) ) (2-1)

2
2471’ M4A%R

Here, u,v = 0,1,2,3 are four-dimensional Lorentz indices, and z is the coordinate
of the fifth-dimension. The quantity A = A,dxz* + A.dz is the 5-dimensional U (Ny)
gauge field, and F = dA + iA A A is its field strength. The constant « is related to
the ’t Hooft coupling A and the number of colors N, as*)

AN,
= =alN, . 2-2
"= Y16 22)

The functions h(z) and k(z) are given by
h(z) = (1+22)73 ) k(z)=1+2%, (2:3)

*) In Refs. 10) and 11), we used x = AN./(1087°), which is due to the misleading factor of 2
appearing in Eq. (5.1) of Ref. 10).
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and wg(Nf)(A) is the CS 5-form for the U(Ny) gauge field defined as

M?M%Ay:u<Af?—%@f—q%Aﬁ : (2-4)

This theory is obtained as the effective action of N; probe D8-branes placed in the
D4-brane background studied in Ref. 12) and is supposed to be an effective theory of
mesons, including an infinite number of (axial-)vector mesons as well as the massless
pion, in four-dimensional QCD with N; massless quarks. In Refs. 10) and 11), it is
argued that much of the low energy behavior of QCD is reproduced by this simple
action. Here we employ units in which Mxx = 1, where Mgkk is the single mass
parameter of the model, which specifies the Kaluza-Klein mass scale. The Mgk
dependence can easily be recovered through dimensional analysis.

Note that it is also possible to extend our investigation to cases of more general
functions h(z) and k(z), as in the phenomenological approach to holographic QCD
given in Ref. 5). However, in this paper we use the functional forms given in Eq. (2-3)
for definiteness.

It is useful to decompose the U(Ny) gauge field A into its SU(Ny) part A and

its U(1) part A as

1 - 1
A= AT* +

A, (2-5)
2N, 2N,

A=A+

where T (a = 1,2, - ,N]% — 1) are the generators for SU(Ny) normalized as
arpb 1 ab
t(1°T") = S5 (2:6)
The action is then written as

1
Sy = —/1/d4xdz tr {5 h(z)Fiy + k(z)Fiz]

K

2/d%w[%M@ﬁi+k@ﬁi}, (27)

Ne [ SU(Ny) B

3 - 1
el (A) + ——=Atr F? + ————AF?

+\/21de<ﬁtr <2FA— %A3>)] : (2-8)

As mentioned above, we consider only the N; = 2 case in the present paper. In

this case, w5SU(2)(A) vanishes, and the CS term reduces to

Scs =

CONe [[34 . 1o i
Scg = Y [5/1 tr F“ + ZAF + (total derlvatlves)}

Ne

3~ 3~
= 247T2€MNPQ/d4xdz|:§AO tr(FunFpg) — §AM tr(00AnFpq)
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3~ 1 ~ ~ ~ 1~ ~ =
+ ZFMN tI‘(AonQ) + 1_6AOFMNFPQ — ZAMFONFPQ + (total derivatives) ,
(2:9)

with M, N =1,2,3, 2 and €123, = +1.
§3. Classical solution

3.1. Soliton solutions for Sy s

In our model, X\ is assumed to be large, and we employ the 1/\ expansion. Since
Sym ~ O(AY) and Scg ~ O(A0), it is expected that the leading contribution to the
soliton mass comes from Syy. Let us first consider the system without the CS term.
In this case, the U(1) part, A\, of the gauge field is decoupled from the SU(2) part,
and thus it is consistent to set A = 0. We are interested in the minimal energy static
configuration carrying a unit baryon number, Ng = 1, where the baryon number
Np is equal to the instanton number and is given by

1
3272

Np /dgl‘dZEMNPQ tl“(FMNFpQ) . (3'1)

If the five-dimensional space-time were flat and the functions h(z) and k(z) were
trivial (i.e. h(z) = k(z) = 1), the solution would be given by the BPST instanton
solution®?) of arbitrary size p and position in the four-dimensional space parame-
terized by oM (M = 1,2,3,2). However, in the present case with Eq. (2-3), it can
be shown that the minimal energy configuration is given by a small instanton with
infinitesimal size, p — 0.

To illustrate this fact, we first examine the p dependence of the energy calculated
by inserting the BPST instanton configuration as a trial configuration. The BPST
instanton configuration is given by

Anr(x) = —if (€) gOmg™" (3-2)
where
2 —
7€) §2in, f=\@- X2+ (-20, (3:3)
gla) = EZH RN (3-4)
and its field strengths are
2p? u 2p?
E e R @

Here 7 = (7!,72,73) are the Pauli matrices, and we have ¥ = (z!,2? 2%) and

a,i,j = 1,2,3. The constants ()Z', Z) and p denote the position and the size of the
instanton, respectively. This is the one-instanton solution for the SU(2) Yang-Mills
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theory in flat four-dimensional space. Assuming X =0and Z =0 for simplicity, the
energy of this configuration is calculated as

E(p) =k / dBrdz tr Bh(z)F;j + k:(z)Ffz]

= srtpt [[de (24 1) 0(e) + b))
:3W2K[ﬁr<7/3>F<1 1’5;1_&)

T(17/6)

P . 3-6
Lk rirad] - oo

3 3
It can be shown that E(p) is a monotonically increasing function of p whose minimal
value is E(p = 0) = 872k.

