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We study real (massive) antisymmetric tensors of rank two in holographic models of QCD based
on the gauge/string duality. Our aim is to understand in detail how the AdS/CFT correspondence
describes correlators with tensor currents in QCD. To this end we study a set of bootstrapped corre-
lators with spin-1 vector and tensor currents, imposing matching to QCD at the partonic level. We
show that a consistent description of this set of correlators yields a very predictive picture. For in-
stance, it imposes strong constraints on infrared boundary conditions and precludes the introduction
of dilatonic backgrounds as a mechanism to achieve linear confinement. Additionally, correlators
with tensor currents turn out to be especially sensitive to chiral symmetry breaking, thus offering an
ideal testing ground for genuine QCD effects. Several phenomenological consequences are explored,

such as the nontrivial interplay between 17~ states and conventional 17~

PACS numbers: 11.25.Tq, 11.10.Kk, 11.25.Wx

I. INTRODUCTION

The original AdS/CFT conjecture by Malda-
cena ﬂ] has played a pivotal role to study strongly
coupled systems through their duality with super-
gravity theories at a large number of colors. In re-
cent, years there have been attempts to extend the
gauge/string duality to incorporate genuine QCD
effects such as confinement and chiral symmetry
breaking. Incorporating such effects is subject to
a certain degree of arbitrariness, and the AdS/CFT
correspondence can only be used as a guiding princi-
ple. However, the phenomenological success of such
models is quite remarkable, especially with vector
mesons [2].

In this paper we want to extend this analysis to
antisymmetric tensors of rank two. There are two
main motivations to pursue this program. The first
comes from QCD: while J, = gv,q is the paradig-
matic current to create spin-1 vector mesons, the
antisymmetric tensor current J,, = qo,.q is also
known to generate spin-1 states, not only the con-
ventional 17~ vector mesons but also the more ex-
otic 17~ mesons. Therefore, the study of antisym-
metric currents not only provides a description of
1%~ mesons, but also involves a nontrivial interplay
with 17~ mesons. Such interplay has been studied
in QCD by a simultaneous analysis of the two-point
correlators Iy v, Iy and Ilpr B, @] This simulta-
neous analysis is highly constraining, and we would
like to understand whether simple holographic set-
tings with the AdS/CFT correspondence can offer a
satisfactory description of these correlators.

A more formal motivation comes from the gravity
side. The spectrum of compactified d = 10 type-
II B supergravity on AdSs typically contains mas-

vector mesons.

sive rank two antisymmetric tensors ﬂa] Massive
2-forms have already been studied in the context of
the AdS/CFT correspondence |6, [7]. In this work
we want to examine their role in holographic models
of QCD.

According to the AdS/CFT dictionary, p-forms
with five-dimensional masses m coupled to currents
with conformal dimension A satisfy

m? = (A—p)(A+p—d). (1)

Following the AdS/CFT prescription for correlators
developed in ﬂé, @], the on-shell fields on the grav-
itational side are to be identified with the sources
of the gauge theory currents. However, in order to
bring the AdS/CFT correspondence closer to QCD
one needs further ingredients, e.g., fields in the fun-
damental representation and a mechanism for chi-
ral symmetry breaking. The former can be ac-
complished through embeddings of probe branes, as
shown in ﬂm], while the latter has been studied in
several nonsupersymmetric backgrounds ﬂﬂ,@] and
most successfully realized in [13].

In this paper we will lean on the previous results
but follow a more phenomenological approach, in the
spirit of [2]. There it was shown that a 1-form mass-
less field on the gravity side stands as the natural
candidate to study processes involving the QCD con-
served current J, = qvy,q. Likewise, we argue that
a 2-form field, due to its antisymmetric nature, is
to be naturally associated with the tensor current
Juv = qo,q. In the following we will show that this
assignment leads to consistent results. However, the
first thing to realize is that, as can be inferred from
Eq. (@), we will be dealing with massive 2-form fields.
This is consistent with the fact that the tensor cur-
rent is not conserved in QCD but implies that, in
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contrast to the vector case, all degrees of freedom of
the 2-form will be physical. As we will discuss later
on in detail, this will have far-reaching phenomeno-
logical consequences.

Throughout the paper we will be working with
a minimal action for 1- and 2-forms, namely that
containing only the five-dimensional kinetic terms.
Therefore, there will be no coupling between vec-
tor and antisymmetric tensors in the gravity side,
and it is not clear a priori how the mixed correlator
IIy 7 can be generated from the holographic point of
view. We will see that holography provides a very
natural scenario for this interplay between QCD cur-
rents even starting with uncoupled p-forms in five di-
mensions. At the same time, mixed correlators such
as Iy turn out to be particularly sensitive to chi-
ral symmetry breaking effects. However, such effects
are more subtle than in correlators like IT 44 or I14p,
which contain the pion pole. None of the correla-
tors considered in this work contains the pion pole,
and yet they signal the breaking of chiral symme-
try. Our aim in this paper is to stick to the simplest
five-dimensional Lagrangian and explore where and
when the correlators require chiral symmetry break-
ing effects to appear. As is well-known, conformal
symmetry needs to be broken to account for chi-
ral symmetry breaking, typically through nontrivial
boundary conditions in the infrared. We show that
such infrared boundary conditions are strongly con-
strained, and therefore correlators with tensor cur-
rents turn out to be an ideal theoretical laboratory
to understand how to implement chiral symmetry
breaking in AdS/CFT.

However, within the set of correlators considered,
not all the requested chiral symmetry breaking ef-
fects can be introduced through infrared boundary
conditions: changes in the bulk are also needed. In
this paper we show that the impact of these changes
can be effectively described by slightly modifying the
conventional AdS/CFT prescription for correlators.

This paper is organized as follows: in Sec. [l we
will apply the AdS/CFT prescription to 2-form fields
in AdS space with a compact fifth dimension. In
Sec. [Tl we compare the results obtained with the
ones from 1-forms, paying special attention to the
role played by gauge invariance. Section [V]is de-
voted to the phenomenological analysis: correlators
are defined and the issue of boundary conditions is
discussed. In Sec. [Vl we discuss the matching to
QCD and the low energy limit of the correlators,
providing predictions for low energy parameters and
assessing issues like lowest meson dominance. Con-
clusions are given in Sec.[VIl An interesting result of
our analysis is that, quite generally, consistency with
generic properties of QCD precludes the presence of
dilaton fields in the action. This implies that in or-
der to achieve Regge behavior in holographic QCD,

the introduction of a dilaton field does not provide
a consistent picture. This is discussed in the Ap-
pendix.

