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Nucleon-meson couplings in a one-boson-exchange potential using noncritical string theory
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A noncritical holographic QCD model constructed in the six dimensional anti—de Sitter (AdS¢) supergravity
background is employed to study a baryon. It is shown that the size of the baryon is of order one with respect
to the A, however, it is smaller than the scale of the dual QCD. An effective four-dimensional action for the
nucleon is obtained in terms of the meson exchange potentials. All meson-nucleon couplings in the noncritical
AdS¢ background are calculated. Results obtained using our model are compared with predictions of four
modern phenomenological interaction models. Also, our numerical results are compared with the results of the
Sakai-Sugimoto (SS) model which indicate that the noncritical holographic QCD model can be a good toy to

calculate the meson-nucleon couplings.
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I. INTRODUCTION

The construction of a nucleon-nucleon (NN) potential
has a long history in nuclear physics due to its role in
understanding the nuclear force. Many potential models have
been constructed from the 1950s which have been composed
to fit the available NN scattering data. The newer potentials
have only slightly improved with respect to the previous ones
in describing the recent much more accurate data. As it is
shown in Ref. [1], all of these potential models do not have
good quality with respect to the pp scattering data below
350 MeV and just a few of them are of satisfactory quality.
These models are the Reid soft-core potential Reid68 [2], the
Nijmegen soft-core potential Nijm78 [3], the new Bonn pp
potential Bonn89 [4], and also the parametrized Paris potential
Paris80 [5]. These familiar one-boson-exchange potentials
(OBEP) contain a relatively small number of free parameters
(about 10 to 15 parameters), but do not have a reasonable
description of the empirical scattering data. Also, most of
these potentials which have been fitted to the np scattering
data, unfortunately do not automatically fit to the pp scattering
data even by considering the correction term for the Coulomb
interaction [1]. Of course, new versions of these potentials
have been constructed such as Nijm I, Nijm II, Reid93 [6],
CD-Bonn [7], and AV18 [8] which explain the empirical
scattering data successfully. But they contain a large number of
purely phenomenological parameters. For example, an updated
(Nijm92pp [9]) version of the Nijm78 potential contains 39
free parameters.

On the other hand, there are many attempts to impose
the symmetries of QCD using an effective Lagrangian of
pions and nucleons [10,11]. These models only capture the
qualitative features of the nuclear interactions and cannot
compete with the much more successful potential models
mentioned above. Despite many efforts, no potential model has
yet been constructed which gives a high-quality description of
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the empirical data, obeys the symmetries of QCD, and contains
only a few number of free phenomenological parameters.

One of the applications of anti—de Sitter space/conformal
field theory (AdS/CFT) duality [12-14] is a holographic
QCD introduced recently to solve the strong-coupling QCD
problems such as the chiral dynamics of hadrons in partic-
ular baryons [15-38]. The Sakai-Sugimoto (SS) [39,40] and
Klebanov-Strassler (KS) models [41] are the most interesting
holographic models.

The predictions of the SS model are in a good agreement
with the lattice simulations such as a glueball spectrum of pure
QCD [42,43]. Also this model describes baryons and their
interactions with mesons [22-24,39,40]. It is shown that the
baryons can be taken as point-like objects at distances larger
than their sizes, so their interactions can be described by the
exchange of light particles such as mesons. Therefore, one can
find the baryon-baryon potential from the Feynman diagrams
using the interaction vertices including baryon currents and
light mesons [23]. But there are some inconsistencies. For
example, the size of the baryon is proportional to A~!/2,
Consequently in the large "t Hooft coupling (large 1), the size
of the baryon becomes zero and the stringy corrections have
to be taken into account. Another problem is that the scale of
the system associated with the baryonic structure is roughly
half the one needed to fit to the mesonic data [44].

Also there is another problem for such holographic models
arising from critical string theory. In these models, the
color brane backgrounds are ten-dimensional so the dual
gauge theories are supersymmetric. In order to break the
supersymmetry, some parts of such backgrounds need to be
compacted on some manifolds. This causes the production
of some Kaluza-Klein (KK) modes with the mass scale of
the same order as the masses of the hadronic modes. These
unwanted modes are coupled to the hadronic modes, and
there is no mechanism to disentangle them from the hadronic
modes yet. In order to overcome this problem, it is possible to
consider the color brane configuration in noncritical string
theory. The result is a gravitational background located at
the low dimensions [45-48]. In this background the string
coupling constant is proportional to NLF, so the large N, limit
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corresponds to the small string coupling constant. However,
contrary to the critical holographic models, in the large N,
limit, the ’t Hooft coupling is of order one instead of infinity
and the scalar curvature of the gravitational background is
also of order one. So, it seems the noncritical gauge-gravity
correspondence is not very reliable. But studies show that the
results of these models for some low energy QCD properties
such as the meson mass spectrum, Wilson loop, and the mass
spectrum of glueballs [49-51] are comparable with lattice
computations. Therefore noncritical holographic models still
seem useful to study QCD.

One of the noncritical holographic models is composed
of a D4 and anti-D4 brane in six-dimensional noncritical
string theory [47,49]. The low energy effective theory on
the intersecting brane configuration is a four-dimensional
QCD-like effective theory with the global chiral symmetry
U(Nyg)L x U(Ny)g. In this brane configuration, the six-
dimensional gravity background is the near horizon geometry
of the color D4 branes. This model is based on the compactified
AdSg space-time with constant dilaton. So the model does not
suffer from the large string coupling as the SS model. The
meson spectrum [49] and the structure of thermal phase [52]
are studied in this model. Some properties, like the dependence
of the meson masses on the stringy mass of the quarks and the
excitation number are different from the critical holographic
models such as the SS model.

