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ABSTRACT: We generalize the description of baryons as instantons of Sakai-Sugimoto model
to the case where the flavor branes are non-anti-podal. The later corresponds to quarks
with a “string endpoint mass”. We show that the baryon vertex is located on the flavor
branes and hence the generalized baryons also associate with instantons. We calculate the
baryon mass spectra, the isoscalar and axial mean square radii, the isoscalar and isovector
magnetic moments and the axial coupling as a function of the mass scale Mgk and the
location ( of the tip of U-shaped flavor D8-branes. We determine the values of Mk and
¢ from a best fit comparison with the experimental data. The later comes out to be in a
forbidden region, which may indicate that the incorporation of baryons in Sakai-Sugimoto
model has to be modified. We discuss the analogous baryons in a non-critical gravity
model. A brief comment on the single flavor case (N = 1) is also made.
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1. Introduction

Baryons were incorporated into the AdSs x S® model in [, P] via a D5-brane wrapping the
S5 with N, strings attached to it and ending up at the boundary. The strings are needed
to cancel an N, charge in the world-volume of the wrapped brane that follows from the RR
flux of the background. This object which is the dual of an external baryon, namely with
infinitely heavy quarks was further discussed in [J-[f] and was generalized also to confining
backgrounds [[f| where it was found that their energy was linear in N, and in the “size” of
the baryon on the boundary.

A realization of a dynamical baryon has become possible once flavor probe branes
were added to holographic models. A prototype of such a model is Sakai-Sugimoto (SS)
model [[f]. This model is based on placing a stack of N ¢ probe D8-branes and a stack
of Ny probe anti-D8-branes connected in a U-shaped cigar profile, into the model of

of near extremal D4-branes. The baryon vertex is immersed in the probe brane at the
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Figure 1: The probe D8-branes in the cigar background.

tip of the cigar. In [f] it was shown that the baryon corresponds to an instanton of the
five-dimensional effective U(Ny = 2) gauge theory. The physical properties of this baryon
were analyzed in several papers [[J-R§].! These include in particular the mass, size,
mass splitting, the mean square radii, magnetic moments, various couplings and more. A
comparison with experimental data reveals an agreement similar, or even better, than the
one found in the Skyrme model [R§. In spite of this success the baryons of the model
of [{] suffer from several problems. The size of the baryon is proportional to A~1/2 where
A is the four-dimensional 't Hooft parameter. Since the gravitational holographic model is
valid only in the large A limit, this implies that stringy corrections have to be taken into
account. Another drawback of the model is that the scale of the system associated with
the baryonic structure is roughly half the one needed to fit to the mesonic data.?

SS model has a generalization [B0], where the location of the probe branes in the
compactified direction is not anti-podal, or differently stating the tip of the probe brane
is at a radial location ug > ukkg where ukk is the minimal value of the radial direction
of the background. The difference between the two cases is drawn in figure 1. The non-
anti-podal case is in fact a family of models characterized by the separation distance L
or a “string endpoint mass” of the quark [B].> A natural question to ask is how do the
properties of the baryon depend on the additional parameter and in particular whether the
problems mentioned above in the context of the anti-podal case can be circumvented. This
is the main goal of this paper. As a first step we address the question of where the baryon
vertex is located in the generalized setup. We show that in the confining phase it is again
immersed in the probe brane. In the deconfining phase above a certain critical temperature,
the baryon vertex falls into the “black hole” and thus the baryon is dissolved. The main
part of this paper includes a repetition of the calculations performed in [f, Bq] of the
properties of the baryons now made in the generalized setup with non-trivial stringy mass
namely a non-anti-podal configuration. The expressions for the mass spectra, mean radii,
magnetic moments and couplings are derived as a function of the scale and the parameter

!The different approach for the baryons in SS model has been studied by [E, @]
2Ref. [@] has shown that this problem is substantially improved in the AdS/QCD model.
3For attempts to introduce the QCD or current algebra mass, see [@7@]



which measures the deviation from the anti-podal configuration. It has turned out that the
generalized setup does not resolve the problem of the size of the baryon. We have found
that the data can be fit with the same scale that governs the mesonic spectra provided the
location of the probe brane is in an unphysical location “below the tip of the cigar”. It
seems to us that this is an indication of a problem of the baryonic setup of SS model.

We also analyze the baryons of the non-critical model [B] based on the incorporation
of Ny probe D4-branes into the background of a near extremal D4-branes residing in six
dimensions. It is shown that the problem of the small size of the baryon is avoided in this
model. We also setup the stage for the open problem of the baryons of a single flavor brane
namely Ny = 1.

The paper is organized as follows. After this introduction we describe the general setup
of the non-anti-podal SS model. In section 3 we analyze the baryonic configuration in the
generalized setup and determine that the location of the baryon vertex is on the flavor
brane. Section 4 is devoted to a detailed analysis of the baryon properties following [P, B7]
in the non-anti-podal geometry. The values of the scale and the location of the flavor brane
that fit the data in an optimal way are determined. We then present the open question
of the baryon for a single flavor case. Section 6 presents an analysis similar to the one in
section 4 but in the context of a non-critical six-dimensional model. We end with a short
summary, list of conclusions and open questions. Appendix includes the computations of
the location of the baryon vertex in the general case of Dp-brane background with D(8 —p)-
branes wrapping an S87P cycle.

2. The general setup of the non-anti-podal Sakai-Sugimoto model

SS model [ is a system which consists of N, coincident color D4-branes and N coincident
flavor D8-branes. When N, is large, the D4-branes are regarded as the background, of which
metric is given by

du?

s (u 2 Y 2 R\: 2 102
ds® = (E) [ datde” + f(u)dy] + <E> [f(u) +u dQLl} ,

e¢_ E 1 F —27TNC€ R3 = Nl3 f(u) _1_ uK_K ’ (2 1)
=os\g) 0 Tw=—yra R=mgNd = w )

where 7, = diag(—1,1,1,1). The volume of unit four sphere V} is equal to 872/3. The x4
direction is compactified by the circle with the period
3
4T R?2
Sy = —m (2.2)
upk

This period is determined so that the singularity at the tip u = ukk is excluded. Then the
Kaluza-Klein mass scale Mkk becomes

1
3
2r Juik

Mgk = — = =,

(2.3)



The flavor D8-branes are realized as the probe in the D4-branes’ background (R.J)).
The action of the coincident D8-branes consists of the two parts,

Spg = SpB1 + Scs - (2.4)
Sppr is the Dirac-Born-Infeld (DBI) action,

Spgr = Ty / dx e_¢\/— det(gMN + 27Ta/fMN) , (2.5)

where the D8-brane’s tension is denoted by Tz = (27)~81;?. The induced metric gy is

computed from (),
<%> e+ <§> 5 fi)

where v’ denotes du/drs. F is a U(Ny) gauge field strength on the worldvolume of the
D8-branes. The U(Ny) gauge field A has also Chern-Simon action Scsg,

— Ne 2_1 3 _i 5
503—247T2/tr<A]: SAF 10A>. (2.7)

where the integral is now a five-dimensional one.