II. 2-FORMS IN ADS/QCD

The objects we are interested in are generic p-
form fields in the supergravity side, which will be
described by the following action:

S:ﬁ/ Tr [dH A *dH + m*H A *H]| ,  (2)
AdSs

which satisfies d*H = 0. The integral above is over
(4 4+ 1) dimensions, and we will adopt the setting
where the fifth dimension is finite and delimited by
two boundary branes at y = € — 0 and y = y,, y be-
ing the fifth dimension coordinate. Our conventions
for the AdS metric are the usual ones:

1
ds® = gy nda™MdaN = E(—dyQ—l—nH,,d:v“d:v”) , (3)

with 77, mostly negative. We also include an overall
factor x in the action, which in principle could be
determined from a more fundamental string theory.

In this paper we will be mainly interested in 2-
forms, i.e., H = HyndeMdaN, Hyn = Hg?sz—;
According to the AdS/CFT correspondence, the
bulk to boundary propagator of every field in the
gravity side corresponds to a current in the gauge
theory side. As discussed in the Introduction, a nat-
ural candidate for a rank two antisymmetric current
in QCD is J,, = qou.q, and therefore we will iden-
tify Hy,(e) as the source of J,,. It is well-known
that in QCD J,, can generate 17~ mesons through

(O] Juw| bn(p, N)) = ianEMW]PG?)\) P, (4)

a representative candidate being the b;(1235) state.
However, J,,,, can also generate 17~ mesons through
a nonzero fi,, defined as

O Juv| o (. N) = ifin (€M py — eV pu) . (5)

One can understand this duplicity of states in the fol-
lowing way: 0, has 6 degrees of freedom, which can
describe two massive spin-1 states. Since 0,75 =
%ewApaM’, the states should have opposite parity.
Note the analogy with the electric and magnetic
fields inside the Faraday tensor.

Since 17~ states can also be generated by J, =
@Yuq, in order to be consistent we should also in-
clude 1-forms in our analysis. In the literature it is
common to interpret J,, as the generator of longi-
tudinal p mesons, while J, creates the conventional
(transverse) p mesons.



In components the action () for 2-form fields
reads

1
Sy = 2k / dox\/gTr [—iaLHMNaMHLN
1 Logmn M MN
and the equations of motion become

V9

where

(7)

ZABCL]WN —_ AL _BM _CN AM BN CL

g9 gy
_ ,AM _BL CN' (8)

g9 g
The consistency condition d* H = 0 can be expressed
in components as

Oa |VIHMN (g g — g NgMo)| =0, (9)

Since Hpn is completely antisymmetric, it has
d(d+1)/2 degrees of freedom, where d is the space-
time dimension. Therefore, through Kaluza-Klein
reduction the 10 degrees of freedom of Hpsny split
into a field H,,,, with 6 components and another field
Hs,, with the remaining 4. Schematically,

HHV H5u

Hun = (10)

H,s 0

The equations of motion expressed in terms of the
fields H,,, and H,5 read

2
PO, Hs, + <m + %) Hsy = 0,0°H,, , (11)

o 9 1 m?
0°(0,Hpy — 0, Hyy) — 8y+§8y—D—? H,,

= iay [y(auH5u _aHHL’)V)} . (12)

Similarly, it can be shown that the consistency con-
dition amounts to the following relations

O Hy = 0,
Hs, — yayH5U + y@pHpV =0. (13)

The previous results can be shown to be in agree-
ment with the ones reported in [1].

Let us look first at Eqs. ([I)). Using the consis-
tency relations above, the H,,, field can be removed

1
_814 [\/gaLHMNEABCLMN} +m2HMNgBMgCN — O7

altogether and one obtains the following differential
equation for the Hs, field:

1—m?

1
<a§—§8y—m+ >H5A_O. (14)
If the two-form is to be associated with the QCD
tensor current .J,,, application of Eq. () immedi-
ately leads to m? = 1. In this case, the previous
equation has the solution

Hsa(a.y) = y[bi(ay) + Yilay)] Hgy . (1)
where ¢ is the conjugate momentum of z and HS(&))
and b are initial conditions to be determined later
on.

We will see in Sec. [IIl that Eq. ([I4) with m? =1
is also the equation of motion for a massless vector
field V,,. This coincidence is a direct consequence
of dimensional reduction in pure AdS spaces, as we
will show in the Appendix, and will be extremely
important in the interpretation of Hs, in terms of
QCD currents.

Having solved the equation of motion for Hs, we
can now turn our attention back to Eq. (I2) to deter-
mine H,,. Using again the consistency conditions,
the equation can be cast as

m2

1 2

(16)
Notice that no decoupling has been achieved this
time and H,,, depends on Hs,. The general solution
can be expressed as

Hox(q,y) = hoa(q,y) + hor(q,y) . (17)

where h,) is the homogeneous solution, given by

hox(a,y) = [V J1(qy) + Yalay) | HY (18)

and the particular solution }_Lp)\ depends on the field
Hs,,. Knowing the solution for Hs, from the previ-
ous section, one can plug it in and solve the differ-
ential equation. The solution is given by

.9 a o
B dpTl\ — X7
; _ H(O) 1Y 14 P
pPA (Q7 y) S5a 2¢ le (qE) + Yl (qE)
1
2,2
G375 (57 5

0,4,-1 (Yl(s)—bJ1<£>>
0,1,-1,-1,—3 VT
+bY1(8) {J7(6) — Jo(@Jz(f)}_

— N {YP () - Yo (OYa(©)} | , (19)

where £ = qy and Ggg is a Meijer G function.



Having solved the equations of motion for both
H,, and Hs, fields one can now plug the on-shell
fields back in the action. Only a boundary term
survives, namely

Ym

[ ool g angmroar )
(20)
which in terms of H,,, and Hs, can be expressed as

K

So 1

K via a a a

Ym

4

2
<a§ 1o _o+ m—2> V, =yd, (18#1/5) —0,0,V"
Y Y Y

(26)

which can be shown to be in agreement with [, [14].