In this paper, we are going to obtain the N N potential using
the noncritical AdS¢ background. We study the gauge field and
its mode expansion in this noncritical holography model and
obtain the pion action. The model has a mass scale Mk g like
the SS model in which we set its value by computing the pion
decay constant. Then, we study the baryon and obtain its size.
We show that the size of the baryon is of order one with respect
to the ’t Hooft coupling, so the problem of the zero size of the
baryon in the critical holography model is solved. But the size
of the baryon is still smaller than the mass scale of holographic
QCD, so we treat it as a point-like object and introduce an
isospin 1/2 Dirac field for the baryon. We write a 5D effective
action for the baryon field and reduce it to the 4D using the
mode expansion of a gauge field and baryon field and obtain
the N N potential in terms of the meson exchange interactions.
We calculate the meson-nucleon couplings using the suitable
overlapping wave function integrals and compare them with
the results of SS model. Also, our results are compared with
predictions of some phenomenological models and also the
SS models for the couplings. Our study shows that the non-
critical results are in good agreement with the other available
models.

This paper is organized as follows. In Sec. II we briefly
review the noncritical model and mode expansion of the gauge
field. We analyze the baryon and extract its mass and size
in Sec. III. In Sec. IV, an effective action for the baryon
is considered and a noncritical prescription of the nucleon-
nucleon potential in terms of the meson exchange interactions
is obtained. In Sec. V, the nucleon-meson couplings are
calculated and compared with predictions of four modern
phenomenological models [Nijmegen (93), Paris, CD-Bonn,
and AV 18 models]. Section VI is devoted to a brief summary
and conclusions.
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II. HOLOGRAPHIC QCD FROM THE NONCRITICAL
STRING THEORY

In the presented noncritical model, the gravity background
is generated by near-extremal D4 branes wrapped over a circle
with antiperiodic boundary conditions. Two stacks of flavor
branes, namely D4 branes and anti- D4 branes, are added to
this geometry and are called flavor probe branes. The color
branes extend along the directions ¢, xi, x5, x3, and t while
the probe flavor branes fill the whole Minkowski space and
stretch along the radius U which is extended to infinity. The
strings attaching a color D4 brane to a flavor brane transform as
quarks, while strings hanging between a color D4 and a flavor
D4 transform as antiquarks. The chiral symmetry breaking
is achieved by a reconnection of the brane/antibrane pairs.
Under the quenched approximation (N, 3> N), the reactions
of flavor branes and the color branes can be neglected. Just
like the SS model, the T coordinate is wrapped on a circle and
the antiperiodic condition is considered for the fermions on
the thermal circle. The final low energy effective theory on the
background is a four-dimensional QCD-like effective theory
with the global chiral symmetry U(N ), x U(Ny)g.

In this model, the near horizon gravity background at low
energy is [49]

2 du?
Fy’
(1)

where R is the radius of the AdS space. Also f(U) and RR six-
form field strength, Fis) are defined by the following relations:

2 (UN o 2. (R
ds _(R>( dt +dx,dx,+f(U)dr)+(U>

U 4
Fe = QC(E) dt Ndxy ANdxy Adxs Adu Adr,
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U

In order to obtain solutions of near extremal flavored AdSe,
the values of dilaton and Rags are considered as

302 oF
3
2 % 3)
Rias = 5 :
Q) 9 [y o0

This relation indicates that the Rags and dilaton depend on
the ratio of the number of colors (~Q.) and flavors (~Q y).
Under the quenched approximation, the values of the dilaton
and AdS radius can be rewritten as
15 242
Rigs =~ = L
2 V30,
where Q. is proportional to the number of color branes, N,.
To avoid singularity, the coordinate t satisfies the following
periodic condition:
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Also, the Kaluza-Klein mass scale of this compact dimension is

2 5 U KK
Mgg = — == ,
K™%t "2 R
and dual gauge field theory for this background is non-
supersymmetric. Also, the Yang-Mills coupling constants can
be defined as a function of string theory parameters using the
DBI action as follows:

(6)

8s

wa Qra’)? 8’ ™

g%’M =
where o’ = lf is the Regge slope parameter and /; is the string
length. Also, the *t Hooft coupling is A = g7, N,.

In AdS/QCD, there is gauge field living in the bulk AdS
whose dynamics is dual to the meson sector of QCD such as
pions and higher resonances. The gauge field on the D4 brane
includes five components, A, (u = 0, 1, 2, 3) and Ay. The D4
brane action is given by

Spa = — 44 / d’xe?\/—det(gyn + 21’ Fyy) + Scs,

®)

where FMN =8MAN—8NAM—i[AM,AN], (M,NZ
0,1,...,5) is the field strength tensor, and the Ay is
the U(Ny) gauge field on the D4 brane. The second
term in the above action is the Chern-Simons action and
wa = 27 /(2mls)>. It is useful to define the new variable z as

®)

Then by neglecting the higher order of F? in the expansion,
the D4 brane action can be written as

U, = (Uig + Ui ).

- , R*
Sps = —a2rroe )2/d4XdZ[4U5/2’7 "N FupFus

25U 9/2
+ 3 ““FMZFVZ}+O(F3>, (10)
kk
where 14 is
N 3 NUY?
fa = \fz Sy M (1

The gauge fields A, (u=0,1,2,3) and A, have a mode
expansion in terms of complete sets {1,,(z)} and {¢,(z)} as

Aux,2) =Y BPE W (2) (12)
A, 2) =) " (x)pu(z) - (13)

After calculating the field strengths, the action (10) is rewritten

as
N R*
SD4 = —,bL4(27TOl/)2 / d4de E |:4 5/2 Fl%) “V(")lﬂm%

m,n z

25 U

(m)au (n)
8 U3, 0 Gmn

+ B B ", 4, — 2aﬂw(’">B“<">¢mx/'fn)}, (14)
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where the overdot denotes the derivative respect to the z
coordinate.