3 3
2 R\ 2
dsdg = <%> N datdz” + dz? + <E> u?dQ3,  (2.6)

We shall study the shape of the D8-branes by the analyses of the classical solution
of (R.4) without the gauge fields. In terms of (R.g), the DBI action (R.5) is written down

3
Sppr = Tt /d4xdﬂ?4 u4\/f(U) + <§> fu(z) =: Solu(zyq)] . (2.8)

Since the Hamiltonian calculated from this action is the function of only u, we can put the

Hamiltonian constraint,

) = constant = ug+/f (uo) , (2.9)
)

!
where we used u(0) = ug and «/(0) = 0. Note that ug > uxk. The Hamiltonian constraint
is rewritten as

du _  (u 2 " uSf(u)
d—l‘4 —:|:<R> fu) ugf(U(]) 1. (2.10)

The solution of this equation implies that the D8-branes are U-shape in the cigar geometry

expanded by the (u, z4) coordinates (see also figure 1). The boundary value z4(u = 00) :=
L/2 is evaluated from (R.1()

L/2 00 00 % 1
L:/ dxy :2/ d—zf :2/ <E> = du . (2.11)
L2 w W1 o N/ g [T

ug f(uo)
L denotes the separation along the x4 direction between the D8-branes at u = oco. The
equation (R.11]) relates the parameter ug at the IR (u = ug) with L at the UV (u = o).
When ug is equal to ugk, in other words, L = dx4/2, the D8-branes are located at the

anti-podal positions on the circular x4 direction. This anti-podal case is the original SS

model [f, BY.



3. The baryon configuration in the genralized Sakai-Sugimoto model

The external baryon of the model of [fl] was explored in [[f]. It is composed from a baryon
vertex which is a D4-brane wrapped on S* and N, fundamental strings stretched between
this D4-brane and the boundary. A dynamical baryon in the model of [[f differs from the
external one in that the strings end on the probe flavor D8-branes and not on the boundary.
The leading order action, which is the sum of the action of the D4-brane and the action of
the N, strings, takes the form

S = —T4/dtdQ4€_¢\/ —det gp4 — Nch/dtdu\/ —det Gstring = —/th .

where E is the energy density and
Ty = 2m)~ 4.5, Tp=(2n) ;2.

In a similar way one can consider the baryonic D(8 — p)-brane wrapped on the (8 —p)-
dimensional sphere in the N. Dp-branes’ background. This baryonic D-brane is regarded
as the baryon vertex in the p-dimensional QCD-like theory. This analysis is presented in
appendix A.

The idea now is to find the location of the baryon vertex from the requirement of
minimizing the energy. The energy as a function of the location of the baryon vertex will be
calculated for the two distinct systems of the confining background and the deconfining one.

3.1 Confinement phase

The confining background is given by (R.1). Substituting this into the expression of the
energy, we find

N. [1 uo 1 Noukk
E N = — | — = N
(uBa uO) 27Tl§ |:3UB + /uB du f(u)} 27_‘_[2 gconf($7 :L'O) )

gconf(xQQjO) = lx + /wo L

3 Vi
where x := up/ukk and xy := up/ukk , the valid range of x is 1 < z < x( (see figure 2).
Since Econf(7;x0) is @ monotonically decreasing function of x, the energy F becomes mini-
mum at x = xg.

The meaning of this result is that like the anti-podal case also for the generalized case
where xo(= up/ukk) # 1 the baryon vertex is immersed inside the flavor probe branes. As
was mentioned this is only a leading order calculation. It can be improved by adding the
energy associated with the deformation of the wrapped brane due to the strings [[i]], and
by relaxing the assumption that the strings stretch only along the radial direction. We
believe that these improvements would not change the conclusion that the baryon vertex
is located on the probe branes.
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Figure 2: The baryon vertex in the confinement phase.

3.2 Deconfinement phase

Next we study the location of the baryon vertex in the deconfining phase. The difference in
the background metric is that now the thermal factor is dressing the compactified Euclidean
time direction, and we replace the scale with the one related to the temperature up. Since
the background metric in this phase reads

: o R\?[ du?
d82 = <%> [fTiu)dt2 + 5ijd$ldx] + d‘r?l] + <g> |:le€7$) + u2dQé21:| ’
fr(u) =1~ <%> ,

the corresponding energy can be evaluated

N. |1 N.u
E(up;up) = 2 [guB fr(ug) + (uo — UB)} =: FZQT

1 1
5deconf(x§ 330) = gl‘ 1-— E + (l‘o — $) ,

where x := ug/ur, o := up/ur and 1 < z < zy. The energy (figure f)) has a maximum at

<5+3\/§>§
r=—— = Tmax -

gdeconf (LZ'; .Z'()) 5

8

Tmax 1S approximately equal to 1.08422. We are also interested in the critical value .,
which satisfies
E(1;20) = E(zer; 20) -

Ter can be analitically calculated,

~ 1.34307 . (3.1)

xCI‘

_5+V33
8

If 29 > ¢, then the energy becomes minimum at z = xg and the baryon vertex can
exist at the tip of the U-shaped flavor D8-brane (figure 4(a)). On the other hand, if
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Figure 4: The baryon vertex in the deconfinement phase.

rg < T, then the energy becomes minimum at x = 1, that is to say, the baryon vertex
falls down into the black hole (figure 4(b)). The physical meaning of the picture is that
for temperatures lower than a critical temperature, which is higher than the temperature
of the confinement/deconfinement phase transition, the baryon vertex will be in the flavor
brane just as in the zero temperature case. However, for higher temperature the baryon is
dissolved via falling into the black hole and becoming N, deconfined quarks.

4. Baryons as instantons in non-anti-podal Sakai-Sugimoto model

Once we found that the baryon vertex is immersed inside the probe flavor branes, to extract
the properties of the baryons we have to repeat the computations done in [{, B7] in the
setup descibed in section 2 rather than in the anti-podal geometry.

We turn on the U(Ny) gauge fields as the perturbation around the classical solution
A = 0 discussed in section 2. The DBI action (R.§) is expanded with respect to the



gauge field,
Sppr = So + Sym + O(]:3) .

In a similar way to the anti-podal case it is convenient to introduce a new coordinate z
defined by*

w=u(CP ), (= (4.1)

z and ( are dimensionless. ( takes a value in [1,00) because of uy > ugk, while z takes
a value in (—00,00). Though (R.10) implies that x4(u) is a double-valued function, the
z coordinate makes it single-valued. The Yang-Mills part Sym is calculated in terms

of (£.6) and ({1)),
Sym = / dzdz Tr[ h(z Q) Fp, + Mixck(z Q) FL | (4.2)

where

(P4 C2)5 — (P +¢2)T —3+¢
(¢ +¢)F — (B + 22T - B+ ¢P

C2z2

h(z:C) = ¢ G2 +¢22)

k(z:¢) = (C+ ()8

and £ := AN./(21673). X is t’'Hooft coupling, A := g2\ N.. It is easy to check that for

¢ =1 the anti-podal case is reproduced, namely, h(z) = (1 + 22)~'/3 and k(z) = 1 + 22
From now on, we use the Mgk = 1 unit. When necessary later, we shall be able to

easily recover the factor Mkk. For the later convenience, we rescale the coordinate z and

the field A,
1/—Oz As = ,/l€0 (4.3)
ko

ho and ko are defined through the expansions h(z ho(¢) + O(2?) and k(z;¢) =
ko(¢) + O(2?) respectively,

3 _
b= g =g (1.4

It is clear from these expressions that there is a critical value of ¢, that is ¢ = (5/8)'/3(<
1), such that necessarily ¢ > (.. Recall however that by its definition ¢ > 1. We will come
back to this point at the end of this section.