Similarly to what happened in the 2-form case,

the equations of motion for V,, and V5 are coupled,

but using the consistency condition d*V = 0, which
in components can be expressed as

3Vs —y0, Vs +y0, V" =0, (27)

they get decoupled for the V5 component. The result

" 1S

€

(21) , 3 3+ m?
According to the AdS/CFT dictionary, the previous Oy — -0y —U+ 2 Vs =0, (28)
action is the generating functional for the correlators
in the gauge theory side. while Eq. (26]) takes the form
1 m? 2
2 -
III. COMPARISON WITH VECTOR FIELDS <8y B gay -0+ ?) V= yaﬂv‘l3 ’ (29)

In order to understand better the significance of
the results found in the previous section, it is in-
structive at this point to work out the action for a
vector field V; = VA(; )’\—;. Equation ([2) for 1-forms
reads, in components,

Notice that Egs. (28)) and (29)) above have the same
structure as Eqs. (I4) and ([8). In particular, Vs
adds a particular solution to the differential equation
for V,, just like Hs, does to H,,.

The structure of the resulting action is also very
similar for vector and tensor fields. For the former
one finds:

1
Si /\/d%\/g Tr {—gFMNFMN +m2VNVN}

)\ a a
S, = 3 /d4x{\/§VA(/[)6pVI(% )(gPMgR5—g

Ym
P5gRM) } 7

€

5\ / d52\/g I&.«[anNaMVN
—8MVN6NVM + m2VNVN} (22)

If Vs is to be associated with the current J,, = gv,q,
straightforward application of Eq. () gives that
m? = 0. This means that Vjs is a gauge field in
5-dimensions, and as such a gauge fixing procedure
is needed. For instance, one could work in the axial
gauge and set V5 = 0 from the beginning, as is done
in [2]. We will eventually impose the axial gauge
condition, but for the time being it will be useful to
keep m? # 0 and Vs # 0 all through the analysis.
The equations of motion applied to Eq. ([22) read

L
NG
(23)

while the consistency condition d*V = 0, in compo-
nents, takes the form
(9,4 [\/EVMQMA} =0. (24)

Splitting Vs into V), and V5 the equations of motion
read

2
(D - %) Vs = 8,0,V" | (25)

oA [\/§3MVN (gAMgBN_gANgBM)} _ mzngBN 7

(30)
or, in terms of V,, and Vs:
Al a1 (a) (a) o

which indeed has the same structure as Eq. (ZI]).

If we now impose that m? = 0, Eq. (28) becomes
the equation for a massive scalar with m? = —3, i.e.,
coupled to a Dirac current J = gq [8]. However, the
very existence of this field would be in serious con-
flict with QCD, something that can be most easily
seen at the level of the action. Inspection of Eq. (3]
reveals the presence of two correlators: a quadratic
term in V), which generates the vector correlator
IIyy, and a mixed term. The physical interpreta-
tion of V5 is a priori unclear, but as a scalar field
the mixed coupling between V), and Vs should ac-
count for the IIgy correlator. However, this correla-
tor is experimentally found to be zero from analyses
on hadronic tau decays [15], something that can be
understood from QCD in the combined chiral and
large-N. limits. In holography, this cancellation is
naturally achieved thanks to gauge invariance: Vj
can be cancelled and any contribution to II',, is for-
bidden, in full compliance with QCD.



Let us investigate the consequences of V5 = 0 a
bit further. The required cancellation of V5 reduces
the vector equation to the form

1
<8§— an—m) VE=0, (32)
whose solution is
Valg,y) = y[bJ1(ay) + Ya(ay)| V. (33)

Equation ([B2]) is to be compared with Eq. (Id]) for
the Hs, field. Notice that indeed when Hpsy is asso-
ciated with the QCD tensor current .J,,,,, an immedi-
ate consequence is that Hs, satisfies the equation of
a massless vector field. Like V5, Hs, does not have
an obvious interpretation in terms of QCD currents.
However, unlike V5, it can not be removed by ap-
pealing to gauge symmetry, and therefore it must
have a physical effect.

Direct inspection of Eq. (ZI]) shows that there are
two potential correlators. Since H,, can be asso-
ciated with the tensor current, the term quadratic
in H,, will naturally generate the tensor correlator
II77. The nature of the coupling between H,, and
Hs,, is reminiscent of the one between V), and Vj
and suggests that one should naturally identify the
mixed term with Iy 7. This correlator is zero in a
conformal theory of quarks, but sensitive to chiral
symmetry breaking effects. Therefore, its nonvan-
ishing signals the breaking of chiral symmetry and
is demanded by QCD. As we will see later on, in the
large- N, limit ITy 1 is saturated by the exchange of p
mesons. Therefore, the fact that V,, and Hs, are de-
scribed by the same equation of motion is crucial to
have a viable phenomenological description of ITy .

We have thus found a remarkable property of holo-
graphic AdS models: Hs, is the vector generator for
IIyr, just as V,, was the vector generator for Il y.
This way holography can account for mixed corre-
lators without actually mixing p-forms in the five-
dimensional action. For consistency, the only thing
one has to make sure is that no double-counting
takes place, which is guaranteed by the absence of a
quadratic term in Hs, in the action. Note that this
picture crucially depends on the fact that V5 = 0,
which is supported by gauge invariance. Most in-
terestingly, as we show in the Appendix, the picture
is consistent only in AdS space without (nontrivial)
dilaton fields. Thus, one immediate consequence is
that dilaton-based mechanisms to implement linear
confinement in vector mesons [16] will fail to account
for HVT-

Having understood the structure and interplay of
vectors and antisymmetric tensors, we can now turn
to the study of the phenomenological aspects of its
associated correlators.

IV. PHENOMENOLOGICAL
APPLICATIONS

In the following we will concentrate on the charged
SU(2) flavor currents J, = uvy,d and J,, = to,,d.
Alternatively, Jj; = qy,A\“q and Jjj, = qo,,, A"q with
a flavor spurion A = Al 4+ i\2.

We define the tensor correlator as

i/d%eimom Ju(@) T 5(0) 10)

= H%T(‘f)Fﬁwaﬂ + HJTFT(Q2)F¢WQ[3 )
(34)

Hflz;aﬂ (q) =

where in the second line we have decomposed it in
terms of parity-even and parity-odd scalar invari-
ants. The tensor structures F= 5 are given by

nes
Frvel — ghgPn e 4 ¢/ q*n"® — ¢"q*n"® — ¢ ¢"n
FJ;:V;OZB — _ ghvop apT N~y Qp Gr

= F™P(g) + ¢ (o —nPye)

and can be shown to be parity projectors. In the
following it will prove convenient to define the cor-
relator H%T = H}T — 117, which is the simplest
order parameter of chiral symmetry breaking in the
tensor sector, very similar to its counterpart Iy =
IIyy — a4 in the vector/axial-vector sector.