It is also possible to show that the minimal value of the energy E = 872k found
above is actually the absolute minimum in the sector with a unit instanton number.
In fact, the SU(2) part of the YM action has the following bound for any static
configuration:

m/dga:dztr [%h(z)Ffj —I-k(z)FZQZ] > g/d?’xdz\/m

> 87%k|Np| . (37)

ijk ha 1a
€ F]kF;z

Here we have used the relation h(z)k(z) > h(0)k(0) = 1. The lower bound of (3-7)
is realized only in the case of a (anti-)self-dual instanton with an infinitesimal size
located at z = 0.

It is interesting that the minimal value 872« is equal to the baryon mass obtained
in Ref. 10) from the mass of a D4-brane wrapped around an S* that surrounds the
color D4-branes. This fact suggests that the soliton mass 872« is not modified even if
we include higher derivative terms in the DBI action, because the wrapped D4-brane
can be regarded as a small instanton on the probe D8-branes.??):40) More evidence
supporting this conjecture is given in Appendix B.

3.2. Contribution from Scg

Let us next consider the contribution from the CS term, (2:9). It is important
to note that this term includes a term of the form

EMNPQ/d4deEO tI‘(FMNFPQ) . (3'8)

This shows that the instanton configuration induces an electric charge coupled to the
U(1) gauge field A. As is well known from the theory of electrodynamics, the energy
possessed by the electric field of a point charge diverges. In the 14+4 dimensional
case, the energy behaves as E ~ p~2 for a charged particle of radius p. Then,
taking this contribution into account, it follows that the minimal energy configuration
representing a baryon must have a finite size. This reasoning is analogous to that
used to argue the stability of a Skyrmion via the w meson presented in Ref. 32).

In fact, as we show below, the classical solution at leading order in the 1/\
expansion is given by a BPST instanton in the flat space whose size p is of order
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A~Y2. For this reason, in order to carry out a systematic 1/\ expansion, it is
convenient to rescale the coordinates 2 as well as the U(2) gauge field Ay as

B T2 30 = g0

Avo(taaf) = Ao(t,$) 5 AM( ) = A" 1/2AM(t 33) 5
}/:MN(ty%) = AilfMN(t,.r) s fOM(t, (E) = )\71/2.70]\4(15,.%) s (39)

and regard the quantities with tildes as being O(A\?). Hereafter, we omit the tilde
for simplicity. We then find that for A > 1, the YM part becomes

A 2
SYM = — aNc/d4LUdZ tr |:§F]%4N + <_%F12] + Zz-Fizz - FO2M> + O(A_l):|

N, A~ 2 . ~ ~
with 4, j = 1,2, 3, while the CS term takes the same form as that given in Eq. (2-9).
Here we have used Eq. (2-2). The equations of motion for the SU(2) part read

1
Dy Foyr + 647 EMNPQFMNFPQ + O()\ ) =0, (3-11)
DyFyn +O0M"H =0. (3-12)

Also, the equations of motion for the U(1) part are

1 1~ =~
OneFor + 6dm2a MNPQ {tr(FMNFPQ) + §FMNFPQ} +O0NHY =0, (313)
InFryn +ONH =0. (3-14)

Now we solve the equations of motion, (3-11)—(3:14) in order to derive a static
soliton solution corresponding to a baryon. First, let us consider Eq. (3-12). In this
paper we expand the action about the baryon solution and keep only the terms of
orders A' and \°. For this purpose, we have only to solve the equation Dy Fyy = 0
on flat space while ignoring the O(A~!) term in Eq. (3-12), because the correction to
the solution from the O(A™!) term in Eq. (3-12) gives only an O(A™!) correction to
the action. Therefore, a solution that carries a unit baryon number is given by the
BPST instanton solution (3-2). Here, the parameters ()2 ,Z) and p are also rescaled
as in Eq. (3-9).

For the U(1) part, the finite energy solution of the Maxwell equation (3-14)
is given by Fun = = 0, which yields the trivial solution Ay = 0, up to a gauge
transformation. Then the Gauss’s law equation (3-11) is reduced to

D340 =0, (3-15)

whose solution is given in terms of a linear combination of the functions &, given
in Eq. (A-20) of Appendix A. We are interested in the solution that vanishes at
infinity, and it is given by Ag = 0.
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We are thus left with Eq. (3-13) for Ag:

S A SN A (3-16)
M0 o, @+ p)t
This equation can easily be solved, and the regular solution that vanishes at infinity
is given by
~ 1 1 pl
Ag=———[1- 2| . 3-17
=g | ey 1
Note that we could add a constant term to Eq. (3-17) if we allow Ay that are non-
vanishing at infinity. The physical interpretation of this constant term is that it
is the chemical potential u associated with the baryon number,* since Eq. (3-8)
induces the pNp term in the action.