Let us consider first the vector meson field BI(L’"). So, we
need to keep the following part of action:

Sps = —ama’)? / d*xdz

R
(m) ()
) Z[4U5/2Fu'3 FE

B(m)B”(")lﬂ w i| (15)

We introduce the following dimensionless parameters:

- z ~ ~2 u: \
i=—", K@)=14+7"= T ) (16)

Ukk KK

and using these parameters, we rewrite the action (15) as

4
Sps = —[l4Qra’y — e / d*xd?
UKK

1 1
E =172 p(n) pm)py
X |:ZK F;w F H ¢11Wm

n,m
1
+ 5M,iKK9/1°B§">B<'">“a;¢na;¢m} .

Functions ¥, (n > 1) satisfy the normalization condition as

~ R* ~ —
/,L4(27T05/)2W/dz K 12 %Wm = Snm . (18)
KK

Also, we suppose the functions ¥, (n >
following condition:

1) satisfy the

~2/2R4 T K09 9 = 08 1
Ha2ra) U2 dz K 0z Ym 0z Yn = Apbpm- (19)
KK

Using Egs. (18) and (19), an eigenvalue equation is obtained
for the functions v, (n > 1) as

—K'"?0z(K* 92 Yrm) = AV - (20)

Considering the above conditions, the action becomes canon-
ically normalized

1
Sps = /d4 Z|: F(n)Fuv(n)+ 2m B(H)BM(")] (21)

. . 12
where B(”) 1s a massive vector meson of mass m,, = A, / Mgk

foralln > 1.Let us consider ¢ and rewrite the pseudoscalar
part of action (14) in terms of new variables, Eq. (16):

o 25
Spa = — e’y / d*xd? = U,z K
X Z|: Ukkd, ™" 0" by

— 3,9 B* "¢, 0% wn]. (22)
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In order to normalize the kinetic part of the above action, we
consider the following orthonormal condition for ¢,:

25 ~
G b0) = = a2 VU / 4% K $uy = S
23)

By multiplying Eq. (23) by A, and comparing it with Eq. (19),
we find that the functions ¢y, and v, are related together. In
fact, we can consider ¢, = m ;! 1, (n > 1). Also, there exists
a function ¢y = C/K°/'° which is orthogonal to 1, for all
n=>l1:

(¢o,¢n)o</d5 dey =0, (for n>1).  (24)

We use the normalization condition 1 = (¢, ¢9) to obtain
the normalization constant C. Finally by using an appropriate
gauge transformation, the action (10) becomes

1
SD4 = —/d4x |:§ Bﬂw(o)a“(p(o)

1 1
+y (ZF;?F“”(") + Emi B;">B“<”>>}, (25)

nzl

where ¢© is the pion field, which is the Nambu-Goldstone
boson associated with the chiral symmetry breaking. An
interpretation of this field is the same as the critical SS
model [39]. Therefore it is not necessary to repeat it here.

To ensure that the field strengths vanish at z — 400, it
is useful to make another gauge choice, namely the A, = 0
gauge. Actually, we can transform to the new gauge through
the following gauge transformation:

Ay — Ay — Iu A, (26)
and obtain the following new gauge fields:
A (x",2) =0,
Ay, 2) = —,0 0" o(2) + Y BY () (2) -

n>1

27

Function v((z) is calculated through

Z
(@) = [ d7 ) = C Upx T F(05.09,1.5, -7,
0
8)

where F) is well-known hypergeometric function. It should
be noted that the massless pseudoscalar meson appears in the
asymptotic behavior of A, since we have

Au(x*, 7) — £1.8CUkk 3,00(x*) (asz — £00). (29)

In order to calculate the meson spectrum, it is necessary to
solve Eq. (20) numerically by considering the normalization
condition (18).

Since Eq. (20) is invariant under 7 — — 7, we can assume
Y, to be an even or odd function. In fact, the B;(L") is a
four-dimensional vector and axial vector if ¥, is an even or
odd function, respectively. Equation (20) is solved numerically
using the shooting method to obtain the mass of lightest
mesons. Our results are compared with the results of the
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TABLEI The ratio of the obtained eigenvalues of Eq. (20)
compared with the results of the SS model [39] and the ratio
of meson masses.

Our model  SS model Experiment
% ”‘12,, (1260) (1230 MeV)?
oy 2.78 2.4 = My ~ 251
2
A3 My4450) ~ (1465 MeV)?
i 5.5 4.3 w S TeMeVy 3.56
A ’”2(1450) (1465 MeV)?
= 1.98 1.8 =0~ ~ 141

2 — 2 —
M (1260) (1230 MeV)

SS model and experimental data in Table I. As is clear, our
result are in good agreement with experimental data. Also, the
same values have been obtained in Ref. [49] using the AdS¢
background which is exactly coincident with our results.

It is straightforward to generalize the above analyses to
the case of Ny > 1 flavor QCD by introducing N, probe
D4 branes. In order to obtain a finite four-dimensional action
for the modes localized around z = 0, the field strength Fy,n
should vanish at z = F=0o. This implies that the gauge field
A ) must asymptotically take a pure gauge configuration

Au(x", z) = U (", )ayUr(x*, 2), (as z — £00).

(30)

In analogy to the SS model [39], we can write

A, 2) = U™ ()3, U ("W (2) + ) B (M) (2),

n>1

(31)

where
Y(2) = 3 £ 90(2). (32)
Vo(?) = 55 7 F1(0.5,09, 1.5, - 72). (33)

Now, by neglecting the vector meson fields, Bl([’) (n > 1), the

field strengths can be written as

Fu =WU7'0,U, U 3,UTY Yy — 1),
~ (34)
sz. = U_lauU 0z Y0(7).