The action ([.2) is rewritten as

1-
~ 4 z 2 2
Sym = —/{(C)/d :EdzTr[§ ZO)F ., + k(z ;O F iz | (4.5)
4The ¢ parameter is a measure of the “string endpoint mass” of the quark. The latter is defined as
1 “o
= dun/ w -
Maq 2o’ /uKK 1V 900

This quantity is neither the QCD mass nor the constituent mass of the quark. In a crude way a non-spinning
meson has a mass of the form M = Ty L + 2my (for equal endpoints).



where h(%;¢) and k(Z;¢) are defined in terms of (f£3) and (f£4) by

h(z¢) = RGO =222 RO = Vo Oko(Q) = #C. (4.6)

Since h(0;¢) = k(0;¢) = 1, h(%,¢) and k(Z,¢) can be expanded with respect to % as

WEC) =1+ Y ha(QOF, k(EQ =14 ka(F™. (4.7)
n=1

For example, h(¢) and k;(¢) are evaluated

- 203 -5 - 14¢3 -5
o) = 2572 R =

(4.8)

We shall concentrate on the simplest non-ablelian Ny = 2 case. With the final goal of
comparing the theoretical results to the experimental data of baryons, it makes sense to
choose this case, since the up and down quarks have almost the same mass and are much
lighter than a strange quark. The U(2) gauge field is decomposed,

1

V2N,

where A and A denote the SU(2) and U(1) gauge fields respectively. The Chern-Simon
action (R.7) with the rescaling (f.3) is written down as

. 1 .
A=A+ A=4a+3A, (4.9)

A A

o 1 N
Scs = 2T carazazaqas /d‘{'pdf [Aaltr(FagagFa4a5) + éAalFazagFa4a5 (410)

up to total derivatives. The indices a; are 0,1,2,3, 7 and €9123% = 1,
The action of the gauge fields considered in this paper is constructed from ([LF)
and ([LI0),

Sgauge = Sym + Scs - (4.11)

This action leads to the following equations of motion for the gauge fields:

_ - 27 -
h(2)Dy F*" + Dz (k(2)F**) = 877?6““1“2“3“4&1@2&3@4 , (4.12a)
- . Q7K - .
k(2)D, F = 8T2€6Z”1“2”3”4FM1MFM3M4, (4.12b)
b5 [py L(3) B2 27k paiazazag L a 7
h(2)0, F* + 0z (k(2)FM*) = OV tr(Faraz Fagar) + 5 Faras Fagas | » (4.12)
~ g 27Tk -

k(2)0, B =

i 1.
DE (ZH1H2 3 [tr(meFugM) + §FM1MFM3M4} , (4.124d)

where u;, v are 0,1, 2, 3.



4.1 Baryon as instanton

Following [f], we now introduce the rescaling of the coordinates and the fields,

i 1 i z L
.Z'O = ‘T((]T) s xr = ﬁf]}'(r) s z = ﬁZ(T) s (413)
Ao = Ao, Ai = \/XA(T)Z" Az = \/XA(’"V’

where ¢ = 1, 2, 3, and consider the expansion with respect to large A\. Under this expansion,
we can approximate h(é(r)/\/x; () ~1and k(é(r)/\/x; ¢) ~ 1 from (JL.7). The equations of
motion (f.1J) are then reduced at the leading order of \ to

FNM — 4.14a
r 27K

D) F = 8” ennp N FI?, (4.14b)

oY ENM =0, (4.14c)
" 2 27

oM — 8”“6MNPQ[tr<Fé‘§NF(P§)+ F(KNF{:)Q], (4.14d)

where M, N,P,Q = 1,2,3,z. Since ([.144)) is a four-dimensional instanton equation, its
classical solution can be described as BPST instanton [I],

Ay (@, >( VXA (@l 2 <>>) — —iv(€)gOng ™" (4.15)
W)= g =V X2+ (-2,
R C i-2n _g(xl_XZ)T". (i=1,2,3)

The field strength of Af&l are calculated as
Fd=_"2 ¢
4T (24 p2)2
This solution is a one-instanton solution. In a similar way we can write a 't Hooft multi-
instanton solution. The equations ([.14H), ({.14d) lead to

Ad =AY, =0 (4.16)

= A

with an appropriate gauge fixing. Substituting the solutions ({.15) and (4.1€) into the
equation of motion for Ay ([E14d), we obtain

which can be solved,

A = —— : (4.17)

— 10 —



Here we should note that the ¢ dependence is included in the factor x/& = ¢~!. This factor
does not appear in the other gauge fields Ag, Ay, Ayr and these fields are in the order of
A%, On the other hand, Ay is in the order of A~1, that is to say, the ¢ dependence is derived
from the A~! correction.

In terms of the classical solutions ([.15), (.16) and (fE-17), one can compute the mass
of the baryon M, which depends on the moduli parameters p, Z via S = — [dt M from

l~11 + 12‘1 =9 p2 27\ 2 1
1 Z — — | =
T ( o)t v 5p?

1 8¢3 -5 72972 1
=8m2k(( 1+ =22 2 —
7T/€<< —1—3C2 + 182 p+5/\2C2p2>’

the action

M = 872k

where we used ([.§). Then we can find the critical values of the moduli parameters so that

81w 2
Zop =0, po=—i|—m, 4.18

and the minimum value of M becomes

ey 187 BE
Mpin = 87 /<;<C+ % 10 .

From the expression of p., we thus see that generalizing the anit-podal case to the

M is minimized,

¢ > 1 family of models does not improve the situation that the size of the baryon scales
like ~ 1/ VA and hence stringy corrections can play a role in the game.

The same kind of analysis can be done in the non-critical holographic model in six
dimensions [12, B§). This will be discussed in section 6.

4.2 Mass spectra

The study of the mass spectra of the baryons is also very similar to the one in [[]. The
idea is to introduce the collective coordinates associated with the instanton solution and
to semi-classically quantize them. The collective coordinates of instanton span a moduli
space with a topology of R* x (R*/Zs). The moduli are the position (X?, Z), the size
p =y} +---+y3 and the SU(2) orientation a; := y;/p (I = 1,...,4). As usual the
basic assumption of the semi-classical quantization is that the collective coordinates X< :=
(X%, Z,yr) depend on time.
Thus the fluctuations of SU(2) gauge fields are described as

AM(t7 .’L’) = V(t7 xl)A%[ (‘Tia = X (t))v_l(ta xl) - ZV(t, xi)aMV_l(ta xl) )
where A, has been given by ({.15). The equation of motion ([.14H) determines ® :=
—iV7WV as
@(t,2) = —X' ()45 (2) — Z()AL (@) + X" ()a(a).

a

1
X% = 2(asaq — G4aq + €PCapas), Py = 50(5)%9—1 ) (4.19)

— 11 —



In terms of these equations, the field strength of the SU(2) gauge field is written as
Fyy = VFX}H\,V_1 and Fyy = V(XNFX}[N + /')8ij14 — X“D%@Q)V_l. The equation
of motion (f.14d) with this solution of Ap; does not change Ay, that is, Ay = flgl.
Substituting the gauge fields obtained so far into the action ([L.5), derives a Lagrangian
of the collective coordinates which is the same as in [9,
1 2 1 2 1

: . 1 1 -
L=—-mg+ —mX)_i2 + —mgZ? — —mgws 2% + —my Yy — —myw§p2 —

Q@
2 2 2 2 2 2

(4.20)

