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ABSTRACT: Zero temperature spectra of mesons and glueballs are analyzed in a class of
holographic bottom-up models for QCD in the Veneziano limit, N, — oo, Ny — oo, with
x = Ny /N, fixed (V-QCD). The backreaction of flavor on color is fully included. It is found
that spectra are discrete and gapped (modulo the pions) in the QCD regime, for x below
the critical value x. where the conformal transition takes place. The masses uniformly
converge to zero in the walking region x — x.~ due to Miransky scaling. All the ratios
of masses asymptote to non-zero constants as * — x.~ and therefore there is no “dilaton”
in the spectrum. The S-parameter is computed and found to be of O(1) in units of NN,
in the walking regime, while it is always an increasing function of x. This indicates the
presence of a subtle discontinuity of correlation functions across the conformal transition
at r = x..
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1 Introduction and outlook

The gauge/gravity duality has been widely used to describe the physics of strongly coupled
gauge theories. The perturbative expansion of Yang-Mills (YM) theory in the ('t Hooft)
large N, limit, N, — oo and A = g% u Ve = finite, suggests that gauge theories have a dual
string theory description. We will consider QCD with gauge group SU(NN.) and with Ny
quarks in the fundamental representation of SU(NV.). In the limit of large N, the effects of
flavor degrees of freedom are suppressed. Veneziano introduced an alternative topological
expansion of QCD, via the so-called Veneziano limit

N
Nc—>oo,Nf—>oo,ac:ﬁf:ﬁxed,)\:g%MNC:ﬁxed; (1.1)

c

in this limit we may study phenomena depending on the flavor degrees of freedom such as
hadronic multiparticle production, [1] and the U(1) problem in QCD, [2].
By studying the QCD pS-function,

A=g?N, , A= —bpA2+ 02+ 00\ (1.2)
with

2 (11 — 2z)
3 (4m)2

it is evident that the theory in the Veneziano limit exhibits several interesting features.

bi_ _3(34-13) O(N2) (1.3)

by = o
0 B2 2(11—2z)? ¢

+O(N?)

Cc

e For x > 11/2 the theory is not asymptotically free but IR free, and therefore the IR
physics is simple to assess.

e At values z < 11/2, there is also an IR fixed point of the two-loop S-function. This
region of z where the theory has an IR fixed point is called “conformal window”. For
x close to 11/2 (Banks-Zaks region) the IR fixed point is at weak coupling, [3]. In
the Banks-Zaks region, perturbation theory is trustworthy at all energy scales. As x
decreases, the IR fixed point coupling increases and perturbative methods cannot be
applied. QCD with z in the conformal window has unbroken chiral symmetry.

e The theory is expected to reduce (at qualitative level) to standard QCD for small
Ny and to pure Yang-Mills for Ny = 0. Therefore, there should be a critical value
x = x. < 11/2 where there is a transition from chirally symmetric theories in the
conformal window to confining theories with broken chiral symmetry in the IR. In
the region below but close to x. the theory is expected to exhibit “walking” behavior.
There is an approximate IR fixed point in the RG flow, which dominates the behavior
of the theory for a large range of energies. It is eventually missed by the RG flow
and the theory ends up in the IR regime of broken chiral symmetry. In particular,
the coupling constant varies slowly for a long energy range, [4].

The standard picture is that the transition at x. is a phase transition of the Berezinskii-
Kosterlitz-Thouless (BKT) type, [5, 6] and is known as a conformal phase transition, [6]. It



has been proposed to be caused by the annihilation of an IR and a UV fixed point, [7]. The
dimensionful observables of the theory scale as the condensate in the BKT transition in two
dimensions, (also known in this context as Miransky scaling). The value of z. is difficult to
be determined since the dynamics of the theory is strongly coupled in this region. It is also
difficult to disentangle this transition in lattice calculation due to finite volume limitations.
There have, however, been many efforts along various directions in order to find the critical
Ny for finite N, where the transition takes place, see [8-18] and [19-22].

Nearly conformal gauge theories are of great importance in models for the physics
beyond the Standard Model, [23-25]. In particular, they are an important ingredient of
technicolor models where electroweak symmetry breaks spontaneously through the same
mechanism as chiral symmetry in QCD. However, in technicolor the breaking happens at a
higher energy scale and in a new gauge sector, [26-29]. The model includes “technifermions”
transforming in some representation of the technicolor group whose condensate breaks
dynamically the electroweak symmetry.