We will also consider the vector correlator

z'/d%eiwom Ju(2) J3(0) }]0)

(36)

Vv —
H,uv (q) -

= (Q,uQV - q277;w) HVV(q2) )

and the mixed correlator

; / Az (0| T{ ], (x) J5,(0) }]0)
(37)

Iyl (q) =

=1 (Qpn,uu - Ch/ﬁ,up) HVT(q2) .

According to the AdS/CFT correspondence, the cur-
rents appearing in the previous set of correlators
are in one to one correspondence with on-shell fields
evaluated on the UV brane. Therefore, given the
action for vector and tensor fields,

A1 wa o
S = /d% {5 {EV“( )0,V >}

{yi @ 0,1 - 9,85 + 0,H))} ]

Ym

K
4

€

(35)

)

(38)

one can readily obtain two-point correlators by dif-
ferentiating with respect to the sources.
Close to the origin, a generic p-form ¢ behaves like

d(e,q) = 2P0 (q) + - - (39)



where ¢(©) are identified as gauge theory sources [9].

The previous prescription would however fail to
properly account for the known high-energy QCD
behavior of both IIyr and H%T. In particular, ac-
cording to (B39), H%T would be predicted to diverge
logarithmically, as dictated by conformal invariance.
However, QCD predicts H%T to converge instead like
q~%. This is not so surprising bearing in mind that
both IIy7 and H%T are, after all, pure manifesta-
tions of chiral symmetry breaking and hence com-
pletely unrelated to conformal invariance. This fail-
ure to describe IIy 7 and H%T therefore can be seen
as a manifestation that conformal invariance and
chiral symmetry breaking are not compatible when
it comes to the description of direct order parame-
ters. The breakdown of the AdS/CFT recipe thus
points at the necessity of nonperturbative physics
away from the conformal limit.

In what follows we will show that instead the
phenomenologically-motivated prescription

VH(E,p) = V(O) (p) +
H,uv(eap) = HP(L?/)(p)_F B
Hsu(e.p) = H) )+ (40)

indeed complies with the fundamental requirements
of QCD. Insofar as it is motivated by phenomenology
our prescription should be interpreted as an effective
ad hoc way to account for the nonconformal aspects
that define ITy 7 and H%T, namely chiral symme-
try breaking but also more general nonperturbative
phenomena. In particular, our prescription should
capture the fact that the tensor current J,,, unlike
the vector J,,, has a nonperturbative dimension dif-
ferent from the conformal one. This is to be expected
given that J,,, is not conserved and therefore A # 3
at strong coupling.

In the following it will prove convenient to split
the fields as Hu, (p,y) = H(p.y) Hyu (p), Hs(p.y) =
H(p,y)HS) (p) and Vi (p,y) = V(p,y)Vi” (). Ac-
cordingly, the UV boqndary copditions in {@Q0) de-
mand that H(p,e) = H(p,e) =V (p,e) = 1.

Differentiating twice the action with respect to
V#(O) one obtains I1%,. Likewise, IT4%* is obtained
by differentiating twice with respect to H, I(L?,), while

H‘(/l:})‘ requires H l(t?,) and H 5(2). The results one finds

are
vV &
1, (¢9) = ZWS
Ym
21, . ,
= [en i) - du).
vT 62
(0 = i—g5—o "
. sV Vs
Ym
lﬁ'/ 2 r7 .
=-3 {yH (4, 9)H (g, y)} i (Qpyaw = Glp) 5
T 52 6
L@ = i—g—e°
ne SH)6H )

Ym

= [yH(q, y)0yH(q, y)}

_2_q2 (nuknup - 77V)\77up) .

€

(41)

By comparing with Eqs. (34), (B6) and (1) the
scalar invariants take the form

Myv(¢®) = —z—i[éV(q,y)ayV(q,y)} | :
Myr(¢?) = —g[yfl(q,y)ﬁ(q,y)} :
Wir(?) = —53 [vH(@.1)0,H(09)]

(42)

Note that because of the structure of the action,
only the combination H%T, which is proportional to
the metric, can be extracted. In principle nothing
can be inferred directly from H;FT and II;.,. alone.
This is unlike the vector case, where still only the
metric piece is accessible but gauge symmetry fills
in the missing longitudinal piece.

Let us now discuss the choice of boundary con-
ditions. On the UV brane, the fields have to com-
ply with the prescription of Eq. [@Q), i.e., H(p,¢) =
H(p,e) = V(p,e) = 1. On the IR brane there is
more freedom, and the usual approach is to choose
boundary conditions such that there is no infrared
contribution to the correlators [2]. However, this
approach is valid unless one is dealing with order
parameters of spontaneous chiral symmetry break-
ing (SxSB). For such quantities, perturbation the-
ory cancels to all orders and one is left with pure
nonperturbative effects, which signal the breaking of
chiral symmetry. The physical intuition behind the
UV brane is that it encodes conformality, while the
IR brane is responsible for mimicking confinement
and chiral symmetry breaking. Roughly speaking,



the UV brane is perturbative while the IR brane
is nonperturbative. The correlators Iy, and H%T
turn out to be order parameters of chiral symmetry
breaking, and therefore one expects its holographic
expressions to come mainly from the IR brane.

V)

2,,2
H(q,y) = V(q,y)zl—% {Wbﬂog <q—2)

2

2
Yy q-Yy
H(q,y) = =

T |:7Tb/ + log

2
7q _ q
+27qu§§) [H )ty llog (E) - 2\/?{ij§

where b and b’ are g-dependent functions which de-
pend on the boundary condition on the IR brane
(y = yYm). Since we want Hs, and V), to describe
the same physical states, they should have the same
boundary conditions, and therefore the same b pa-
rameter.

Now we can plug the previous expressions into
Eqs. (#2). For the vector correlator, the result is
well-known and reads [17]

2 Y.
meh—Am%-ﬁﬁg,

(44)

where ( = qym,. Since Ilyy is not an order pa-
rameter, the usual strategy is to cancel a potential
contribution from the IR brane by choosing suit-
able boundary conditions. It is easy to see that
0yV (¢, ym) = 0 precisely satisfies this requirement.
This choice fixes b = —Y5(¢)/Jo(¢), whose explicit
expression has already been used in Eq. .