Now we have obtained the configurations (3-2) and (3-17), together with Ay =
Aps = 0, which solves the leading-order equations of motion, (3-11)—(3-14). Although
this solution is sufficient for calculating the O(A!) and O(\Y) terms of the energy, as
mentioned below Eq. (3-14), the resultant energy depends on p and Z, which have

not yet been fixed. In fact, the soliton mass M is obtained by evaluating the action
on shell, S = — [ dtM:

2
M =872k + kA ™! /dgxdz [—% tr(FZ'j)2 + 22 tr(Fiz)Q]

1 -~ ~
- 5%&)\_1/(1336612 |:(8MA0)2 + Ag EMNPQ tl"(FMNFpQ):| + 0()\_1)

32m2a
2 2
_ Q2 -1(P 1 L Z -2

The values of p and Z for the solution should be determined by minimizing M, which
is equivalent to solving the sub-leading part of the equations of motion, (3-12) and
(3-14), projected on to the space of the deformations of the solution in the p and Z
directions.

It is worth emphasizing that the term in Eq. (3-18) proportional to p~2 results
from the Coulomb interaction 121\0 emMnpQ tr(FunFpg) in the CS term, while the p?
and Z? terms are due to the warped geometry employed here. Without the Coulomb
interaction, the soliton mass is minimized by the instanton with infinitesimal size,
i.e. p — 0, located at the origin, Z = 0, as we saw in §3.1. However, with the
Coulomb interaction, the instanton is stabilized at a finite size p given by

, 1 [6

8m2a \V 5 ( )

p

Going back to the original variable [see Eq. (3-9)], p? is rescaled as p? — A\T!p?, en-
suring that the soliton is given by an instanton with size of order A=1/2, as mentioned

*) See Refs. 41)-43) for recent developments concerning the D4/D8 model with a chemical
potential.
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above. Then, inserting Eq. (3-19) into Eq. (3-18), the mass of the soliton becomes

M ~ 87 mﬂ/ =N (3-20)

We conclude this section with a few remarks on higher-order derivative terms.
The action (2-1) is obtained by omitting the higher derivative terms from the D-
brane effective action. This corresponds to keeping only the leading-order terms in
the 1/\ expansion. However, in our case, because the size of the soliton solution is
small, the derivative of the gauge field is enhanced and may become important in the
analysis. Actually, we have seen that the size of the soliton solution is of order A=%/2,
which in turn implies that an infinite number of higher-derivative terms involved in
the D-brane effective action are of the same order in the 1/\ expansion. To see
this, recall that each derivative and gauge field is accompanied by the string length
l, = Vo in the DBI action, for example, 1,0y, lsAy and o Fyrn. As explained
in Ref. 11), o/ can be regarded as a parameter of order A~!. Therefore, after the
rescaling of Eq. (3:9), 150y and [sAy become O(A?) in the rescaled variables, and
hence the higher-order derivative terms can appear at the same order. Such terms
may also contribute to the equations of motion, (3-11)—(3-14), and the soliton mass
(3-18). On the other hand, there are some arguments indicating that, in the case of
D-branes in a flat space-time, neither the BPST instanton solution nor its energy is
modified, even if all the higher derivative corrections are taken into account.*447)
In Appendix B, we investigate the non-Abelian DBI action and obtain some evidence
that the analysis based on the Yang-Mills action given in Eq. (2-1) is not modified.
It is important to carry out a more systematic analysis in order to make precise
quantitative predictions. We leave this task for a future study.

§4. Lagrangian of the collective modes

The moduli space of the one-instanton solution for the SU(2) Yang-Mills equa-
tion (3-12), ignoring the O(A~1) terms, is given by

M =R xRz, . (4-1)

The first R* here corresponds to the position of the instanton parameterized by
(X, Z), and R?*/Zy consists of the size p and the SU(2) orientation of the instanton.
(See, for example, Ref. 48) for a review.) Let us parameterize R*/Zy by y; (I =
1,2,3,4), which are transformed as y; — —y; under Zy. The size of the instanton
corresponds to the radial coordinate, p = \/y? + - - - + y2, and the SU(2) orientation
is parameterized by a;y = y;/p, with the constraint ZZ} Lar=1.

To analyze slowly moving solitons, we adopt the moduli space approx1mat10n
method.*-50) With this method, we treat the collective coordinates (X, Z,ys) as
time-dependent variables and consider a quantum mechanical description of a parti-
cle in the moduli space M. The situation here is analogous to that of monopoles®®)
(See, for example, Refs. 48), 51) and 52) for a review.) and also that of the
Skyrmions.?!) In the present case, the size p and the position Z in the z-direction are
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not genuine collective coordinates, because of the p and Z dependent terms in the
energy (3-18), which arises from the non-trivial warp factors h(z) and k(z). As seen
at the end of this section, the excitations associated with p and Z are much lighter
than those associated with the other massive modes around the instanton for large
A. For this reason, we treat p and Z as collective coordinates, along with ()? ,ag).

Now we calculate the effective Lagrangian of these collective modes, presenting
the derivation of Eq. (4-1) for completeness. We work in the Ay = 0 gauge, which
should be accompanied by the Gauss’s law constraint (3-11). Also, Eq. (3-13) gives
a constraint for obtaining A\g and singles out the physical degrees of freedom.