=2 9 952 .
where iy = p° + p°’@ apart from the fact that the various mass parameters are now (
dependent as follows

mo = mx = 8’k = 812k(, (4.21a)
3¢ 16¢3 — 10
_ 2 2 _
my = s I{8<_37_5, Wy = 9742, (421b)
8¢3—5 72972
_ 2 2 _ _ 2
my = 16m°k(, wp_TCz’ Q =8~ /{5)\2C . (4.21c¢)

The system is then quantized in the same way as [J). Using the canonical momenta,
=3 N

the corresponding Hamiltonian becomes H = —(2mg)~1(9/0X)% — (2mo)~1(8/02)% —

(4mg)~1(0/0Y)? + U. The isospin and spin currents are defined by

7 0 0 0

I[l i - Ya — Cabe 3 422
2 <y4 aya Y 8y4 ab ybayc> ( )
7 0 0 0

Jo = B <_y48—ya + yaa—y4 - Eabcyba—yc> . (4.23)

—
For a baryon which is located at X = 0, in other words, the baryon is static with respect
to fluctuations in the ordinary four-dimensional spacetime. The energy spectra of the
fluctuations of Z and ¥ take the following form

1
B, = w,,(\/(l +1)2 + 2myQ + 2n, + 1) , By =wy (n + 5) , (4.24)

and hence, using ([£.21]) , the baryon mass formula is given by

Ml,np,nz =mo + Ey + k7

8¢C3—5

)
=8m°k( + 302

\/(l +1)2  2N2  2(n, +ny) +2 (4.25)

6 15 /6

[ is a positive odd integer and describes a spin J and an isospin [ as I = J = [/2. For later
convenience, we write down the wave functions of proton |p 1) and neutron |n 1),

Ip 1) o< R(p; Ovz(Z; () (a1 +iaz), |nT) oc R(p;O)vz(Z;()(as + ias), (4.26)
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N baryons I(JP) A baryons I(JP)
n(od0)  3(37) A28 §(3))
N(1440)  §(37) | A@600)  3(37)
N(1535)  4(37) | A@a700)  3(27)
N(1650)  3(37) | A@920)  3(37)
N(7I0) (AT | A@e40) 33
N(2090)  1(37)

N(2100)  5(37)

Table 1: The experimental data of baryon mass spectra .

B [8¢3 —5
R(p’ 4’) =p 1+2 1+NC2/5 exp (—mo iggz p2> s (427&)

¥2(Z;¢) = exp <—$Z2> . (4.27b)

At this point we would like to compare the baryon masses and in particular the mass
differences between the various baryonic states. For this purpose we first have to turn on
back Myy. If we identify the modes of (I,n,,n.) = (1,0,0) and (3,0,0) with n(940) and
A(1232) (see also table 1), ¢ and Mgk satisfy

NoA 83 —5( [2 6 \/5 940
27 T\ T3 <\/ 35" §> Mk (4.28)
N\ 83 —-5( [8 6 \/5 1232
oGt \/ 50 <\/5 +et §> T (4.29)

We can read from these equations,

8¢3—5 29215
32 VB8 -V’

Since the left hand side of this equation is the monotonically increasing function of ¢, the

Myk

(4.30)

Kaluza-Klein mass Mgk is bounded as

2921/15
Mk < —V "2 ~ 487 [MeV] . (4.31)
V58 — V28

In terms of ({.2§) (or (f29)) and ([:3(0), we can now compute the baryon masses
My M, n, [MeV], which are shown in table 2 and compare them to the experimental
data of table 1. This is done by first fixing N, = 3. Since the 1/N, corrections are im-
portant for the states of larger quantum numbers, it is physically better to fit the baryon
mass formula (f.25) to the experimental data by using the lower quantum numbers. But
here instead we determine the masses by using a best fit approach, namely, minimizing x?

- 13 —



N baryons (np,nz) MyxxMipn,n. | A baryons (np,nz) Myxx M35, n.

1(940) (0,0) 940 A(1232) (0,0) 1232
N (1440) (1,0) 1337 A(1600) (1,0) 1629
N (1535) (0,1) 1337 A(1700) (0,1) 1629
N (1650) (1,1) 1735 A(1920)  (2,0),(0,2) 2027
N(1710)  (2,0),(0,2) 1735 A(1940) (1,1) 2027
N(2090)  (2,1),(0,3) 2132

N(2100)  (1,2),(3,0) 2132

Table 2: The baryon mass spectra in our model.

N baryons (np,nz) My M1 pn,n. | A baryons (np,nz) Myxx M35, n.

n(940) (0,0) 1027 A(1232) (0,0) 1282
N (1440) (1,0) 1374 A(1600) (1,0) 1629
N (1535) (0,1) 1374 A(1700) (0,1) 1629
N (1650) (1,1) 1721 A(1920)  (2,0),(0,2) 1976
N(1710)  (2,0),(0,2) 1721 A(1940) (1,1) 1976
N(2090)  (2,1),(0,3) 2068

N(2100)  (1,2),(3,0) 2068

Table 3: The baryon masses by the use of the minimal x? fitting.

with respect to the all states listed in table 1. We need to determine the two parameters
A and B which are defined from ([.25) by

1+1)2 6 2ny,+n;)+2

6 5 NG

8¢C3 — 5
32

9

MKKMl,np,nz =A+B

Mgk
97

A: ¢, B:= Mgk

Though we should take care of the zero point energy, here it can be absorbed into A.
Then (A, B) = (99.9,424.8) is the best fit. This implies that A is not large and hence 1/\
corrections may not be negligable. The Kaluza-Klein mass is bounded so that Mxyk < 424.8
[MeV]. The mass spectra evaluated in terms of these values are shown in table 3. Since
there are more degeneracies for the states with larger quantum numbers, the y2-fitted data
are strongly affected by these states.

4.3 Mean radii, magnetic moments and couplings

Next we should like to determine the impact of ( # 1 on the baryonic properties of the
mean radii, magnetic moments and various couplings. For that purpose we consider the
currents of the U(Ny)r, x U(Ny)g chiral symmetry in the same way as was done in [B7].
On account of the gauge configuration

A(zh,2) = AN ", 2) + 6 A (2, 2)
5~Aa($u7 +OO) = AL,LL(:L'M) 5 5_/40‘(33#’ _OO) = ARu(gju) >
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we can read the currents from the action (.11),
Sgaugc = —2/d4$ TI"(ALujl‘Lj + AR}LJ]%) + 0(5.,42)’

where

Tip = —&(%(Z)ff}g) . T = R(RG)FL) (4.32)

Obviously from the left and right currents one can form the vector and axial currents as

Z=+4+o0 Z=—00

follows,
7. cl Z=+oo
ij = ﬁLu + ij, = - |:k7( )j: :|2——oo ) (433)
Z=+o00
Tan = Liy = Tnu = =k [REFo(3)| _ . (4.34)

1o(2) is defined by ¥ (2) := £(2)/£(o0) in terms of the function £(Z) satisfying the equation
k(2)0:£(2) = 1. £(2) can be rewritten as

z =/
§(2) = / ~d—f : (4.35)
o k(Z)

because £(Z) is an odd function and £(0) = 0. Then y(Z) has the property of 1y(+o0) =
+1. The currents are also decomposed as the gauge fields ({.9) to the SU(2) and U(1) parts,
JH=JF+ (1) Z)j #. In order to evaluate the currents ([.33) and ({.34), it is necessary to
understand the behavior of the gauge field strengths at the UV boundary, Z = +oo. But
so far we know the expression of the gauge field strengths only in the region of z < 1.
Ref. [B7] has succeeded in extending it to the large Z region in the anti-podal case (¢ = 1).
In the same way, we can easily evaluate in the non-anti-podal case the gauge field strengths
for Z <1< 2,

Fo: ~ 2120, (p2a7'“a_1)8aH —4r%ip*aa~to:G

— 27r2p2a7-“a_1X"{(6i8a — 52[18]2)H — EmjajagG} s (4.36&)

Fi; =~ 27r2p2a7“a_1{(8i8a - (5maj2)H - ewjé)j(‘)gG} R (436b)

~ 1

Fos ~ ijf "o:G, (4.36c)

N 1 .