Let us now turn our attention to Il and H%T.
It is straightforward to realize that for ITy the
UV brane contribution identically vanishes, while for
H%T one obtains k/2¢?, which is certainly satisfac-
tory. If the conventional prescription of Eq. (39)
were used instead, Ilyr would go like a constant
while H%T would diverge logarithmically, in sheer
conflict with QCD. This again expresses the fact that
Eq. (39) misses the chiral symmetry breaking nature
of both correlators.

The previous results have to be in agreement with
QCD, in particular for large Euclidean momentum.

Let us check all this by examining the UV and
IR brane contributions to the different correlators.
Given the solutions for H(q,y) and H(q,y) found in
Sec. [[1, we can work out their behavior close to the
UV boundary, with the result

4 [\ e (o 2] -
- ’ 07_ ’ )
0,1,—1 »\72100,1,-1, -4
(43)
The expressions from QCD there read
N, —q? 1
. 2 _ c _ 1 .
Jim tete?) = 535108 (S5 ) v0 ()
N, —q? 1
: + 2y 1tV 9 2
Jin W) = —gos () v ()
_ N, —q? 1
. 2y c -9 .
Jin W) = —gyos () v ()
(45)

where the logarithmic pieces come from the pertur-
bative quark-gluon loop contribution, while sublead-
ing pieces in inverse powers of momentum encode the
nonperturbative contributions in the OPE.

On the other hand, ITy 7 is given by

) 2 295 (Yo, GH 1
(46)

i.e., it is entirely proportional to nonperturbative
chiral symmetry breaking vacuum condensates.

The correlator H%T is also an order parameter,
but quite different in nature. It is the difference be-
tween two logarithmically divergent correlators and
satisfies superconvergent relations similar to the ones
discovered by Weinberg for the V' — A correlator [18].
One can show that

A
lim T7p(q%) ~ % . (47)

g% —00 q

Now we can compare the previous QCD high-
energy information to the one coming from holog-
raphy. In the deep Euclidean, Eq. (@) becomes a
pure logarithm

)
lim Tyy(¢®) = —Alog— ,  (48)
I

g2 ——00



and upon comparison with the parton model loga-
rithm in QCD, one concludes that

— NC
1272

(49)

Therefore no IR brane contribution is required.
However, for Iy 7 a contribution from the IR brane
is needed, otherwise the correlator vanishes identi-
cally. Any nontrivial IR brane information will play
the role of chiral symmetry breaking effects. Notice
that for consistency with the vector case we need to
impose that 9y, H (¢, ym) = 0 and therefore only the

IR boundary condition for H(q,y) is left unspecified.
There are two natural choices, namely

(a) 9yH(qym) = p(a)
(0)  H(a,ym) = p(a)

where p(q) is an arbitrary analytic function which in
general will be momentum-dependent.
The first option leads to

2op(q)  J1(Q)
q Jo(¢) = J2(C) 7

and can be readily excluded, because Il would
then acquire double poles at Jy and single poles at
Ja.

A more viable scenario if offered by a Dirichlet
boundary condition. Setting H(q,ym) = p(q), it is
easy to show that

(Neumann) ,
(Dirichlet) ,

H(q.ym) = (50)

Jo () = J2(¢)
J1(¢)

On the other hand, close to the IR brane, H takes
the form

: (51)

r(q)

F(avm) = = 57¢ [ 1(0) - (52)

Using the previous equations it is easy to show that
the correlators are expressible as

HVT(Q2) = _gymﬁ(%ym)ﬂ(%ym)
o T(OY%(Q)
— Zolo) [mo 70 ]
(53)
and
Wi (6”) = 5o |1 = U )0 (0, )|

R A R A
=g [“C” D=7 ] |
(54)

Note that indeed the infrared boundary term p(q)
triggers chiral symmetry breaking.
One can now compare the previous expressions

with the form of the correlators in the large- N, limit
of QCD, which are given by (&, = fi&,/fvn) M|

0o f2
HVV(qz) = Z — q2 X%%/ ;
n

n

1 2\ = f%n e
(@) = ZW + 2’

n

_ 12, A
HTT(q2) = 252 2 —‘iim q237
fonmvn
DR e

with decay constants defined as

<O| Jul Pn (p7 )\)> = anmVne()\) )
O Juw| (P, N)) = it (€Y o — €V py)
<O| J,ul/| bn(pv )‘)> = Z..ana,umyp ()\) p . (56)

Notice that the infrared Dirichlet boundary condi-
tion for H guarantees that Il has simple poles
located at the zeros of Jy(¢), exactly like ITy v does.
Therefore we see that the interpretation of such poles
as p meson masses is consistent.

Note also that the presence of a nontrivial bound-
ary condition in the IR brane induces a shift in the
poles of IT%., which now seat at the zeros of J;(().
This is especially welcome in order to account for
the parity-even 17~ mesons, as will be shown in the
next section.

V. NUMERICAL ANALYSIS

The strategy we will follow is to match our holo-
graphic expressions at high energies to the parton
model results from QCD and provide predictions for
the particle spectrum, i.e., masses and decay con-
stants, and also low-energy parameters from Chiral
Perturbation Theory. This, in particular, will allow
us to examine the issue of lowest meson dominance.

A. High-energy matching

Let us start with the decay constants for the p
meson. Its expressions are easily obtained from the



residues of the correlators as follows:

12, = 2mvaRes{Tvv(aym) |

q=mvn
_ NcCO,n YO(CO,n)
6my2, Ji(Con)
fvnfirpmva = 2mVnR€S{HVT(qym)}
q=myn,

= _ﬁp(CO,n) %ngg,n%(co,n) )
(57)

where (o.n, = My pYm, i¢€., the n-th zero of Jy. Note
that in the first line we already used Eq. (@9) and
therefore matching with QCD has already been en-
sured for IIyy. The form of fi%, should then guar-
antee the right matching for both Il and Ily7. As
was shown in Ref. [4], it is convenient to define the
ratio &, = fi,/fvn. Since only p mesons propa-
gate in both Ilyy and I, matching to the parton
model only depends on the ratio between the log-
arithmic coefficients given in Eq. (@5). Explicitly,
Ref. [4] found

(~1)"
\/§ )

where the pattern of sign alternation is a direct con-
sequence of ITyr being an order parameter, i.e.,
there have to be cancellations to comply with the
high-energy falloff of Eq. (40]).