The basic idea employed in this calculation is to approximate the slowly moving
soliton by the static classical solution, with the constant moduli X = ()Z s Z,yr)
promoted to the time-dependent collective coordinates X*(t). Thus, the SU(2)
gauge field is assumed to be of the form

Ap(t,z) = VAS (2 X))V —iVay V1. (4-2)

Here, AS(z; X(t)) is the instanton solution (3-2) with time-dependent collective
coordinates p(t), X(t) and Z(t). The quantity V = V (¢, ) is an element of SU(2)
that is necessary for imposing the Gauss’s law constraint (3-11) for Eq. (4-2). It also
specifies the SU(2) orientation and hence includes the collective coordinates ay(t).
To see this, we first note that

Fyn = VEinV™", Fou =V (X045, - Do) V1 (4-3)
where 9, = 9/0X%, the dot denotes the time derivative 0y, Dﬁ}l is the covariant
derivative with the gauge field AS,(z; X*(t)), and we have

=—iv-lv. (4-4)

For a given @, V can be obtained as

V1 =Pexp (—i / t dt’@(t’,x)) . (4-5)

It then follows that Eq. (3:11) becomes

c ¥ 0 C . 0 c ¢
DS, (XNM—NAA;era—pAAQ—DAg@) =0, (4-6)

where XV = ()_f, Z), and we have used ﬁj‘f}N = 0. As shown in Appendix A, this
equation is solved by choosing

b(t,z) = — XN () AN (z) + X" ()Pa() , (47)
where @, (a = 1,2,3) are the solutions of DS, DS, @, = 0 given in Eq. (A-20), and
X® (a =1,2,3) are related to the collective coordinates ay as

1

X = —itr(t%a” " a) = 2(a4aq — G4aq + €gpeapac) | (4-8)
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with
a =ay+ia, 7™ € SU(2) . (4-9)
Then, Fyps in Eq. (4-3) can be expressed as

: d
Four =V <XNF§}N + pa—ijy - X“Dﬁ}gpa) v (4-10)

where we have used (9/0XV)AS, = —onAS,.
It is also necessary to impose the condition represented by Eq. (3-13), which
reads

~ 1
2 1 1y

This shows that A is again given by Eq. (3-17), except that in the present case, all
the instanton moduli are time dependent.

Inserting into the action the above soliton configuration with time-dependent
collective coordinates, we obtain the quantum mechanical system

L= % 9ap X XP —U(X*) + O (4-12)

where myx = 8m2kA~1 = 872aN, and Jap is the metric for the instanton moduli
space (4-1), given by

ds? = gapdX*dX"
= dX? + dZ? + 2(dp? + p*da?)
=dX? +dZ? +2dy? . (4-13)

(See Appendix A for more details.) The potential U(X?) is given by Eq. (3-18),

U(X*) =Ul(p, Z) = Mo + mx p—2+71 i+Z—2 (4-14)
’ 6  320m%aZp? 3 )’

with My = 87%k. The Lagrangian (4-12) can also be written as

L=Lx+Lz+L,+O0\ "), (4-15)
LX = —M() + %X—? R
L, = mz g2 mZW%ZQ ’
2 2
2 2
_ My g MyW, 9 Q  Mmy o 9.9y MyWy 5 Q
Ly_Ty[_Tp_?_T(p +PGI)——2 p_ﬁa (4-16)
where
My=8n’k, mx=my= my/2 = 8m2k\~! = 8n%aN, ,
2 1 N? N,
2 2 c c
== — = - - . 417
zZge wn =5 9T 50T Wnk (417)
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A few comments are in order. First, if we write the above Lagrangian in terms
of the original variable before the rescaling described in Eq. (3-9), mx is replaced

with Mp, and then the X2 term becomes the usual kinetic term for a particle of
mass My. Second, note that the Lagrangian for ay is the same as that in the case
of a Skyrmion®") with a moment of inertia myp2 /4, although this moment of inertia
depends on the coordinate p, which is promoted to an operator upon quantization.
Third, as mentioned above, p and Z are not the collective modes in the usual sense,
since they have the non-trivial potential (4-14). The reason that we focus only on
p and Z among the infinitely many massive fluctuations about the instanton is the
following. Because the Lagrangian for p and Z in Eq. (4-15) is of order \°, the
energy induced by the excitation of these modes is also of order A°. On the other
hand, the other massive fluctuations are all massive, even for a flat background, and
hence the mass terms come from the O(\) term in Eq. (3-10). This implies that their
frequencies are of order AY/2. Therefore, the excitations of these modes are much
heavier than the excitations of Z and p for A > 1.

§5. Quantization

In this section, we quantize the system (4-15) in order to derive the spectra of
baryons. The Hamiltonian for a baryon placed at X =0 is

H=My+H,+Hgz, (5-1)
where
4
1 0?2 1 Q
H,=——— — + —mywip® + (5-2)
Y 2my £~ oy 2 p?
1 1

As argued in Appendix A, a point a7 in S? and its antipodal point, —ay, are to
be identified in the instanton moduli space. This implies that the wave function of
the system must satisfy the condition

Plar) = £¢P(—ar) . (5-4)
Following Ref. 31) (see also Ref. 53)), we impose the anti-periodic boundary condition
Y(ar) = —1(—ay), since we are interested in fermionic states.