Substituting these quantities into the non-Abelian generaliza-
tion of Eq. (10), we obtain

Sps = —[ia(2ra’)? / d*x w(A(U'9,U)?

+BWU 9, U, UB,UT), 35)

where the coefficients A and B are defined by the following
relations:

25 1 N ~ 25 U2
A=2T o [ AT U0 T0E) = TR
U, 4 36 a6
5 2R4/d 1 P2 — 1) 0.16R*
=2— == - =35 -
4 pr et Uz
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If we compare Eq. (35) with the familiar action of the Skyrme

model [53]
2
_/ (f tr(U "9 U)

1 1 1
+ 3507 WU 0,U. U™ 8U]> (37)

it is possible to calculate the pion decay constant f, and
dimensionless parameter e in terms of the noncritical model
parameters

- ) 3 45 usRmo)?
f7=4Qrd') A= \/; 3“671%1%,%,(, (38)

and

1 N ) 3
— =3274Qna'y’ B = \/;M(zn o) RN.. (39

It is clear from the above equations that the parameters f
and e depend on N, as fr; ~ O(/N,) and e ~ O(1/+/N,),
respectively. It is coincident with the result obtained from the
SS model and also QCD in large N.. We fix the Mk g such that
the f, ~ 93 MeV for N. = 3. So, we obtain Mg = 395 MeV
for our holographic model. It should be noted that Mk g is the
only mass scale of the noncritical model below which the
theory is effectively pure Yang-Mills in four dimensions.

III. BARYON IN AdS¢

In this section we aim to introduce baryon configuration
in the noncritical holographic model. As is known, in the SS
model the baryon vertex is a D4 brane wrapped on a S* cycle.
Here in six-dimensional configuration, there is no compact S*
sphere. So, we introduce an unwrapped DO brane as a baryon
vertex instead [26]. In analogy with the SS model, there is a
Chern-Simons term on the vertex world volume as

Scs /dt Ap(t), (40)

which induces N, units of electric charge on the unwrapped
DO brane. In accordance with the Gauss constraint, the net
charge should be zero. So, one needs to attach N, fundamental
strings to the DO brane. In turn, the other side of the strings
should end up on the probe D4 branes. The baryon vertex looks
like an object with N, electric charge with respect to the gauge
field on the D4 brane whose charge is the baryon number.
This DO brane dissolves into the D4 brane and becomes an
instanton soliton [26]. It is important to know the size of the
instanton in our model. In the SS model, it is shown that the
size of an instantonic baryon goes to zero at a large 't Hooft
coupling limit which is one of the problems of the SS model
in describing the baryons [23].

Let us consider the DBI action in the Yang-Mills approxi-
mation for the D4 brane

1
Sym = 7 para)? /67(7) N =gap tr By ™. (41)
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The induced metric on the D4 brane is

U\?2 R\* dU?
g4y = <E> (nwdx"dx” + <E) f(U))I (42)

It is useful to define the new coordinate w

RXUV2qU
dw = ———. (43)

VU = Uik

Using this coordinate, the metric (42) transforms to a confor-
mally flat metric

gar1 = Hw)(dw? + n,,dx*dx"), (44)
where
U 2
Hw) = (E) ) (45)

Also, the w coordinate can be rewritten in terms of the z
coordinate introduced in Eq. (16) as

du):g RzU;(KdZ

. (46)
7710
> (Uzk — Uz 2%

Note that in the new conformally flat metric, the fifth direction
is a finite interval [— w4y, Winax ] because

/ 1/2 dU
YU° = Ukk
R2 o0 U R2
- ~ 1.25 < 0o, (47)

Ukk VU5 -1 Ukk

We can approximate w near the origin w >~ 0, as

Wmax =

2/ R \* %)
w~-——] z,
5\ Ukk ¢
and using relation (6), we obtain
z z
~ —— or Mggxw>~——, (49)
Mgk Ukk KK Uk
or equivalently,
U > Upp (1 + Mgg w?). (50)

In analogy with the SS model, this relation implies that Mg g
is the only mass scale that dictated the deviation of the metric
from the flat configuration and it is the only mass scale of the
theory in the low energy limit. (It should be noted that the
D4 branes come with two asymptotic regions at w — w4y
corresponding to the ultraviolet and infrared region near the
w2>~0.)

Equation (41) is rewritten in the conformally flat metric
(44) as

1 U
SPy = —Z,u4(27ro/)2/d“xdwe”(%)tranFm”

1
=— [ dx*dw ———— tF,,, F™. (51
4e2(w)
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Thus, the position dependent electric coupling e(w) of this
five-dimensional Yang-Mills is equal to

"2
21 _ V3/2 us 2w a’)* RN, MKK(L) (52)
e?(w) 5

Also, for a unit instanton we have

1 1
— [ wFAF=—— | wF,,F"™ =1. (53
8m2 r 16712/ f (53)

Inserting the above relations into Eq. (51), we obtain the energy
of a point-like instanton localized at w = 0 as

o  ~3/2 472 p4 2 ')’ R
my =
5

By increasing the size of the instanton, more energy is needed
because 1/e*(w) is an increasing function of |w|. So the
instanton tends to collapse to a point-like object. On the other
hand, N, fundamental strings attached to the D4 branes behave
as N, units of electric charge on the brane. The Coulomb
repulsions among them prefer a finite size for the instanton.
Therefore, there is a competition between the mass of the
instanton and Coulomb energy of fundamental strings. For
a small instanton of size p with the density D(x’, w) ~
0*/(r* +w? + p)*, the Yang-Mills energy is approximated
as

N, Mgg. (54

~ L O M2, (55)
and the five-dimensional Coulomb energy is
1 0)’N?
2 10m2p?