It should be emphasized that Eq. (58] is a generic
result and should be fulfilled by any model of large-
N. QCD. Notice however that Eq. (B8) is just an
asymptotic statement for large excitation numbers
and low and middle energies are therefore beyond
its scope. Based on a sum rule analysis, the au-
thors of Ref. [4] suggested that the pattern should
hold all the way down to low energies. This is also
suggested by the lattice results on £, [19]. The holo-
graphic model we are describing here should provide
a particular realization of those patterns for all en-
ergy scales.

Combining Eqs. (7)) it is straightforward to ob-
tain

(58)

lim &, ~

gn = fLL" = —i:‘ip(CQ n)w2y2 Jl (CO n) . (59)
an N, s m s

Several comments are in order. First of all, note that
since J1(Co,n) is positive for odd n and negative for
even n, the pattern of sign alternation in Eq. (58] is
automatically fulfilled and is predicted to hold at all
energies (we are assuming that p(g) is monotonic).
Geometrically, fy, is related with the second deriva-
tive of the wavefunction at the origin and the sign
pattern can be linked to the number of nodes of the
wavefunction. On the contrary, f‘}n is linked to the

IR brane p(q) function and the sign is independent
of the number of nodes.

Second, parton model matching imposes stringent
constraints on the combination kp(q). Notice for
instance that p(q) =ct. is incompatible with QCD:
since

Tim i (Gon) =0, (60)

this implies that f‘}n would eventually go to zero,
and no matching to the parton model logarithm
could be achieved. Since J1(Co,n) ~ 1/v/n and
Co.n ~ n, one needs the combination +/Co.nJ1(Co.n)
to obtain a finite asymptotic limit. At the same time
p(q) has to be regular at the origin, and therefore the
simplest possibility is to choose

p(q) = po + P1v/@Ym (61)

where pg and p; are dimensionless parameters. With
the previous ansatz Eq. (B9) becomes

32 1
1. n| — [oo 2 - T = 2
an |§ | VYoo P1 Nc Ym \/§ ) (6 )

where 7o is defined as

lim \/Co.nJ1(Con) = lim v, = 0.797885 = 7o -
n—oo n—oo
(63)
Therefore, x (actually the combination xp1) is pre-
dicted to be

Ne

_ 64
3\/5772’7003/7271 ( )

lkp1| =

We now turn our attention to the decay constants
for the 17~ states. Recall that the holographic pre-
scription only gives information on the combination
H%T. Nevertheless, since H;FT = H%T + Iy, it
is straightforward to write down the expression for
the decay constants. Note however that the previ-
ous equation implies the existence of 117~ states as
poles of both Jy and Ji. In the following we will

denote them by mgzl and mgzl respectively. The

expressions for the associated decay constants f g)z
and fgg are

112 1
5] = emres{mg @]
=Mp,

7" - sznRes{qg&inﬂj;}\q_m (65)

where everything is known on the right-hand side.

By inspection, the residues for Jj are exactly f](goz =

f‘J;n, and therefore ms_&)I = myy,. In other words,

there is a degeneracy of states with opposite parity.



These states are therefore responsible for the par-
ton model logarithms found in both H}T and IL;.

Therefore, the remaining states mg_f}g1 should have
residues in such a way that H%T does not acquire
logarithms.

The spectrum of b,, particles is therefore predicted
to be doubly dense with respect to the p,, meson
one. Half the spectrum is completely degenerate
with vector mesons and the rest has no impact at the
partonic level (at most, it can contribute to higher
dimension OPE condensates). Explicitly, one finds

(18] = wlo(cn? (66)

where (; ,, are the zeros of J;.

This pattern for the spectrum of Il is a genuine
prediction of holography. This is the only consis-
tent way to take into account: (a) the logarithmic
divergences of both IT}, and II;, while (b) their
difference H%T being an order parameter of chiral
symmetry breaking.

The spectrum therefore looks like

mya = m) = on
Bn Ym
m§) = 2—" (67)

Setting m, = 775 MeV, one finds that y,, = 3.103
GeV~!. The first states for both families are then
predicted to be

m, =775 MeV ;  mp; = 1235 MeV
my = 1779 MeV ; myr = 2261 MeV (68)
myr = 2789 MeV ; my1n = 3279 MeV .

Notice that the p, — B,, splitting is entirely deter-
mined by the distance between the zeros of Jy and
Ji, and that b; is in excellent agreement with the
experimental value, mp; = 1229 £ 3 MeV [20]. In-
terestingly, the same splitting is found between p,
and axial 1T+ states when chiral symmetry is in-
troduced through boundary conditions [21]. There-
fore, it seems that holography predicts 17+ and 1+~
states to be degenerate. This is not unnatural tak-
ing into account that both states are parity partners
of the p meson in Il r and H%T. Unfortunately,
this prediction is hard to test: the PDG reports a
promising myp; = 122943 MeV and m,; = 12304+40
MeV, but while the b; can be considered a narrow
state (I'y1 = 150 MeV ~ T',), the a; is much broader
(Ta1 ~ 250 — 600 MeV). This is obviously due to the
fact that their main decay channels are by — wm and
a1 — 3w, and therefore b; has a strong phase space
suppression.
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FIG. 1: |&,]| for the first 10 resonance states (blue dots)
compared to its asymptotic value (solid line).

B. Low-energy predictions

In the previous section we have fixed kp; from
requirements at high energies. At this point the
only parameter left is pg, which is intrinsically a low-
energy quantity. In order to estimate its magnitude
we can use the value for £,, which has been deter-
mined in lattice simulations to be §, ~ 0.72 [19].
Using Eq. (©4)), £, can be expressed as

I 7 3 2,2
=11 _ = J . 69
gP \/5/700 Nc RPOT Yo, 1((071) ( )

The first term above already gives £, ~ 0.713 and
therefore pg ~ 0 to a very good approximation (actu-
ally, if it not zero altogether, it has to be unnaturally
fine-tuned: po/p1 ~ 0.04). In the following we will
assume that pg = 0, which leads to simplifications in
the expressions we have found so far. In particular,

1 v

b= 5 (70)

whose values are plotted in Fig. [l Notice that par-
ton model matching naturally leads to quasiconstant
&,. Furthermore, one can write

{ (1)}2 ~ pilim
Bn

=—t>" N, 71
3\/572700y31 )

where pp is expected to be a constant of O(1).

Let us now turn our attention to the low-energy
parameters appearing in the correlators. At low en-
ergies, H%T and Ilyr are parametrized by

q121210HVT(q2) = —xo{Y¥) +---
lm () = —X20Y

q?—0 q



where xo and xr are interpreted as magnetic sus-
ceptibilities. Such susceptibilities are low-energy pa-
rameters akin to the Gasser-Leutwyler L; parame-
ters. Its realization as low-energy parameters in a
chiral Lagrangian can be found in [22].