5.1. Solution to the Schrodinger equation

As a warm-up, let us first consider H, with @ = 0. Then, the system is reduced
to the 4-dimensional harmonic oscillator:

4
Hylg-o=Y" <—i8—22 + lmng?ﬁ) | (5:5)
=\ 2my oy 2

We know that the energy eigenvalues of this system are given by

Eylg=0 = wp(N +2) , (5-6)
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with
N=ny+ns+n3+nyg, (5:7)
where n; = 0,1,2,--- (I =1,2,3,4). The degeneracy of the states with a given N
is
1
dNZE(N+3)(N+2)(N+1) . (5-8)

Next, we solve this problem using polar coordinates. The Hamiltonian is then
written

1 1 3 L oo 1 2 2
Hylo=0 = —% (Fap(P 9p) + ?VS?)) + 5 MyWol™ (5:9)

where V23 is the Laplacian for a unit S3. It is known that the scalar spherical
harmomcs for S3 are given by

T(l)(a]) :Ch"-fz ap ---ag , (5'10)
where C7,...1; is a traceless symmetric tensor of rank [. They satisfy
V2TV = (1 +2)T" | (5-11)

and the degeneracy is (I+1)2. Under the isomorphism SO(4) ~ (SU(2) x SU(2))/Za,
the rank [ traceless symmetric tensor representation of SO(4) corresponds to the
(S1/25 S1/2) representation of (SU(2) x SU(2))/Zz. Here, S;/5 denotes the spin /2
representation of SU(2), and its rank is dim S; /5 = [+ 1. Writing the eigenfunctions
of the Hamiltonian as

w(yr) = R(p) T (ar) , (5:12)
R(p) is found to satisfy
HiR(p) = Eylq=0 R(p) , (5-13)
with 11 (+2)\ 1
_ 3 + 2 2
Hl = —% <F8p(p 8p) - p2 ) + 5 ywpp . (514)

The eigenvalue equation (5-13) for R(p) is reduced by substituting the form

R(p) = e~ =5°7 pl u(myw,p?) . (515)

This yields the confluent hypergeometric differential equation for v(z),

2 ‘Q 0 _
207+ (1+2—2)0, + —1—-2]v(z)=0. (5-16)
2 Wy
A normalizable regular solution to Eq. (5-16) exists only when (%) (Ey|g=o/w, — | — 2)
=n=20,1,2,---, and it is given by

v(z) = F(—n,l+2;2) , (5-17)

where F'(a,7; z) is the confluent hypergeometric function defined by

Fla,v;2) = @

e Z— (5:18)
=0
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with (o) = a(a+1)--- (a+k—1). Note that F'(—n,~;2) is a polynomial of degree
n. The corresponding energy eigenvalue is

Bylgo = wpll +2n+2) (5:19)
which coincides with Eq. (5-6). It is easy to see that the degeneracy (5-8) is repro-
duced by summing (I +1)? with [ = N — 2n over n =0,1,--- ,[N/2].

Now we turn back to the Hamiltonian (5-2) with @ > 0. Using polar coordinates,
it is written

1 1 3 1 2 1 2 2

Again, the wave function can be written as Eq. (5-12), and R(p) should satisfy
HiR(p) = E,R(p) (5:21)

where Hz is now given by H; (Eq. (5-14)), with [ replaced by lN, defined as

T=—1+4,/0+1)2+2m,Q (5-22)

which satisfies

1(0+2)=1(1+2)+2m,Q . (5-23)

Therefore, the eigenfunctions and the energy eigenvalues are obtained by simply
replacing [ with [ in the previous results for ) = 0, and thus the energy spectrum
becomes

E, = w,(I+2n,+2)

+12% 2 2n, +1
= — N2 p 5-24
with n, = 0,1,2,--- and [ = 0,1,2,---. As discussed above, the fermionic baryons

correspond to the wave functions that are odd in a;, which implies that [ should be
odd. We see in the next subsection that this yields baryons with half-integer spin
and isospin. Finally, the quantization of Z is trivial:

1\ 2n. 41
>: ne (5:25)

EZ:wZ<nz+— N

2
with n, =0,1,2,---. Adding Eqgs. (5-24) and (5-25), we obtain the following baryon
mass formula:

1+1)2 2 2(ny, +mny) +2
M = M, N2y P E 2 5-26
0+\/ e TNt 7 (5-26)
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5.2.  Physical interpretation

The physical interpretation of the baryon spectrum found in the previous sub-
section is as follows. As mentioned above, each mass eigenstate belongs to the
(S1/2, S1/2) representation of SO(4) ~ (SU(2)r x SU(2)s)/Z2, which acts on the
SU (2)-valued collective coordinate a defined by Eq. (4-9) as

a—gragy;, 9gr7<€SU2)s. (5-27)

This implies that SU(2); and SU(2); are identified with the isospin rotation and
the spatial rotation, respectively, as in Ref. 31). This can be understood from the
ansatz (4-2) and Eq. (A-21) in Appendix A, relating @ and V: The spatial rotation
of the BPST instanton configuration (3-2) gives rise to the transformation of V' as

V—=Vgy, g5€SU(2),, (5-28)
while the isospin rotation of the gauge field (4-2) is induced by
V=gV, greSuU®2. (5-29)

This transformation property, together with Eq. (A-21), implies Eq. (5-27). With
this identification, we find that the spin J and isospin I of the soliton are both /2.
The [ = 1 states correspond to I = J = 1/2 states, which include nucleons, and the
[ = 3 states correspond to I = J = 3/2 states, which include A. These are the states
considered in Ref. 31).