The size of a stable instanton is obtained by minimizing the
total energy

2 N 1 1

pbaryon - m 277:2/1«4 (2 T a,)z M[2<K : (57)
As it is stated in the previous section, in the SS model (the
critical version of dual QCD) the size of the instanton goes to
zero because of the large 't Hooft coupling limit. However in
the noncritical string theory, the ’t Hooft coupling is of order
one. So, the size of the instanton is also of order 1 but it is still
smaller than the effective length of the fifth direction ~1/ Mk g
of the dual QCD.

IV. NUCLEON-NUCLEON POTENTIAL

In the previous section, we demonstrated that the size of
the baryon in the noncritical holographic model is smaller
than the scale of the dual QCD and we can assume that
the baryon is a point-like object in five dimensions. Thus
as a leading approximation, we can treat it as a point-like
quantum field in five dimensions. In the rest of this paper,
we will restrict ourselves to fermionic baryons because we
intend to study the nucleons. So, we consider the odd N,
to study a fermionic spin-1/2 baryon. We choose N, = 3 in
our numerical calculations for realistic QCD. Also, we will
assume Ny = 2 and consider the lowest baryons which form
the proton-neutron doublet under SU(Nr = 2). All of these
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assumptions lead us to introduce an isospin-1/2 Dirac field,
N for the five-dimensional baryon.

The leading 5D kinetic term for N is the standard Dirac
action in the curved background along with a position
dependent mass term for the baryon. Moreover, there is a
coupling between the baryon field and the gauge filed living
on the flavor branes that should be considered. Therefore, a
complete action for the baryon reads as

/d4xdw|: —iNy" D N — imy(wW)NN
2

p aAryon =
+ 85(W) 22 Ny "™ Fru N
er(w)

1
— | d*xdw—— tr F,,, F™, 58
[ dtxaw s (58)
where D,, is a covariant derivative, pparyon 18 the size of the
stable instanton, and gs(w) is an unknown function with a
value at w = 0 of 272/3 [23]. y™ are the standard y matrices
in the flat space and y™" = 1/2[y™, y"].
2

The factor i’;'(—w) is used for convenience. Usually, the first
two terms in the action are called the minimal coupling and the
last term in the first integral refers to the magnetic coupling.
A four-dimensional nucleon is the localized mode at w >~ 0
which is the lowest eigenmode of a five-dimensional baryon
along the w direction. So, the five-dimensional action for
the baryon must be reduced down to the four dimensions. In
order to do this, one should perform the KK mode expansion
for the baryon field A'(x,, w) and the gauge field A(x,, w).
The gauge field has a KK mode expansion which studied in
Sec. III in detail. The baryon field also can be expanded as

N r(xH, w) = Ny g(x*) fr r(w), (59)

where Np gr(x*) is the chiral component of the four-
dimensional nucleon field. Also the profile functions, f1 g(w)
satisfy the following conditions:

Oy fr(w) + mp(w) fr(w) = mp fr(w),
— 0y fr(w) + mp(w) fr(w) = mp fr(w),

in the range w € [—Wpax, Wmax ], and the eigenvalue m g is the
mass of the nucleon mode, N (x). Moreover, the eigenfunctions
f1.r(w) obey the following normalization condition:

(60)

f " dw | fuw)? = / " dw | feP = 1. (61)

Wmax Wimnax

It is more useful to consider the following second-order
differential equations for f; g(w):

[—82 — dump(w) + (mpw))*] fr(w) = m% fr(w),
[—82 + Bump(w) + (mp(w))*] fr(w) = m% fr(w).

As we approach w — w4y, mp(w) diverges as m(w) ~
—L__ and the above equations have normalizable eigen-
(WFWhax) . .
functions with a discrete spectrum of mp. Note that the
term —a,m,(w) is asymmetric under w — —w. It causes
that f;(w) tends to shift to the positive side of w and the
opposite behavior happens for fr(w). It is important in the

axial coupling of the nucleon to the pions.

(62)
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It is mentioned in Sec. II that the gauge field has a mode
expansion (31) at A, = 0 gauge which can be rewritten as

= i, ()Yo(w) + iBu(x) + Y B ()Y (w),

Au(x, w)

(63)

where «,, and B,, are related to the pion field U (x) = ¢*7®)//x
by the following relations:

a,(x) = (U, 0,U"),
Bux) = 3[U'2,9,U"].

Here, we use the above expansion along with the properties
of fr(w)= £fr(—w), Yo, and ¥, under the w — —w
transformation to calculate the four-dimensional action. It
is worthwhile to note that again VY (+1)(w) is even, while
Yop(w) is odd under w — —w, corresponding to vector
BZ*tD(x*) and axial-vector mesons B (x"), respectively.
For simplicity, we neglect the Chern-Simons term in the baryon
equation (58). By inserting the mode expansion of the baryon
field in the action, we obtain the minimal coupling as

(64)

Smin = -/d4xdw[—i1\7fym(3m - iAm)Nf
—imy(w)N fNf]
= /d4x[—iN y*9,N —impN N]

— /d4xdw[ny“AuN fl. (65)

Now, we expand the gauge field presented in the last integral
using Eq. (63). Since the parity of ¥, (w) depends on n,
it is possible to separate the odd and even n. After taking
the integrals over w, we obtain the four-dimensional minimal
action for the nucleon as

vector axial

st = /d4x[—i1\7y"8MN —imgNN + L0+ Lot ],

(66)

where the minimal vector and axial interactions are

N (k) N 2k+1

Lyt = —iNy*BuN = &y Ny*BFUN,
k=0
i lgA min
axial = — > Ny"y’a,N (67)
((GIy 5 p(2k)
- ZgA,minNyM 4 Bp. N.
k>1

The various minimal couplings constants gV min’ gxc)mm as well

as the pion-nucleon axial coupling g4, are calculated by the
following suitable overlap integrals of wave functions:

Wiax
k
&Y min Z/ dw | fL(w)*Yaxs1(w),

& min = f dw | f1.(w) P w), (68)
—Wpnax

Gmin = 2 / dw | fu(w)2Wo(w).