Fis Oiz i [Z@H X0:G " f (0.0, — 502)H — 1@ 0:G}| . (4.36d)
where a = a4 + ia,7% H and G are the Green’s functions generalised for the curved
background,

e — e ~ —
G-kt V(7 = XN), H=7Y 6u(2)6n(Z)Va(7 - XI).  (437)
n=1 n=0

The eigen functions 1,,’s are defined by

() 105 (R(2)0:thn) = Aathn / A2 W) btn = o (4.38)
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while ¢,,’s are defined on account of ([L3H) by
1

S =L

so that these modes satisfy the normalisation & f dz k (2)pmdn = Omn for n,m € {0,N}. Y,
denotes the Yukawa potential®

OsYn(2), (neN) (4.39)

1 e VAnr
Yn(r) = —E r

(4.40)

Mean square radii. The baryon number current is denoted in terms of the vector

current ([£.33) by

2 - 2 _ 5]#=+o0
Since the baryon number Ng is calculated as Np = [ dz (J%> = 1, the baryon number
—

density pp with respect to the radial direction 7 = | 2" — X| is described as

pp(r) = drr? <JB>——47T7”22<>\2n w/dzh Jhan—1(Z )>71Z)2n ((Z)Yon-a(r). (4.42)

n=1

Then the isoscalar mean square radius becomes

(r¥—o = /000 drr’pp(r)

.5

= 1/dzh Vo1 (3)(am-1(2)). (4.43)

Since the baryon is almost localized at Z = Z,, = 0 on account of ({.1§) and (B.274),
<1/)2n_1(2 )) can be approximated by 12,—1(0). Then, in the same way of [B7], the isoscalar

mean square radius is evaluated

!

1 [ 1 Z -
(r¥—o ~ i /0 dz’%(gho /0 dz"6h(Z";¢), (4.44)
KK 3

where we recovered the factor Mgk explicitly. One can numerically compute these inte-

gration and depict the results depending on ¢ in figure 5. The mean square radius (f.44)
in the anti-podal case (¢ = 1) has been calculated in [B7], that is, M2y (r?);—o ~ 14.3. If
the mass scale Mgy is fixed, then the mean radius decreases with respect to ¢ as can be
seen in figure 5.

From the isovector charge Qy = (7,/2)Q%, we obtain from (£.33) and ([.36d)

Qv = tr<7'“/d3x J‘O/>

- / dr 4wr2lag<A2n_1/% / dz B(z)wn_l(z)>wzn_l(Z)an_l(r), (4.45)

®The eigen equation in ({£.3§) is rewritten through (@) and (@) as —h(z)7'0: (k(2)0:0n) = Anthn,
which is exactly the eigen equation providing the meson mass spectra. That is to say, the meson mass m,,
is denoted by m, = v An.
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Figure 5: The ¢ dependence of the isoscalar mean radius Mgy (r*)1—o

where we used 4n2ikp2itr(r%aa~!) = I, which is derived from ({.23). The isovector charge
density py(r) is defined by Q¢ = [drI%y(r). Comparing ([.45) with ([L.49), we can
show that py(r) is equal to the baryon number density pp(r). So the isovector mean
square charge radius is the same as the isoscalar mean square radius. This statement does
not change from the ¢ = 1 case investigated by [B7]. The electric mean square charge radii
also have been mentioned in [B7], where the mean radius for a proton (r?)g, and the one
for a neutron (r?)g, become

<T2>E,p = <T2>I:Oa <7"2>E,n =0.

These equations are satisfied also in the non-anti-podal case.
Since the axial current ({.34) leads to

/d3a:JA x —/dr47rr2z

n=1

<>\2n7€/d5 E(f)lﬁzn(f)wo(f)) 0 5pan(Z)You(r) = %,

and also [ d3zJ4 o [drpa(r), the axial charge density pa(r) is defined by

(402 22, (Ao [ d2 B(EVbon (2)0(2) ) 500 (2)Yan(r) )

pa(r) =
’ {——

Now we shall approximate (1/k(Z)) by the classical value 1/k(Ze = 0) = 1. Then, in the
way similar to [B7], the axial radius (r?)4 = [drr?pa(r) is described as

(r¥), = Mifm /_Z dz% /0 dz' h(Z) (). (4.46)

In terms of (f.f) and (f-35) we can numerically evaluate (r2) 4, and its behavior is depicted
in figure 6.5 From this figure, the axial charge mean radius is a monotonically decreasing
function along ¢. Ref. [B7] has calculated M2 (r?)4 ~ 7.82 in ¢ = 1.

5The integrations in (k.46) are numerically done by Mathematica in terms of Monte-Carlo method.

— 17 —
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10}
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Figure 6: The ¢ dependence of the axial charge mean redius M (r?) 4.

Magnetic moments. In terms of the baryon number current ([L41]), the isoscalar mag-
netic moment is denoted by

. 1 . . 2
Hizo = 5 / dral gl = -2 (4.47)

Here we concentrate on the up-spin proton and neutron states, which have the spin
(JY,J2,J3) = (0,0,1/2) and the mass MyT ~ 940 [MeV]. By defining the g factor as
wi_o = gr=o(7'/4My), we can identify the g factor as

My

=N 4.48
II=0 = 2 My (4.48)

We should note that the {(-dependence is included in %, which is determined through the
pion decay constant fr ' & 92.4 [MeV],

PPN 4R 1

This equation is read from the mode expansion of ([.2) for the pion field [[f]. The isoscalar

magnetic moment gr—o can be rewritten as

 MgxMy /°° L

gr=0 = W . Zm . (4.50)

The (-dependence of g;—q is proportional to f dz /::(2, ¢)~!, which is depicted in figure 7.
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1‘0 2‘0 3‘0 4‘0 5‘0 ¢
Figure 7: The plot of Mg}ligfzo(g).
The isovector magnetic moment is given by
I eijk/d?’a; aItr(JEr3) = —4n’kp?tr(arta=t7?) (4.51)
We can evaluate ([.51) for the up-spin proton and neutron states as
. . 8T2R, o 3
(1=1)p = —(Hi=1)n = —5—(p7)3™".

(p?) is calculated in terms of the wave function ({274

_ Jdpp°R(p)*  V5+2/5+ N2
~ [dppPR(p)? 2N,

where p.; has been calculated in (f.1§). Since the gj—; factor is defined in the same way

(p*) pa(€)

as the isovector magnetic moment, we obtain

_ 2V2My ﬁ) ¢
T (1 +2/14 2 T (4.52)

The function Mkkgr=1 of ¢ with N, = 3 is drawn in figure 8. By the use of ({.50)
and (53), the magnetic moments for a proton and a neutron can be easily computed as
tp = (9r=0 + gr=1)/4 and p, = (g9r=0 — gr=1)/4 respectively.