Heavier baryons with a common spin and isospin are represented by states with
non-trivial n, and n. It is interesting that the excited states with odd n, correspond
to odd parity baryons, as the parity transformation induces z — —z, as shown in
Ref. 10).

For the comparison with our mass formula (5-26) to be made below, we list
baryons with I = J in the PDG baryon summary table,>¥) along with a possible
interpretation of the quantum numbers (n,,n.).

(np,mz) | (0,0) | (1,0) (0.1) | (L,1) (2,0)/(0,2) | (2,1)/(0,3) (1,2)/(3,0)
N(I=1) | 940% | 14407 1535~ | 1655~ 17107, ? | 2090, 7  2100F, ?
A(l=3) | 12327 | 1600" 1700~ | 19407 1920+, ? ?, 7 ?, 7

(5-30)
The superscripts + represent the parity. The subscript * indicates that evidence of
the existence of the baryon in question is poor.

5.3. Comments on the baryon mass formula

Let us first discuss the N, dependence of the mass formula (5-26) in the large N,
limit. For N, > [, the mass formula (5-26) has the following approximate expression:

2 1 [5(1+1)* 2(n,+mn,)+2
M~ My+ 1/ —=N.+ =1/ = : 5-31

Note that the O(N,) terms are identical to the classical formula, (3-20). It is inter-
esting that the mass formula (5-31) is consistent with the expected N, dependence
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in large N, QCD.31):55) Tt is known that the mass splittings among the low-lying
baryons with different spins are of order 1/N,, while those among excited baryons
are of order N?. This is exactly what we observe in Eq. (5-31).

The states considered in Ref. 31) correspond to the states with n, = n, = 0.
The I-dependent term in their mass formula is proportional to [(I 4 2), which is also
reproduced in Eq. (5-31).

It is important to understand the extent to which we can trust the mass formulas
(5-26) and (5-31). First, in order to approximate Eq. (5-26) with Eq. (5-31), the
inequality

I+12 2
5 < 15NC (5-32)
must be satisfied. For real QCD with N, = 3, it is satisfied only for [ = 1. For this
reason, we mainly consider the formula (5-26) in the following. However, we have
to keep in mind that there may be 1/N, corrections to the action (2-1) that become
important for large quantum numbers [, n, and n, in the mass formula (5-26).

Another uncertainty in the mass formula regards the zero-point energy. Note
that the zero-point energy in Eq. (5-26) is of order N2, which is the same order as
possible 1/N, corrections to the classical soliton mass My. Furthermore, an infinite
number of the heavy modes around the instanton that have been ignored to this
point give a divergent contribution to the total zero-point energy of order N?. What
we really need is the difference between the energy in the presence of a soliton and
that in the vacuum, and hence the divergence in the zero-point energy in the presence
of a soliton should be removed by subtracting the zero-point energy of the vacuum.
In this paper, we do not attempt to analyze such contributions. Instead, we only
consider the mass differences among the baryons and treat M, as a free parameter.

5.4. Numerical estimates

As suggested in §§3.2 and 5.3, we cannot fully justify the quantitative prediction
for the baryon mass, especially in the case of large masses, because the contribution
from higher-derivative terms, as well as the 1/N, corrections, may become important.
Nevertheless, here we report some numerical estimates to gain some insight from the
baryon mass formula (5-26).

The difference between the masses of the [ = 3 and [ = 1 states is

8 6 2 6
M3 —Mji—1 =1y\/=+=-—1/=+ = ~0.600 ~ 569 MeV . 533
1=3 =1 \/3+5 \/3-1'5 e (5-33)
The difference between the masses of the (n,,n.) = (1,0) or (0,1) state and the
(0,0) state with a common [ is

2
M(l,O)/(O,l) — M(070) = _6 ~ (0.816 ~ 774 MeV . (534)

Here, we have used 1 = Mgk ~ 949 MeV, which is consistent with the p meson
mass.!?:11)  Unfortunately, these values are slightly too large compared with the
experimental values. If Mgk were 500 MeV, the predicted values obtained using
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Eq. (5-26) would become very close to those listed in Eq. (5-30):*)

(np,mz) || (0,0) | (1,0) (0,1) | (1L,1) (2,0)/(0,2) | (2,1)/(0,3) (1,2)/(3,0)
N(I=1) | 9407 | 1348T 1348~ | 1756 1756",17567 | 2164 ,2164~ 2164721647
A(l=3) | 12407 | 1648% 1648~ | 2056~ 205620567 | 2464~ 2464~ 246472464+

(5-35)

§6. Conclusion and discussion

In this paper, we have investigated dynamical baryons within the context of the
holographic description of QCD proposed in Refs. 10) and 11). A key observation in
this treatment is that the baryon number is provided with the instanton number in
the five-dimensional YM-CS theory (2-1). This implies that baryons can be described
as large N, solitons, as in Refs. 20)—22), 55) and 31). We explicitly constructed a soli-
ton solution with a unit baryon number and found that it corresponds to the BPST
instanton with a size of order A™1/2. Tt was stressed that the Coulomb interaction in
the CS term plays a crucial role in obtaining the regular solution. Although regular,
the instanton is not large enough that we can employ the YM-CS theory with all
the higher-order derivative terms omitted. As a first step toward the full incorpo-
ration of the infinitely many higher derivative terms, we consider the non-Abelian
DBI action®® in Appendix B. There, we verify that the energy contribution of the
static baryon configuration computed with the non-Abelian DBI action is the same
as that computed with the YM action. We leave the more thorough analysis of this
problem as a future work, with the goal of carrying out a precise quantitative test
of the present model regarding baryon physics by properly treating all the relevant
higher derivative terms.