—Wmax
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Also, the magnetic interaction term in Eq. (58) becomes
P
/ d*xdw (g5(w) 2“(”")” N fy""F,,N f>.
(69)

Smagnetic _

Inserting the gauge field expansion into Eq. (69), the magnetic
interaction reads as

sreenee = [ (L L) a0
where
L™ = =2 &V e VYV’ BEON,
k=0
e = EAD0E gy S, ()
= 2 & NV VBN,
k>1

and the magnetic couplings are defined as

2

Zrmag = 4 / du)(gs(w) b“”"”)|fL(w)|2awwo(w),

— 2(w)
Winax [%

8 g =2 / dw<g5< ) ;(’y“)")|fL(w)|28wvf<2k>(w),
—Wpax

e =2 / dw<g5< ) b;’(””)”)|fL(w)|zaww<2k+1><w).

—Wmax

(72)
Using Eq. (52), we can rewrite the magnetic couplings as

) Hma gs(w) U(w))
8V.mag = 2 Cmag /— dw( gs5(0) ) ( Uk

Wax

x | fL(w)* 8y Y1y (w),
w Wmax gsw)\ [ U(w)
8amag = 2 Cimag /_w dw < g5(0) > ( Uk )
x | fr(w)* 8y Pan(w), (73)
_ e gs(w) (Uw)
8amag = 4 Conag /w dw( 25(0) ) ( Uxx )

x | fr(w)*dy Po(w),

where we define C,,,, as

V32us R
/“— RN, g5(0) Mk Piypyon-  (74)

Cmag -
Also, there is a next-to-leading order term in the magnetic
coupling equation which is responsible for the derivative
couplings. Finally by considering the derivative terms, the
Lagrangian of the nucleon is obtained as

Enucleon = —11\_/)/“%1\/ - lmBNN + Eveclor + »Caxialv (75)
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where
Lyector = — i]\_/)/“,BNN — Zg(‘f)NVMB;(LZk-'_]) N
k=0
+ > g Ny, BFVN,

k=0

igA — —
Laxial = —TNV“VSOMN - ZgX()NV”VSBELZk)N

k>1

+ ) g Ny" 9, B N. (76)
k=0

Also, g = gmin + &mag stands for all the couplings. We neglect
the derivative couplings in the following calculations as a
leading approximation.

Since the instanton carries only the non-Abelian field
strength, the isoscalar mesons couple to the nucleon in a
different formalism than the isovector mesons. Therefore for
the isoscalar mesons, such as the »*’ meson, only the minimal
couplings contribute:

isoscalar
A = 8A,min»
(k),isoscalar __ (k)
8a - gA,min’ (77)
(k),isoscalar __ (k)
8y = 8V, min-

However, the isovector mesons couple to the nucleon from both
the minimal and magnetic channels. Thus, isovector meson
couplings are

[ t
Qo = 8A,min + 8A,mag>»
(k)

(k),isovector (k)

gA = gA,min + gA.mag’ (78)
(k),isovector __ (k) (k)
8y - gV,min + gV,mag'

The isoscalar and isovector mesons have the same origin
in the five-dimensional dynamics of the gauge field. In fact, if
we write the gauge field in the fundamental representation, we
could decompose the massive vector mesons as

e+ _ (1/2 0 ® o k)
B —(O 1 el + ol (79)
where a),(f) and P,(Lk) are the isoscalar and the isovector parts of
a vector meson, respectively. Since the baryon is made out of

N, product quark doublets, the above composition for nucleon
should be written as

NJ2 0
B;§k+1>=< o/ N, /2)w§f>+p,§k>. (80)

Therefore, there is an overall factor N, between the isoscalar
a)/(f) and isovector ,off) mesons. Indeed, there is a universal
relation between the Yukawa couplings involving the isoscalar
and isovector mesons

8o nn| = Ne X |gpwnn] - (81)

We will be back to this relation later. Here we need to
solve the eigenvalue equation (62) numerically to obtain the
wave function f; g and the mass mp of the nucleon. It
is useful to define the dimensionless variables W = Mgxw,

PHYSICAL REVIEW C 87, 065202 (2013)

TABLE II. Numerical results for axial and vector meson cou-
plings in the noncritical holographic model of QCD. The values of
vector couplings are compared with the SS model results [23].

,min ,mag ,min ,min ,mag ,mag
0 1.16 1.86 8.30 5.933 —1.988 —0.816
1 1.07 1.44 1.6488 3.224 —6.83 —1.988
2 0.96 0.862 1.9 1.261 —7.44 —1.932
3 0.67 0.14 0.688 0.311 —4.60 —0.969

2Presented model results.
>SS model results.

U= U/Ukg, and 7 = z/ Uk which are related together by

) gz 50 | O
w=| —— = 40 /——, (82
o [14z2w 2 Us -1

and rewrite the m;,(w) in terms of these dimensionless variables
as

my(w) =m0 = Mgx ip(), (83)
where
2 N2
i () = V3/24n s 2w o')” R N, O (). 84)

5

After rewriting Eq. (62) in terms of W, we obtain

mp
Mgk

2
) fr@).
(85)

[~02 — dariyp(iD) + (ip(@)*] f1(B) = (

The key idea for using dimensionless variables is that the
functions f; (@) do not depend on the scales further. Now, we
use the shooting method again to solve the above equation
numerically and find f7 (@) and its eigenvalue, mp/Mgg. In
order to do the numerical calculation, we assume N, = 3 for
realistic QCD. Also was mentioned in the previous section, we
choose the value of Mg = 0.395 GeV to have the pion decay
constant f; = 0.093 GeV. We obtain the various couplings by
evaluating integrals (68) and (73) and compare some of our
results with the results of the SS model [23] in Table II.