In order to generate the correct masses of the Standard model fermions, technicolor
is generalized to extended technicolor which has a larger hidden gauge group. It follows
that the lepton and quark masses depend on the dimension of the scalar gg operator
that condenses. For phenomenological purposes (related to the size of the lepton and
quark masses) the dimension of this operator should be away from three, which is its
free field theory value, and should be closer to two. This can be achieved in a “walking”
theory, [8, 9, 30] and [31]. A typical issue with technicolor models is that they add relatively
large contributions to the S-parameter, which was first defined in [32]. Such contributions
create tension with the electroweak precision measurements. Walking theories have been
conjectured to have reduced, or even arbitrarily small S-parameter, [33].

Several efforts have been made to study gauge theories including flavor degrees of
freedom in the context of AdS/CFT. Most of the research has been concentrated in the
case of the quenched approximation, Ny < N, where flavor branes are introduced in the
color background geometry without backreaction, [34-37]. In order to study the Veneziano
limit of gauge theories holographically, the backreaction of flavor to the color action should
be taken into account. A possible way of attacking such a problem is to consider the
action of type ITA/B supergravity with smeared flavor branes, [38-40]. Alternatively, the
flavor sources may be localized, so their charge density is a sum of delta functions. From
the string theory viewpoint, such systems correspond to intersecting branes. Some well
known examples are the D3-D7 intersections, [41, 42], D2-D6, [43, 44], D4-D8, [45], and
D4-D8-DS, [46].

Bottom-up holographic models, which are based on the hard-wall AdS/QCD model [47,
48], have been constructed to describe walking field theories, [49-60]. Top-down approaches
for describing field theories with walking behavior are [61-63] and [64, 65].

In [4], a bottom-up class of holographic models was built for QCD in the Veneziano
limit, called V-QCD. The SU(N,) sector of QCD was described by the Improved Holo-
graphic QCD (IHQCD) model, [66-69], whose action is the Einstein-dilaton one with a
specific, non-trivial dilaton potential. The dilaton is the field dual to the scalar Tr[F?] op-
erator of YM. The near-boundary asymptotics of the potential are chosen in order to match



the perturbative g-function of Yang-Mills coupling and the IR asymptotics are such that
reproduce features as confinement, asymptotic linear glueball trajectories and a mass gap.
By tuning two phenomenological parameters of the potential, the model agrees with lattice
data both at zero and finite temperature, [70-72]. For a review of lattice studies of large N,
gauge theories see [73]. There have been efforts to model walking behavior in the context
of a single scalar model by adjusting appropriately the S-function (potential), [18, 74-77].
However, in those cases no flavor degrees of freedom were considered.

In [4] fully backreacting flavor degrees of freedom were included in the THQCD back-
grounds. The framework for this class of models model was first studied in [38, 78]. Its
flavor action is the low-energy effective action of Ny brane-antibrane pairs. This action
was first proposed by Sen, [79] around flat spacetime. The fields of the model include the
complex tachyon which corresponds to the lightest state of the string stretching among
branes and antibranes, as well as a left and a right gauge field dual to the left and
right flavor QCD currents, respectively. The tachyon field is dual to the quark mass
operator whose non-trivial vacuum expectation value causes chiral symmetry breaking
U(Nf)rp x UNg)r — U(Ny)y. The model was found to reproduce various low energy
features of the QCD meson sector, [80, 81]. Tachyon condensation has also been studied
in the Sakai-Sugimoto model, [82-85]. A lattice study of meson physics of large N, gauge
theories was published recently in [86].

V-QCD is therefore created by the fusion of IHQCD and tachyon dynamics, as modeled
by generalizations of the Sen action. The dilaton potential is taken to have the same form
as in the IHQCD setup. The tachyon potential must have two basic properties; to vanish
exponentially in the IR in order to have the brane-antibrane pair annihilate and to give
the right UV mass dimension to the dual operator of the tachyon.

The vacuum saddle point of the theory is determined by the non-trivial profiles of the
metric, dilaton and tachyon fields. The left and right gauge fields are trivial in the vacuum
solution. Making a few reasonable assumptions, the model produces a phase diagram
which has similar structure as that expected from QCD in the Veneziano limit and does
not depend on the details of the potentials.