We quantized the collective coordinates of the instanton to obtain the baryon
spectrum in the hope that the model (2-1) captures some qualitative features of
baryons. In fact, the N. dependence of the baryon mass formula (5-26) is consistent
with the results of the analyses of large N, baryons in the literature. Furthermore,
our model describes negative-parity baryons as the excited states of the instanton
along the holographic direction z. Unfortunately, the best fit of the parameter Mk
to the experimental data for baryons is inconsistent with that found in Refs. 10) and
11), which comes from the p meson mass. This may be due to the fact that the
higher derivative terms have not been incorporated into the YM-CS theory.

We end this paper with some comments on future directions. It is important to
analyze static properties of baryons, such as the charge radii and magnetic moments,
as done in Ref. 31) for the Skyrme model. Also, extension of the one-instanton
solution to multi-instanton cases is quite interesting for the purpose of exploring
multi-baryon systems. (See Refs. 38) and 57) for related works.) Moreover, in the
present model, the role of the infinite number of (axial-)vector mesons in obtaining
the soliton solution is not difficult to elucidate. It would be interesting to compare
this role with the recent analysis given in Ref. 28), in which baryons are constructed

*) The nucleon mass 940 MeV is used as an input to fix Mp.
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as Skyrmions in the effective action including the pion and p meson on the basis of
the D4/D8 model.
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Appendix A
—— Metric of the Instanton Moduli Space

In this appendix, we outline the derivation of the metric of the instanton moduli
space given by Eq. (4-13). (See, e.g., Ref. 48) for a review.) This metric can be read
from the kinetic term of the Lagrangian of the collective coordinates, which follows
from the 2, term in Eq. (3-10) as

% Gap X XP = At /d3:cdz tr Fa
_ -1 3 cl jcl 2
= KA d’zdztr ( Dy, @ — ASy ) (A1)
where Fyyy is given by Eq. (4-:3). We solve the Gauss’s law constraint (4-6) to obtain

& (Eq. (4-4)) for each instanton moduli and then calculate the corresponding metric
using Eq. (A-1). To do this, we first decompose @ as

P=Px +P,+ Psy(a) » (A-2)

and impose the conditions

N O
D§, <XN6X—NA§\14 — D%¢X> =0, (A-3)
D3y (b5 Ak~ D, ) =0, (A-4)
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D3y D5y Psu(z) =0 . (A-5)
The following formula for g(x) given in Eq. (3-4) is useful in the derivation below:
1

goug =4 ¢, (A-6)

e Instanton center XM = (X, Z)
We find that the form

by — — XN AT, (A7)
satisfies Eq. (A-3), since we have (9/0XV)AS, = —0nAY,, and hence
' )
Doy — XNaX—NA;lJ =—XNF§y . (A-8)
The corresponding metric is
2kA7!
JgMN = r /d3xd2trFX}[pFK}p:5MN . (A9)
e Instanton size p
Using the relation
0 2
Ay = — L 48 (A-10)

ap M@t
and the formula
O (g 0m g_l) x (xpr — Xar) gOm g t=0, (A-11)

we find that Eq. (A-4) is satisfied by

b,=0. (A-12)
Further, the metric is given by
2/4})\_1 (9 cl 2
Gpp = — /d?’a: dz tr (8—pAM> =2. (A-13)

e SU(2) orientation
The SU(2) rotation of the instanton solution is implemented by a global gauge
transformation. To solve Eq. (A-5), it is convenient to move to the singular gauge
obtained through the gauge transformation
Psp(2) — Psv) =9 ' Psu@) g -
ASy — Ay = g7 A g —ig T Ong = —i(1— f(€))g™ Oy (A-14)
where f(&) is given by Eq. (3-3). Then, Eq. (A-5) can be recast as

DyDy®Psy) =0, (A-15)
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with Dy = Oy + i[Ap , ]. Tt is not difficult to see that Eq. (A-15) is solved by

a

Pu=u()G . (a=123) (A-16)
with u() satisfying
1 1-— 2
oceocu(e) U =L (A1)
The regular solution of this equation is
52
=C———5=C A-18
u(€) = C gy = C(O) (A18)
with a constant C'. Therefore, @g17(2) can be written
Dsu2) = X (1) Pa(7) (A-19)
with u
T _
Po=f€)g5 9 (A-20)

and t-dependent real coefficients x“(t).
We choose the SU(2)-valued collective coordinate a(t) = aq(t) + iaq(t)T* as