Also, using this noncritical model, the axial couplings are
obtained as

8A,mag = 15827 8A,min = 09 (86)

while in the previous analyses [23] using the SS model, these
couplings are reported as

N,
8A,mag = 0.7 —

3
If we choose N, = 3, then the SS model predicts g4, mqag = 0.7
and g4 = 0.83. It should be noted that the higher orderof 1/N,.
corrections can be used to improve this result but the lattice
calculations indicate that higher order of 1/N, corrections
are suppressed. Our results are a good approximation of the
experimental data at leading order g, = 1.2670 & 0.0035.

8A.min = 0.13. &7
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TABLE III. The values of different effective meson-nucleon
couplings in the phenomenological interaction models [54], SS model
[23], and our model.

g V18 CD-Bonn Nijm(93) Paris SS model Our model
go 90 9.0 9.0 10.4 - -

j 9.0 11.2 9.8 7.6 - -

g 134 13.0 12.7 13.2 16.48 15.7

& 8.7 0.0 1.8 11.7 16.13 0.0

8o 122 13.5 11.7 12.7 12.6 11.57
& - 3.19 2.97 - 3.6 3.15
g4 - - - - 3.94 1.51
g - - - - 1.74

V. NUCLEON-MESON COUPLINGS

In the previous section, we explained that the NN inter-
action can be interpreted as meson exchange potentials. We
showed that the nucleons couple to the meson through the
minimal and magnetic couplings. Our holographic NN po-
tential contains just the vector, axial-vector, and pseudoscalar
meson exchange potentials which have the isospin dependent
and isospin independent components.

All of the leading order meson-nucleon couplings are
calculated numerically and compared with the predictions of
the four modern phenomenological NN interaction models
such as the AV 18 [8], CD-Bonn [7], Nijmegen(93) [6],
and Paris [5] potentials in Table III. Also, results of the SS
model are presented in the table. It is necessary to mention
here that the components of the phenomenological models
are very different in strength, and if parametrized in terms of
single meson exchange, give rise to effective meson-nucleon
coupling strengths, which also are similar. We explain different
components of the N N potential below in detail.

A. Scalar potential

In the phenomenological interaction models, the exchange
of a single scalar meson produces the isospin independent
scalar potential. The mass of the lowest scalar meson is not
established well [55], but in the phenomenological NN inter-
action models it is typically taken to be of order 500-700 MeV.
By considering m s to be roughly 600 MeV, the effective scalar
meson coupling constant for these interaction models differs
from 7.6 (Paris) to 11.2 (CD-Bonn). It should be noted again
that these values are the effective couplings. In fact two of these
models do not contain any scalar meson in their parametrized
forms. In our holographic model based on the noncritical string
theory, there is no scalar interaction term either.

The isospin dependent component of the scalar potential
can be interpreted as a scalar spin-1 meson exchange. In
N, counting, this component is of order 1/N,, so it is
weaker than the isospin independent scalar meson by an
order of its magnitude. The effective values for the lowest
scalar meson [a((980)], range from 9.0 to 10.4 in the various
phenomenological NN interaction models.
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B. Vector potential

The vector component of the phenomenological NN
interaction models is equal to the scalar component with the
minus sign. It means that the strength of the a((980) exchange
interaction is equal to the exchange of p(770) in the large
N, limit. Indeed, the vector potential arises from a stronger
w-meson exchange (isospin independent component) and a
weaker p-meson exchange (isospin dependent component)
interaction. In our model the vector meson couplings are
related to the minimal and magnetic couplings as follows:

i k
Nc g(k),tsoscalar Nc (k)

— \4 gV,min
oW NN = = »
k),i ’ (k) ’ (k) (88)
o _ gi/),movecmr 8V + gV,mag
(k) = = .
PONN 2 2

The value of effective w-nucleon coupling ranges from 11.7
[Nijmegen(93)] to 13.5 (CD-Bonn), while in the original ver-
sion of these models this value varies from 10.35 (Nijmegen)
to 15.85 (Bonn) [56]. In the SS model, g, is equal to 12.6
by considering Mgx = 940 MeV, N, =3, and L = 17. We
also obtain the value of g, = 11.57 which is in the range of
the values anticipated from the phenomenological potential
models. We have used N, = 3 and Mgx = 395 MeV in our
calculations. The obtained value for the nucleon mass in our
model is roughly 920 MeV which is very realistic and close to
the familiar nucleon mass.

The isospin dependent component of the vector potential
which arises from a p-meson exchange is roughly three
times weaker than the isospin independent component. In
a chiral quark model, it is expected to have g, =3 g,, but
the value of the R = g,/3 g, differs from the one in the
above phenomenological interaction models. It is 1.66 for the
CD-Bonn, 1.5 for the Nijmegen, and 0.77 in the Paris model.
This ratio is about 1.2 in the SS model and equals to R = 1.33
in our model. Actually, the N N phase shifts uniformly require
a larger R than the chiral quark model prediction which is a
mystery. However in the resultant potential of the holographic
QCD model, it can be explained by the contribution of the
magnetic coupling in the vector channel.

C. Axial-vector potential

The Nijmegen(93) and CD-Bonn models do not contain
any single axial vector meson exchange, so there is no axial
vector interaction in their structures. The phenomenological
AV 18 and Paris potentials predict a small value for the axial
vector interactions too.

In our holographic potential model, the axial vector mesons
a® and f%® couple to the nucleon with the following
couplings:

N g(k),isuscalar Nc gfék,)min

EfONN = o ) = ) )
(k),isovector (k) (k) (89)
SuNN = 8a — gA,min + gA,mag
2 2
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The values of the a(;)-nucleon and f{;)-nucleon couplings
are obtained at about 1.51 and 1.74, respectively, in our
holographic potential.