In order to obtain a prediction for xq in our holo-
graphic model, one needs to take the low-energy
limit of Eq. (53). Using that

lim H(q,ym) = 1
Jin H (g Ym) :

lim H(q,ym) = po

q?—0
; 7 Po
lim 0,H m) = — , 73
L Dy (¢: Ym) . (73)
one finds the simple expression:
K —
5Ympo = Xo(Y) . (74)

2

In order to determine 7 one needs to extract the
residue at the origin for H%T. Notice that indeed
besides the poles at Jq, H%T in Eq. (B4) has an ex-
tra pole at the origin, which matches the 1/¢? term
present in the large- N, representation of correlators
given in Egs. (B5)). Extraction of the residue leads
to

K

so that knowledge of x could lead to a prediction for
xr. For instance, one could estimate it using the

sum rule value for the b1(1235) meson, fp; ~ 180
MeV [23]. Then

k=~ (101 MeV)?; p1~0091, (76)

and
xr ~0.22GeV! . (77)

An interesting thing to notice is that, since there is
no such 1/¢? term for H%T at high energies, there has
to be a cancellation between xr and the resonance
contribution. The situation is qualitatively similar
to what happens with the pion pole in Il r, where
in order to avoid unwanted 1/¢? terms in the OPE
one has to impose that

/ %lImHLR(t) =0 N (78)
0

tmw

which is the celebrated first Weinberg sum rule [18].
Quite commonly, especially in sum rule applications,
the previous expression is cast as

Ny Na
Yo=Y fan—12=0. (79)
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Note however that the previous expression is valid
only if the sum over resonances commutes with the
large-q? expansion. In general this is not a valid
manipulation, and certainly not in the limit of large
number of colors [24].

A similar superconvergence relation holds for the
tensor case, and can be written as

Cdt 1

/ 7;Imnﬁp(t)zo, (80)
0

which, if the spectrum were finite, could be ex-

pressed as

NB Nv
D IEa =Y G fin—205=0,  (81)
with 2A3 = —x7 (Y1),

C. A note on lowest meson dominance (LMD)

Note that py = 0, inferred in the previous sec-
tion from lattice results on §,, opens an intriguing
scenario, namely yo = 0. Different estimates of xq
exist in the literature, from QCD sum rules to anal-
yses based on the triangle anomaly in the VVA cor-
relator [25]. Here we will focus on a reassessment of
methods based on QCD sum rules, where one works
at the level of resonance contributions to xo. In the
large- N, limit,

o 2
o) = -> e, (s2)

which is well-defined as long as the infinite sum ex-
ists. In our case, this is guaranteed by construction.
The contribution of the first few states is (see

Fig. )

1 2 3 4
xo = xo) +x8? +x0) +x” +
= 2.300 — 2.317+2.319 — 2.320 + - - -,
(83)

and therefore p-dominance does not hold. Notice
that this alternating quasiconstant pattern was to be
expected: &, is quasiconstant while f‘%n ~Myp ~N
and therefore resonance contributions do not get
suppressed. The eventual cancellation of g is ex-
pressed as an Abel series. However, if one were to
extract yo only knowing the first state, one would
conclude that yo ~ 2.3 GeV~2, and the same answer
would hold as long as only odd terms were kept in
the analysis. xo would then not only appear to be
nonzero, but LMD would seem to be satisfied to a
high degree.
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FIG. 2: Values of X(()n) for the two different scenarios dis-
cussed in the main text: blue dots with |X(()")| ~ 2.3 cor-
respond to Eq. (B3] while red ones, decreasing as 1/4/n,
correspond to Eq. ([@I). LMD is not a good approxi-
mation in either case, even though the red dots are a
convergent sequence.

Failure of LMD in IIyt therefore seems to be re-
lated to the logarithmic ultraviolet behavior of IL;.;..
This is at least the conclusion in large-N. QCD.
However, there are reasons to believe that this failure
is quite generic. Consider, for the sake of illustra-
tion, the case when p(q) = po. The interesting thing
of this toy scenario is that now x¢ # 0, &, vanishes
asymptotically and therefore 11}, is ultraviolet fi-
nite. One would expect that this smooth ultraviolet
behavior (smoother than QCD) is a much favorable
scenario for LMD to hold.

In this new scenario there will still be two sets
of 17~ particles sitting at the zeros of Jy and Ji.
The former will still satisfy the degeneracy condition

1(3012 = fi,, but now

3
()" = 20 e 1 (o) Yol Gon) © (89)

whereas the latter are given by

) = a3 (85)

The free parameters of this model are x and po,
which can be determined from the lattice value for

p:
3 2,2
T A YmJ1(Co,1) = 0.72,  (86)

and the sum rule estimate for the decay constant of
the b1(1235) vector meson. This eventually leads to

K~ (81 MeV)?; po =~ —2.22 (87)
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and using Eq. (T4) one immediately finds (for typical
values of the quark condensate)

KP0Ym —2
Xo= ——— ~1.45GeV~° . (88)
2(yy)
The expression for xyr can be found again by ex-

tracting the residue of H%T at the origin. The result
is

(p§ —1) = xT(¥¥) , (89)

W=

and therefore
xT ~ —0.55GeV ™! . (90)

Given the value for xg, we can again test LMD
by computing the contribution of each single state.
The result is (see Fig. 2]

1 2 3 4
Xo = X0+ x a8+ +
= 232-154+123-1.06+4---
(91)

Although the first contribution is certainly bigger
than the remaining ones, LMD does not apply.
The series is actually poorly convergent and for in-
stance one needs 60 iterations to reach a 10% accu-
racy. Therefore, even in this favorable scenario (cer-
tainly more favorable than in the real QCD case)
p-dominance is not a good approximation.

VI. CONCLUSIONS

We have studied rank two antisymmetric tensors
in holographic models of QCD within the AdS/CFT
correspondence. Rank two tensors are naturally
identified with the tensor QCD current J,,, = Go,.q,
which can generate both 17~ and 17~ states. While
the latter are genuine states generated by J,,, the
former can also be described by the vector current
Ju = qyuq. Therefore, interference between J,,,, and
Jy is to be expected. A convenient way to study
this mixing is to examine the set of correlators Iy v,
Iy and IIpp. A simultaneous analysis of them
strongly constraints the spectrum of spin-1 mesons,
as already noticed in generic four-dimensional anal-
yses [4].