V(t,Z,z) —a(t). (z— o0) (A-21)
Comparing this with (A-19), we find
x* = —itr (T“a_la) = 2(a40q — G404 + €qpcapac) - (A-22)
This gives
(x*)? = 4a7 . (A-23)
Then, the metric for ay is obtained as
grariy = 2‘:3; / Brdztr (D%@SU(Q))Q — 2022 (A-24)

with the constraint a% =1

It is easy to see that the off-diagonal components of g,g, connecting different
kinds of moduli, vanish. Collecting these results, we find that the metric of the
moduli space is given by

ds* = gopdX°dX"
= dX? + dZ% + 2(dp* + p*da?)
= dX?+dz% +2dy? , (A-25)
with y; = par. Note that a; parameterizes not S but S3/Z2, with Zo being the
center of SU(2), which acts as aj — —ay. In fact, the configuration (4-2) is un-

changed under the Z, transformation V' — —V. Hence, the one-instanton moduli
space coincides with R* x R*/Z,.
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Appendix B
—— Higher Derivative Terms

As we have seen in §3, higher derivative terms in the D-brane action also con-
tribute to the soliton mass at the same order in the 1/\ expansion. However, it
is difficult to include all the higher-order derivative terms, since the exact deriva-
tive corrections in the D-brane action are not known. (See, e.g., Ref. 58) and the
references therein.) Among the various sources of higher derivative corrections in
the D-brane action, here we consider the contributions from the non-Abelian DBI
action®® as a first step toward a complete analysis.

The non-Abelian DBI action for the probe D8-branes is given by

SpBI = —u8 / Aoz e ? str\/— det(gap + 27’ Fop) , (a,b=0,1,---,8) (B-1)

where pg = 1/((27)812), and str denotes the symmetrized trace. Here, g, is the
induced metric on the D8-brane world-volume, given by'®)

N2 T[4 4
dsggim = 3° [§k<z)1/2 Mudatde? + Sk(z)"0d2? 4 k(2)V0d0] | (B2)
and the dilaton on it reads
. 33/2zN.
e ? = —am k() 14 (B-3)

After integrating over the S* directions, we obtain the five-dimensional non-Abelian
DBI action

NeA? 5 27w
SDBI = — 39,5 /d4xdzk(z)1/12 Str\/— det <g§\A4)]\Af + XFMN) s (B4)
where M , N = 0,1,2,3, z, and the five-dimensional metric gg\i)N is given by
ds? 4. = k(2)Y/? N datdz” + k()70 dz2 . (B-5)

Here, for simplicity, we have kept only the gauge potentials A, non-zero.

The above expressions are written in terms of the original variables, before the
rescaling (3-9). Upon the rescaling, it is found that the non-Abelian DBI action
(B-4) can be expanded as

AN, _ _
SpBI = ~ 35,5 d*zdz (Eo + A7 O 2)) ) (B-6)

where £y and £; are given by
Lo = stry/det (BMN) , (B‘7)

L4 :str[ det (Byw) (—z - =
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22 277T 2 1 MN 5 MN
+ = | = —=G" " FyuiFNi + G  FuFNe ; (B-8)
2 2 2 6
with M, N =1,2,3,z and i = 1, 2, 3, and we have the definitions
2
Byn = 0N + %fMN , GgMN = (BHMN) (B-9)

From Eq. (B-7), we find that the leading-order term in the 1/X expansion is given by

the non-Abelian DBI action in a flat space-time. It is known that the BPST instanton

configuration (3-2) is a solution for the non-Abelian DBI action (B-7).45)47)
Inserting the BPST instanton configuration (3-2) into the action (B-4), we obtain

AN,

SpB1 = — 3.5 d*z dz k23
277\ 2 277\ 2
X 2 1+22 1+s 2im Elw?(/1+s 2im E1/302
0s 4 4 .

(B-10)
where )
4p

S C— B-11

ENGET. -

and ¢ is defined as in Eq. (3-3). Here, we are using the rescaled variables, and we
have k = k(A~1/22) = 1+ A~122. Hence, the energy contribution is

AN,

~ 3975

2 2
X2 1+22 1+s 2im E=1w24/1+s 2im E1/3w2 — 1
0s 4 4

AN. [ > 2 22\ o —2
— 14+ — O(\
3.2 _Oodz/o dr [r < + 3)\>w + O( )

2

— 872k [1 A <% + Z;) + O(A‘Q)] , (B-12)

A3z dz k23

s=1

where we have used

/ dz/ drit? =21 , / dz/ dri2z%? = 172 EpQ ) (B-13)
—00 0 3 —00 0 3 3

The expression (B-12) is identical to (3-18), except for the contribution from the
CS term. This result is highly non-trivial, since the non-Abelian DBI action (B-4)
contains infinitely many higher derivative terms, while our previous analysis is based
on the YM action in Eq. (2-1). This finding suggests that our previous results may
not be significantly modified even if we include all of the higher derivative terms.
However, because there are still infinitely many higher derivative terms that have
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not been included in the non-Abelian DBI action, we cannot definitively confirm the
quantitative results obtained in this paper, such as the baryon mass formula (3-18).
Nonetheless, we expect that these results will be useful in more systematic studies
of the higher derivative terms.
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Note added: While this paper was being completed, we received the paper,Sg) whose content
overlaps somewhat with that of the present paper.
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