D. Pseudoscalar potential

The isospin independent pseudoscalar interaction comes
from an n’-meson exchange. This component is not well
constrained by N N scattering data and the phenomenological
interaction models give extremely different values for this
component ranging from 1.8 [Nijmegen(93)] to 11.7 (Paris).
While analyses of other observables such as n’-meson photo-
production suggest that the coupling constant value should
not go beyond 2.2 [57]. In our holographic potential, the
pseudoscalar mesons such as the pion 7w and n’ couple to
the nucleon as

isovector

Ex®ONN 8a 8A,min 8A,mag
MKK = —MKK = —MKK7
2my 2fx 2fx
; N isoscalar N .
Ey®ONN MKK = c8A MKK _ c8A,min MKK-
2my 2 fr 2 fr

(90)

We obtain g, = 0 at the leading order. Despite the isospin
independent component, the isospin dependent component is
strong and spread on a long range. All of the models considered
here have a main component for this interaction which is
a pion exchange potential. The values of the pion-nucleon
coupling constant, g,, vary from 12.7 to 13.4 effectively. In
our calculation, g, is evaluated as 15.7 while in the calculations
based on the SS model it is obtained at 16.48 [23].

VI. CONCLUSION

In this study, we used the noncritical holographic duality of
gauge theories in the background of the near-extremal AdSg.
We obtained the mass scale of the model by a comparison of
the pion field action with the usual Skyrme model action. We
showed that the size of the baryon is of order one in respect
to the t” Hooft coupling but it is still smaller than the scale of
the dual QCD. So we introduced an isospin-1/2 Dirac field for
the five-dimensional baryon and wrote an effective action for
it. Then, we reduced the five-dimensional action down to the
four dimensions using the mode expansion and obtained the
NN interaction in terms of the meson exchange potentials.

In our analyses such as the critical ones, the N N potential
involves only the pseudoscalar, vector, and axial vector meson
interactions. In fact these meson exchange potentials play
a special role in producing the NN potential. The long-
range part of the potential (» > 3 fm) is mostly due to
the one-pion-exchange mechanism which is the strongest
component among the isospin dependent components. In the
phenomenological potential models, the isospin dependent
pseudoscalar meson exchange potential is of order N2 while
the isospin independent component is of order N.. So it is
expected that the n-meson exchange potential would be much
weaker than the w-meson exchange potential. We obtained
gz = 15.7 and g, = 0.0 at the leading order that is consistent
with the phenomenological interaction models.
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Isospin independent scalar mesons are responsible for the
attractive interaction in the intermediate range (0.7 <r <
2 fm) of the potential. These components are the main
reason for the nuclear binding. Also in the phenomenological
interaction models, the strength of this interaction is equal to
the vector meson exchange with a minus sign. In fact, the radial
shapes differ considerably at short distances, ranging from the
attractive to repulsive area. Some of these phenomenological
potential models involve only the scalar meson exchange and
the others contain the vector meson exchange interaction term.
We considered the vector meson exchange potential in our
analyses which produces the strong short-range repulsion. By
exchanging the vector meson, p can explain the small attractive
behavior of the odd-triplet state.

We compared our results with the available values of
coupling constants predicted in the four modern phenomeno-
logical interaction models [Nijmegen(93), Paris, CD-Bonn,
and AV 18 models] in Table III. The remarkable point is that all
of the meson-nucleon couplings are calculated directly in our
model whereas in the phenomenological interaction models
these values were obtained by fitting the NN scattering data.
It is also obvious from Table III that the values of the coupling
constants are very different in the various interaction models.

We believe that our noncritical holography model is more
reliable than the critical SS model to study the N N interactions
for these reasons:

(i) Just like the SS model, there exist some KK modes
which come from the antiperiodic boundary conditions
over the circle S'. These modes have the masses of the
same order of magnitude as the lightest glueballs of the
four-dimensional YM theory. The critical holographic
models such as the SS model, have some extra KK
modes too which do not belong to the spectrum of pure
YM theory. These undesired KK modes come from the
extra internal space over which ten-dimensional string
theory is compactified, for example, the S* sphere in
the SS model. In the noncritical holographic model,
which we used here, there is no additional compactified
sphere, so there are no such extra KK modes and the
QCD spectrum is clear from them. Thus it seems that
our model based on the noncritical holography is much
more reliable. As we mentioned earlier, we obtained
the value of Mgk roughly half of its value in the SS
model.

(ii) The size of the baryon is proportional to 1/+/AN, in the
SS model and becomes zero at large ’t Hooft coupling
while it is of order one in our calculations. So, our
model does not suffer from the zero size of the baryon.

(iii) Also, the nucleon mass is obtained at 1.93 Mg in the
SS model. The mass scale which can describe the meson
spectrum is roughly Mg x = 940 MeV. So the nucleon
mass is about 1.8 GeV in the SS model. It causes some
inconsistency in analyzing the baryon, because the scale
of the system associated with the baryonic structure
is roughly half the one needed to fit to the mesonic
data [36]. But in our analyses the mass of the nucleon
is obtained at roughly 920 MeV which is very close to
the neutron (proton) mass.
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(iv) In addition, our noncritical calculations can describe
the meson-nucleon couplings successfully at least at
the leading order.

This holography potential model can be improved by
considering the contributions of derivative couplings and
exchange of the other mesons to the NN potential. Also, the

PHYSICAL REVIEW C 87, 065202 (2013)

couplings can be computed with more accuracy however it
seems that the contribution of heavy meson exchange does not
play a major role in such calculations. Moreover, we can use
the obtained potential here to study the nuclear properties such
as the NN scattering data and nuclear binding energies. We
leave them here as our future work.
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