In the range x. < x < 11/2, where the theory has an IR fixed point, the IR dimension
of the chiral condensate can be determined. It is found to decrease as a function of x and
the point where it becomes 2, determines z., as has been argued in [7]. Upon matching
the B-function of the Yang-Mills coupling and the anomalous dimension of gg to the QCD
result in the UV, x. is found to be close to 4,

3.7< z, <42, (1.4)

which agrees with other estimates, [8-18]. A similar phase transition has also been found
in more simplified holographic models for QCD, which were likewise matched properties of
perturbative QCD near the boundary, [87, 88].

V-QCD models have been analyzed in detail at finite temperature in [89]. Generically
they exhibited a non-trivial chiral-restoration transition in the QCD phase and no transition
in the conformal window. Depending on the model class, they might exhibit more than
one phase transitions especially in the walking region.



In the present article, we study the quadratic fluctuations of V-QCD for zero quark
masses. Some of the main results first appeared in the short publication [90]. Among
other issues, there are two relevant questions for walking gauge theories which we will
answer here:

e Is there a light dilaton' state in the spectrum, due to the approximate scale invari-
ance, [25]7

e Is the S-parameter strongly suppressed as expected on general grounds, [33]?

Various holographic models have been proposed which explore the above questions.
In [91-98] and [64, 65] the lightest state is found to be a scalar. But its identification
with the dilaton seems to be model dependent. The S-parameter has also been calculated
in holographic bottom-up, [58-60], and Sakai-Sugimoto like models, [99]. In [100], it was
argued that the S-parameter is bounded below for a specific class of holographic models.

We consider small fluctuations of the fields which are involved in the action. The
glue sector has the metric, the dilaton and the (closed string) axion. Their normalizable
fluctuations correspond to JX¢ = 0+, 0=F, 21+ glueballs, where J is the spin, P is
parity and C' the charge conjugation of the state. The flavor action includes the complex
tachyon and the left and right gauge fields. These give rise to J£¢ = 1t+ 17—, 0++, 0=+
towers of mesons. The states above are separated in two distinct symmetry classes, the
flavor non-singlet and the flavor singlet states. Singlet or non-singlet fluctuations with
different JP¢ have an infinite tower of excited states. The flavor singlet states which are
in the meson and in the glueball sectors mix at leading order in 1/N,, since we explore the
Veneziano limit (such a mixing is O(N;2) in the *t Hooft limit).

As mentioned above, the dilaton and the tachyon potentials are constrained by QCD
properties, like confinement, glueball spectra, anomalies etc. Meson spectra which are
calculated in this work also set some constraints on the potentials which are used in the
action, see section 4.4. We explore the correlation between different IR asymptotics of
the various potential functions that enter the holographic V-QCD action, and properties
of the glueball and meson spectra. Once this is done we can pin down the asymptotics
that provide the correct expected gross properties. The main requirements in the flavor
non-singlet sector are that all meson towers have linear asymptotic (radial) trajectories. In
the flavor singlet case, mesons and glueballs decouple at large excitation number and the
mesons have the same asymptotics as the flavor non-singlet meson with the same J7¢. The
glueball trajectories are linear. Even if the above requirements do not set tight constraints
on the potentials appearing in the action, they constrain the region of their parameters,
see section 4.4.

An interesting related issue is whether the slopes of the linear trajectories for the axial
vector and the vector mesons are the same. It has been pointed out in [78] that, due to chiral

!Note that this dilaton is different from the bulk scalar ¢ that we also call the (string theory) dilaton.
Here dilaton stands for one of the bound states of the QCD spectrum that is hierarchically lighter than
all others states, and can be interpreted as the Goldstone boson of (spontaneously) broken conformal
invariance.



symmetry breaking, they might differ. Indeed in the models discussed in [78] and [80, 81]
these slopes were different. Despite an ensuing debate in the literature, (see [101]-[103] and
references therein), what happens in QCD remains an open issue. We will also characterize
this possibility in terms of the IR asymptotics of the flavor potential functions.

The numerical solution of the fluctuation equations for zero quark mass produces the
spectrum of the model, as described in section 5. The analysis of the spectrum was done
for two different classes of tachyon potentials, potentials I and potentials II. Potentials I
reproduce well the physics of real QCD in the Veneziano limit. For instance, it has been
checked that the finite temperature phase diagram has the correct structure, [89]. The
asymptotic meson trajectories are also linear but with possible logarithmic corrections.
Potentials II are a bit further from the detailed QCD behavior. We have investigated them
in order to study the robustness of our results against changes in the asymptotic form of
the potential. Potentials II have quadratic asymptotic trajectories for mesons.