One of the advantages of holographic QCD models
over four-dimensional ones is that one starts from a
Lagrangian formulation. Therefore, one expects the
whole set of correlators to show up naturally and
provide a self-consistent picture. In this paper we
have shown in detail how this interplay is realized in
holographic models.

It is not obvious how a correlator like Il 7 can be
generated starting from the free action for 2-forms



in five dimensions. However, we have seen that such
mixing arises naturally in the process of compacti-
fication. Quite generally, given a p-form in five di-
mensions, a (p — 1)-form is always dynamically gen-
erated by dimensional reduction and realized as the
fifth component of the p-form. Those dimensionally-
reduced fields couple to the original p-form and ac-
count for mixed correlators. Quite remarkably, they
come out with the right mass assignments to be
consistent with AdS/CFT: the scalar component of
a dimensionally-reduced massless 1-form is a scalar
with m? = —3, while the vector component of a
dimensionally-reduced massive 2-form is a massless
1-form. Therefore, mixed correlators in holography
are natural side-products of four-dimensional com-
pactification. It is worth noting that if the initial p-
form happens to be massless, then gauge symmetry
can be used to remove the mixed correlator. This
for instance happens for Ilgy because V5 can be
gauged away. However, Hs, can not be regarded
as a gauge artifact and Ilyp actually turns out to
be nonvanishing, in accord with QCD. This identi-
fication, however, crucially depends on the metric
being pure AdS without dilaton fields. Therefore,
dilaton-based mechanisms in the spirit of [16], de-
signed to display linear confinement in the vector
meson spectrum, fail to provide an acceptable phe-
nomenological description of IIy 7.

Another interesting point to notice is that those
mixed correlators are order parameters of sponta-
neous chiral symmetry breaking. As such, their main
contribution should naturally come from the infrared
brane. Nontrivial boundary conditions on the in-
frared brane are therefore required, which are some-
how related to the existence of a quark condensate.
Chiral symmetry breaking is therefore triggered by
infrared boundary effects.

However, we have seen that this is not the full
story. The holographic computation of IIr7 is not
free of subtleties. In particular, a direct computa-
tion can only be made on the chiral symmetry break-
ing correlator H%T. The AdS/CFT prescription fails
to reproduce the right high-energy behavior for this
object, implying that conformal invariance needs to
be broken beyond infrared boundary terms. Ideally,
one should understand how chiral symmetry break-
ing should be implemented at a Lagrangian level.
Instead, in this paper we have made the observation
that an ad hoc modification of the prescription re-
stores agreement with QCD. While this is not fully
satisfactory from a formal standpoint, it is certainly
enough for phenomenological purposes.

Using this phenomenologically-motivated pre-
scription, we have found that the scenario displayed
by holography successfully predicts the presence of
177 states in IIyy and Iy 7. In particular, the reso-
nance contributions to Ily 7 form an alternate series,
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in compliance with sum rule analyses and general
expectations from QCD [4]. 17~ states contribute
to IIpp and are predicted to be doubly dense with
respect to 17~ with masses sitting at the zeros of
both Jy and J;. Half of this spectrum is therefore
degenerate with 1=~ and the other half with the 171
states in the scenario studied in [21]. Additionally,
since the decay constants f‘}n and fp, are predicted
to be proportional to the infrared boundary value,
if chiral symmetry were exact they would vanish al-
together. In other words, in the limit of unbroken
chiral symmetry, tensor currents do not couple to
spin-1 particles.

Finally, we have assessed lowest meson dominance
in the determination of the low-energy parameter
X0, which is of interest in the hadronic light-by-light
scattering contribution to the (g — 2),. Our results
seem to indicate that such assumption is unlikely to
work for IIy 7.
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Appendix A: (Im)possibility of holographic
linear confinement with dilaton backgrounds

We start from the generic action

S = m/ e * Ty [dH A *dH +m*H A *H]| |
AdSs
(A1)

with the general metric

ds? = gynde™Mdz™N = e2AW) (—dy? + Nuvdztdz”)
(A2)
and allowing for a dilatonic term ®(y) with a non-
trivial profile in the fifth dimension [16].
The equations of motion for the 2-form field Hs,
can be worked out directly from Eq. () with the
replacement

V= Vi=ge *W Vg =AW

In this generic case, the consistency condition d*H =

(A3)



0 is expressed as:

O"Hys = 0

6HH;,W = e_Aay(eAHSV) ) (A4)

which can only depend on the metric, as expected.
The first equation of motion, Eq. (), is also

dilaton-independent and takes the form

(O4m2e*Hs, — 0,00 Hso — 0,0 Hy, = 0, (A5)

from which the equation for Hs, can be extracted.
Since neither Eq. (AH) nor the consistency condi-
tions (A4l depend on the dilaton, it is immediate to
conclude that for 2-forms linear confinement cannot
be achieved through dilatonic backgrounds. Recall
that this is unlike the 1-form component V,,, whose
equation of motion does depend on ®(y) [16]. The
identification we made of the Hs, field as a vector
field satisfying the same equation as V, clearly re-
quires a flat dilaton profile, ®(y) = ¢.

Let us now look at a different issue, namely the
most general subset of metrics consistent with the
requirement that V,, and Hs, obey the same equa-
tion of motion.

Setting V5 = 0 and using 0,V#* = 0, the equation
for V,, is

OV, — e 49, (e49,V,) =0 , (A6)
whereas the equation for Hs,, using the consistency
conditions, reduces to

(O + m?e*Hs,, — 0, (e_ABy(eAHg,H)) =0. (A7)
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After some algebra, one can show that the previous
equations can be cast as

(aj e A (ayeA)ay - D) V, =0,
(92 + ¢4 (0ye)0, — D
—m2e?4 + ay(e*AayeA))Hw =0.
(A8)

Therefore, the wanted metrics satisfy the differential
equation

Oy (e_A8y8A> =24, (A9)

With the change of variables £ = e~ one gets

(0,6 — o6 =1, (A10)
and the hyperbolic character of the equation is man-
ifest. Its solution is

gy = TR
Notice that pure AdS, i.e., €24 = y%, is recovered
when b = 0 = a. For any other choice of parameters,
e?4 is exponentially damped.

To summarize, if consistency between Il , Iy
and Ilpp is to be preserved, linear confinement in
holographic models of QCD cannot be achieved with
dilaton fields.
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