Couplings. The axial coupling g4 is defined in terms of the axial current Jz in (£.34) as
. 1 .
/ PalIy) = Soalin(ariate), (4.53)

where Jf"i = tr(7%J%). Since the left hand side of ({.53) is calculated from ({.32), (£.34)

and (§.36H),
3 ai\ __ 8772’% p2 r aTia—lTa
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Figure 8: The plot of Mkkgr=1(¢) with My = 940 and N, = 3.
ga

0.59¢

0.58¢

0.57¢

0.567

0.557

1‘0 2‘0 3‘0 4‘0 5‘0
Figure 9: The plot of g4({) with N, = 3.

one can read the axial coupling

8tk <1<;p i > . V2N ¢ (4.54)

k(Z)/ &) /103 — 25

The approximation was given by the classical values, that is, p ~ p., and l;:(Z ) & l;:(Zcr) =1

with ([.I§). We should note that £(c0) also depends on ¢ and can be numerically computed

from (f£.39). Then ga(¢) with N, = 3 can be drawn as figure 9. In the anti-podal case, [B7]

evalulated the axial coupling, ga(¢ = 1) ~ 0.697. Since (4.54)) is independent of Mgk, we
exp

shall compare ga(¢) with the experimental datum ¢, which is approximately equal to

1.27. If we set ga(¢) ~ 1.27, then (f.54) leads to ¢ ~ 0.870. But this solution is nonsense,
because ¢ must be in [1,00) by definition. At present, the best fitted value of ¢ for the
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experimental data is ¢ = 1, that is, the anti-podal SS model. We shall give more comments
on this issue in section 7.

4.4 Mgk and ( fitted to experimental data

So far we have calculated the baryon mass spectra, the mean radii, the magnetic moments
and the couplings as functions of Mkk and . Comparing those quantities with the exper-
imental data, we shall determine Mgk and (. We remind the reader that for ( = 1 these
properties of the baryons were computed in [B7]. The idea is to find the values of Mky and
¢ that yield the best fit to the experimental data. We shall extract the relation between
Mxkyk and ( in five different ways from the baryonic data and in two more ways from the
mesonic spectra.

We start with the mass difference (f.30) between the neucleon, n(940), and the lowest
mode of A-baryon, A(1232), from which we find the following relation between Mkk and (:

Moere — 8761/5 ¢
KK /B8 — V28R -5

Next we use the isoscalar mean square radius (f.44) to obtain

6 [ - ¥ i
MKK:\/W/0 dz'k(#;¢)! /0 42" h(3";¢) = B(C), (4.56)

where the experimental datum of the isoscalar mean square radius (r?)7% ~ 0.806 [fm)].
Using ([.35), we calculate Mgk from the axial mean radius ([.46),

3% d§~ 7)1 fédz’

(z)
e

Bi(C) - (4.55)

dZ” k //)
My = f

=: B3(() , (4.57)

where the experimental datum of the axial mean square radius (r?)%* ~ 0.674 [fm].
The isoscalar magnetic moment ([.5() yields the relation

4( £eXP\2 eXp
™ (fx ) 9=

Mgk = =: B4(() . 4.58

MG? [° dz k(2 ()1 ©) (4.58)

The experimental data of the pion decay constant and the isoscalar magnetic moment are

given by fr® &~ 92.4 [MeV] and g7y ~ 1.76. Substituting N. = 3 into the isovector
magnetic moment ([.53), My is written down as

2v2M P 14 ¢
Mg = 2 (1 2 3> e =B (4.59)

My? and g7 are given by the experimental values, My™® &~ 940 [MeV] and g7 ~ 9.41.
The meson spectra have been studied extensively in the literature. Here we consider
the p and a; mesons. We match the calculated masses with the experimental data, so that

S ), (4.00)

MKK = m = MQ(C) . (4.61)
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Figure 10: The behaviors of Mgk on (.
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Figure 11: (a) The crossing points in ¢ < 1. (b) The crossing points in ¢ > 1.

The functions m,(¢) and mg, (¢) are dimensionless and have been evaluated numerically
in [i4]. The experimental values of the meson masses are described as m;,® ~ 776 [MeV]
and mg," ~ 1230 [MeV].

The various forms of dependence of Mxk on ¢ are depicted in figure [[0. In figure [[]
we enlarge the picture in the two regions where the various functions are crossing. One
region (figure [L]] (a)) is in the “un-physical domain” where ¢ < 1, and the other is for
¢ > 1. The values (Mkx, ¢) of each crossing point in figure [L1] is listed in table 4.

(E58) and (E59) have no crossing point and Bs/B; is independent of . Bs/B; should

be equal to one in order for the prediction of the model to fit the obsevational values. In

fact, substituting the experimental values, we evaluate

(VB V(W5 TGS
1095M 5P o

Bs/Bi =

which means 45.7% difference.
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label (C, MKK) label (C MKK) label (C MKK)
1 (0.856, 1240) 10 (0.909,1110) 19  (1.80,608)
2 (0.874,1250) 11 (0.913,1100) 20 (2.42,520)
3 (0.875,1220) | 12 (0.914,1070) | 21  (2.45,457)
4 (0.877,1180) | 13  (0.941,879) | 22  (2.84,430)
5 (0.887,984) | 14  (0.943,884) | 23  (3.86,222)
6 (0.890, 1160) 15 (0.946,872) 24 (4.47,206)
7 (0.891, 1150) 16 (0.977,952) 25 (5.09,132)
8 (0.906, 784) 17 (0.986,967) 26 (5.97,122)
9 (0.909, 1110) 18 (0.997,986)
Table 4: The crossing points in figure .
our model experiment discrepancy|[%)]
m, 746 MeV 776 MeV —3.86
Mg, 1160 MeV 1230 MeV —5.31
Az 1.51 1.31 15.2
My (940)

r3—o 0.813fm  0.806 fm 0.920

(r?y4  0.594 fm 0.674 fm —11.9

9I=0 1.99 1.76 13.1

gr-1 8.41 9.41 ~10.7

Table 5: The y2-fitting.

A better way to determine the values of the two parameters ((, Mkxk) is by a fit of the
calculated results to the experimental data using a y?-method. This leads to the values

¢ =0.942, Mgk = 997 [MeV]. (4.62)

Since in the model of [ ¢ must satisfy ( > 1 by definition, the result for ¢ in (£.67)
does not make sense. Let us ignore this problem for a moment, estimate the physical
quantities naively by using the values ({.62) and then discuss possible scenario that yields
this situation. The calculated results based on (4.69) are summarized in table 5. Note
that, in this table, we fixed m,,(949) = 940 in the calculation of ma (1232) /My (940)- The axial
coupling g4 is independent of Mkg, and is evaluated in terms of ¢ in ({.62) as g4 = 0.779,
which has —38.7% difference from the experimental value.

Now let us come back to the issue of possible meaning of ({.69). First notice that the
value of ¢ is larger than the critical value defined in section 2, (r = (5/8)/3. The fact that
the value of ¢ yielding the best fit came out to be in the un-physical region of {( < 1 may
indicate that the description of the baryonic phenomena in the model [, as given in [B7],
has to be modified. We cannot pinpoint the precise reason for that, but it might be that,
due to local back reaction of the flavor brane with the baryon vertex on the background, the
U-shaped cigar geometry is distorted so that effectively ¢ < 1 is allowed. Again we do not
know that this is indeed the case but it seems to us that the fact that we have found the pa-
rameter ¢ out of its region of definition may indicate a problem with the scenario for ({.63).
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5. Baryons in single flavor model (N;y = 1)

We have started our journey with the baryon vertex attached to the flavor branes with NV,
strings. In this picture, which was analyzed in section 3, nothing forbids us from taking
only one single flavor brane, namely Ny = 1. The heuristic arguments about the stability
of the configuration apply also to the single flavor brane case, and moreover the conclusion
that the baryon vertex is immersed in the flavor brane and does not hang out of it applies
here as well. Thus, we conclude that there should be baryonic solutions for the abelian
analog of ({.§) plus ([.10). In fact from the point of view of the underlying SU(N,) QCD
theory, there is no reason that there will not exist baryonic states as singlets of the gauge
symmetry composed from N, quarks.

The action describing the theory on the single flavor, which is reduced from the ex-
panded DBI action and the Chern-Simon term, takes the following form:

1- - -
SNyj—1 = —F / d4xd2<§h(2)F3V + k(E)F35> + 92—; d*zdz €9 AgFy; Fys . (5.1)

Here (A, Az) denotes a U(1) gauge field in five dimensions.
The associated equations of motion are

Ik

h(2)0F™ + 0z (k(2)F*) = —%eiijiijg , (5.2a)

73 i 702\ Ei ITE ik

h(z)@HF + 85 (k‘(Z)F ) = —%6 [28j(AOFkg) + ag(AoF’]k)] s (52b)
k(2)0,FH* = ?;—Zeijkak(Aoﬂj). (5.2¢)

For simplicity, we shall consider the anti-podal case (( = 1), in which z = z, E(E) =
(1422713 k(2) =1+ 2% and & = k. We assume that the U(1) gauge field is static and
analyze the leading behavior in the A™! expansion under the rescaling ([.13). Then the
equations of motion (p.2) are reduced to

D% Ag = _%Teijkijkz, (5.3a)

ouFMYN =0. (5.3b)

(6.3H) is the U(1) version of the instanton equation in four-dimensional Euclidean space.
Now it is well known that the abelian theory does not admit a non-singular instanton
solution and thus we are facing a problem of how to identify the baryon in such a theory.
In fact this situation is of no surprise, since in a similar manner there is no Skyrmion
solution to an abelian Skyrme-like theory.

We suspect that there should be a solution once we switch back the curvature nature
of the five-dimensional model, namely when we include higher order corrections in 1/\.
This is an open question that deserves a further study.

6. Baryons in six-dimensional holographic model

In analogy to SS model [, one can introduce a stack of Ny D4-branes and a stack of Ny
anti-D4-branes to the background of near extremal D4-branes of a six-dimensional non-
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critical gravity model [B§, [ld]. The model, which like all other non-critical models suffers
from the fact that it has order one curvature, is based on a compactified AdSg spacetime
with a constant dilaton and hence does not suffer from large string coupling as happens in
SS model. The spectra of mesons were analyzed in [, lf] and its thermal phase structure
was determined in [[[]. Most of the properties of the non-critical holographic model are
similar to those of SS model, but some properties like the dependence of the meson masses
on the stringy mass of the quarks and the excitation number are different.

The purpose of this section is to investigate the baryon configurations in the non-
critical holographic model of [I] and to see how, if at all, it differs from those of the
critical model. As was discussed in section 3, the baryon vertex is a D4-brane wrapping
the transverse S* cycle. In the six dimensional model by construction the S* does not
exist, so one may wonder that the whole idea might not work for that model. However,
one can use instead unwrapped DO-branes. In analogy to the Chern-Simon term on the
worldvolume of the wrapped D4-branes discussed in section 3, there is also a Chern-Simon
term of the form N.Apdt on the DO-brane worldvolume and hence also in this case one
needs to attach N, strings to the DO-baryon vertex. The other end of each of these strings
will be obviously attached to the probe flavor D4-branes. Just as for the near extremal
D4-branes of the critical model, and in fact as is shown in appendix A for any Dp branes,
also in the non-critical model the baryon vertex will be attached to the probe branes. Let
us now analyze the baryons in the corresponding five-dimensional theory.

The background of this model [B§, [iJ] is given by

2 du?
fu)’
2v/2 1
e® = L, Fe) = —NC<—> dxg N dzi Adxo Ndrg Adrg N\ du,

2
ds® = (%) (nuvdatde” + f(u)dai] + <§>

Since the period of x4 direction is 47 R?/(5ukk), the mass scale is

DUKK

Mgk = —5.

KK = 5o

We concentrate on the Ny = 2 case and use the same decomposition of the U(2) gauge field
as in ([.9). In this background (B.1]), the action of the flavor D4-branes is described by

S = T4/d5x e_d’\/— det(gyn + 27’ Fyn) + T4d/73(0(5)) + b/wg@)
= So+ Sym + Scs + O(A%),
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where

6 [ u\’ R\"* u?
=Tye” d*zd — — ) = -
so =1 fatatns () |10+ (5) 5 -]

~ 1
Sym = —T/d4xdz tr [ih(z)n“”np"FupFW + M%Kk(z)n“”FMFVZ] ) (6.2)
Scs = beMNPQ /d4a:dz [SAOtr(FMNFPQ) — gAMtr((‘)OANFpQ)

3 - 1 . - ~ 1. 4~ =

+ ZFMNtr(AOFPQ) + EAOFMNFPQ — ZAMFONFPQ , (6.3)

up to total derivatives. T is equal to (wa/ )2T4Re_¢uKK_ which is proportional to N.. So
we describe T := ¢N,. Note that @, b are constants and a = (2/v/5)a [ Introducing the
coordinate z defined by

5
<L) =P +¢%2, =
UKK UKK |
we compute h(z) and k(z) in the power expansion for small z,
h(z) = ho +h1 22+ 0(zY), k() = ko + k122 + O(2),
4¢3 . 2(a® —1)¢2
) 1= 3/2 )
5\/245 —1—2a¢32\/(5 -1 5(2(5 —1- 2aC5/2\/C5——1>
_ 5 _ 5/2 5 _
k‘ozéC%\/%‘r’—l—Za&/? E 1, k= 2 (13 — 5a%)¢® — 4 — 8aC®?\/¢ 1.
5 25 3 5 5/2. /5
¢3/24/2¢5 — 1 —2a(5/2\/¢> — 1

Without any loss of generality, we can set Mgk = 1 again. Using the rescaling

ho =

. 1 . 1
20— 20, x’%mx’, z—>\/—N_cz,
-AO_>-A07 A — \/NCAi7 A, — \/NCA27 (64)

the Yang-Mills action (f.9) is expanded with respect to the large N,

Sym = —c/d4$dztr[ < hoF; +I<:0 )

+ §h1Z2Fi2j + k12°F2 — hoF§; — koFy, + O(N: 1)

1
—c/d4xdz§[N<ho N >

. ) ) ) ] R
- §h1z2ﬂ.§. + k1 22F2 — hoFE — koL, + O(N7 Y| .

Then the equations of motion for the SU(2) part are described as

. b N
hoD'Fy + koD*Fyg — %eM NPQFEyNFpg =0, (6.5a)
hoD'F;; 4+ koD*F,; =0, (6.5b)
koD'Fy, =0, (6.5¢)
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while the equations of motion for the U(1) part are

A A 3b 1. .
hoO" Fig + koO* Fyg — geMNPQ tr(FMNFpQ) + §FMNFPQ =0,

hoaiEj + kQaZFZj =0,
kod'E;, = 0.

Since (6.5H), (p.5d) correspond to the instanton equation, in completely the same way as

in SS model, the equations of motion (f.§) and (f.6) can be solved as

AM(a:i,z) = —z’v(g)gaMg_l (M =1,2,3,2),

Ap =0,
Ay =0,
P 3b 1 [ ot ]
Ag = — |1 ,
ko € @+ P
where
£ ; s(z—2)1 —i(z" — X")7;
v(g):ma g(.Z',Z): 5 )

These solutions (p.7) lead to the baryon mass,

M = Ncc/d?’a:dz tr(%FZ% + k‘oFi22>

h ho . + ko .
+e / dPrdz [m(é,z?ﬂ?j + klz2F;§> - Eo(a,-Ao)2 - ?O(E?ZAO)Q
3b A
— geMNPQAOtr(FMNFpQ)] +O(N 1)
32r2c 32r2c
=227 °N, Y2
5 Nt T 25¢
+ e (2( 1= 2a¢52\/C —1)p + e O,

The critical value of Y and p minimizing the baryon mass M is evaluated

15b ¢

Yo=0, pl= :
2v2e\| 2¢5 — 1 —2a¢3/2\/(5 —1

(6.7a)
(6.7b)
(6.7c)

(6.7d)

Since the non-critical model has an effective 't Hooft model of order one, we find that

in the non-critical case the size of the baryon is order one.
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7. Conclusions and discussions

We have considered the baryon sector in the non-anti-podal SS model, where the parameter
( is introduced in addition to Kaluza-Klein mass Mgk and 't Hooft coupling A. This model
converges to the original (anti-podal) SS model at { = 1.

The baryon mass formula ({.2§) has been calculated as a function of ¢ and Mkk. We
have compared the mass spectra with the experiment in the two ways. Firstly, identifying
the two lowest modes with the experimental values of 1(940) and A(1232), we have obtained
the relation ([.30) between ¢ and Mgk and computed the mass spectra of N and A baryons
as shown in table 2. The relation (f.3() implies that Mkgk is bounded to be less than
487 MeV because of ( > 1 by definition. Secondly the baryon masses have been evaluated
by the use of the minimal y? fitting. In this method, we can read that the upper bound of
Mxkx is 424.8 MeV. Anyway, in both cases, Mxk does not reach 949 MeV used in [[, B7.

By following the method given by [B7], we have analyzed the isoscalar, isovector and ax-
ial mean square radii, the isoscalar and isovector magnetic moments and the axial coupling.
We have incorporated these physical quantities with the mass spectra of the baryons and p
and a; mesons, and compared them with the experiment. Then we have obtained Mkxk as
the functions of ¢, which are depicted in figure [[J. From these analyses we conclude that
the ( = 1 model, that is, the original SS model, is fitted best to the experiment. However,
if without any justification ¢ < 1 is permitted by some modification of SS model, we have
found that the best-fitted values of (¢, Mxk) are (0.942,997[MeV]) by the use of the x?2
method. The physical quantities computed with these values are listed in table 5 and are
in good agreement with the experiment. Though the appropriate modification of the incor-
poration of baryons to SS model is still not clear to us, here there are two possible options:

e Since the weighted baryon vertex which is located at the tip of the U-shaped flavor
D8-branes has an object with energy that scales with ., it might backreact on the
flavor brane and also on the background geometry in such a way that the tip of the
cigar would be pulled down to uji (< ukk). Then ¢, which defined by ([L.1), can
take the value in { > uj /ukk, where the lower bound of ¢ is smaller than one.

e SS model is the dual of massless QCD. In order to put mass on the quarks, we need to
consider the contribution of the open strings ending on the flavor D8-branes [B3—Bg].
The tension of the open strings would pull up the D8-branes and the best-fitted value
of ¢, which is smaller than one, might be recovered to the value in ¢ > 1.

We have also calculated the energy of the D4-brane wrapped in S* as a baryon vertex
and analyzed its stability with respect to the location up on the u direction. In the
confinement phase, the energy is monotonic on up, the baryon vertex is stabilized at
up = ug, that is to say, the baryon vertex stays at the tip of the flavor D8-branes. On
the other hand, in the deconfinement phase, there appears an interesting property. This
is caused by the balance between the tension of the N, open strings, which corresponds
to the quarks of baryon, and the attractive force from the black hole. The parameter
up corresponds to temperature. Here we consider the behavior of the baryon vertex with
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respect to up by fixing the tip of the D8-branes ug. If zo(= wug/ur) is larger than x,
given by (B.1)), the baryon vertex becomes stable at the tip of the D8-branes. If zq is
smaller than z.;, the baryon vertex goes to the tip of the cigar background, which is a
black hole. In other words, the baryon vertex can be realized at the tip of the D8-branes
at temperatures lower than a critical temperature, but it falls down into the black hole at
temperatures higher than the critical temperature. This property is similar to the chiral
symmetry restoration [B{].

Finally we have commented on the single flavor model. It is impossible to apply the
Skyrme model to the case of single flavor, because there does not exist a U(1) instanton.
On the other hand, in the holographic models, we can easily suppose the picture of the
baryon vertex with single flavor. Though the instanton solution also plays an important
role in our analysis of baryons, we conclude that the singular solution of the U(1) gauge
field is interpreted as the baryon.
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A. Baryon vertex in Dp-branes’ background

Let us consider the energy E, of D(8 — p)-brane wrapped on S8~P and N, fundamental
strings, which is denoted by

Sp = —Tg_p / dtng_p€_¢1 /—det gD(g_p) - Nch / dtdu\/ —det Gstring = /thp,

where the tension of D(8 — p)-brane Tz_, = (27 )P89
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A.1 Confinement phase

The metric of the background is described as

ds? = (i)_ e S+ s o] + (R—)_[ Mo,
Ry — v u f(usp) )
_ (7—p)(3—p) —p
T-p _ gs]\fc(ZT‘-ls)7 P ¢ _ & : o) — 1 U
Rp (7 _p)‘/é_p ) € gS U ) f(u)p) 1 U )

where Vg_,, is the unit volume of S87P, which is equal to 27(°=?)/2/T((9—p)/2). The energy
is described as

Neun o) o) 1 /xo dy
E . — gp gp . — A —
pluniv) = 5o Eeont - Eeonel300) =50t | A= 0
x::u_37 xojzﬂ7 1§Z’SIL’O
UA UA

The integration can be computed in terms of the hypergeometric function o F7,

/1‘0 dy 22‘3;9%”F p—9 123-3p

=— - T
e g7 9—p 2 N\2p-—14214—2p’
9—p

22'33022F1< p—9 1 23-3p 7_p>'

T, 29— 14’2 14 —2p "0

A.2 Deconfinement phase

The metric of the background is described as

ds® = <i> = [—fT(u'p)dt2 + zp:(dzri)z] + <&> = [ du” +udQs— ]
R, ’ £ u fr(u;p) gk

7—p _ 9sNe@2mls)™P Iy I ur\
et o) T == ()
The energy E, can be evaluated,
Ey(up;ug) = Z;gﬁéﬁionp EL) el ) = 7i V1 — 2P~ + (20 — 7),
x::u—B, :Eg::ﬂ, 1<z <.
ur ur

Figure [1 implies that only Fg(up) is a monotonically increasing function.
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