1.1 Results

We summarize below our results.
1. The main generic properties of the spectra are as follows.

e Below the conformal window, in the chirally broken phase with x < z.., the spec-
tra are discrete and gapped. The only exception are the SU(Ny) pseudoscalar
pions that are massless, due to chiral symmetry breaking.

e In the conformal window, 2. < x < 11/2, all spectra are continuous and gapless.

43

e All masses in the Miransky scaling region (aka “walking region”) are obeying

K

VZLe—T

Miransky scaling m,, ~ Auyy exp(— ). This is explicitly seen in the case of

the p mass in figure 5.

2. The non-singlet fluctuations include the L and R vector meson fluctuations, packaged
into an axial and vector basis, V,,, 4,,, the pseudoscalar mesons (including the massless
pions), and the scalar mesons. Their second order equations are relatively simple.
Our main results for the non-singlet sector are:

e The mass spectra of the low lying mesons can be seen in figure 3 for potentials 1
and in figure 4 for potentials IT (note that the left hand plots have their vertical
axis in logarithmic scale). The lowest masses of the mesons vary little with =
until we reach the walking region. There, Miransky scaling takes over and the
masses dip down exponentially fast. The Ayy scale is extracted as usual from
the logarithmic running of A in the UV.

e The mass ratios asymptote to finite and O(1) constants as x — .

3. The singlet fluctuations include the 2% glueballs, the 0T glueballs and scalar
mesons that mix to leading order in 1/N, in the Veneziano limit, and the 0~ glue-
balls and the i’ pseudoscalar tower. Although the spin-two fluctuation equations are



always simple, summarized by the appropriate Laplacian, the scalar and pseudoscalar
equations are very involved. Our main results for the singlet sector are:

e The U(1) 4 anomaly appears at leading order and the mixture of the 0~ glueball
and the 7’ has a mass of O(1).

e In figures 6 and 7 we present the results for the singlet scalar meson spectra.
The dependence on x is qualitatively similar as in the non-singlet sector.

e In the scalar sector, for small x, where the mixing between glueballs and mesons
is small, the lightest state is a meson, the next lightest state is a glueball, the
next a meson and so on. However, with increasing z, non-trivial mixing sets in
and level-crossing seems to be generic. This can be seen in figure 7.

e All singlet mass ratios asymptote to constants as © — z. (see figure 6). The
same holds for mass ratios between the flavor singlet and non-singlet sectors, as
confirmed numerically in figure 8. There seems to be no unusually light state
(termed the “dilaton”) that reflects the nearly unbroken scale invariance in the
walking region. The reason is a posteriori simple: the nearly unbroken scale in-
variance is reflected in the whole spectrum of bound states scaling exponentially
to zero due to Miransky scaling. The breaking however of the scale invariance
is not spontaneous.

4. The asymptotics of the spectra at high masses is in general a power-law with logarith-
mic corrections, with the powers depending on the potentials. The trajectories are

2 ~ cn) for type I potentials and quadratic (m2 ~ c¢n?) for

approximately linear (m
type II potentials. There is the possibility, first seen in [78] that the proportionality

coefficient ¢ in the linear case is different between axial and vector mesons.

5. There are several dilaton-dependent functions that enter the V-QCD action, which
can be constrained by using various known properties of QCD. They include V()
the dilaton potential in the glue sector action in (2.2), as well as the tachyon potential
Vi(7, A), the kinetic function for the tachyon, x(\), and the kinetic function for the
gauge fields w(\) that appear in the flavor action (2.4). Moreover, the tachyon
potential function, motivated by flat space string theory, is parametrized as in (2.9)

Vi(7,A) = Vo(A)e o™ (1.5)

in terms of two extra functions of the dilaton, Vio(A) and a(A). We find that the
functions can be constrained as follows.

e The UV asymptotics of these functions can be fixed from perturbation theory.
The IR asymptotics are more obscure. The pure glue potential has been estab-
lished in previous works, [66—69, 72].

e We have parametrized the A — oo IR asymptotics as
R ~ A (og ), aA) ~ A% (log A),
w(A) ~ AP (log A) "™, Vio(A) ~ A7, (A — 00). (1.6)



Vro(A) is constrained indirectly so that Vy(A) — 2Vyo(A) has a non-trivial IR
fixed point for a range of x. The others however are severely constrained. By
asking various generic criteria to be satisfied as well as requiring the existence
of asymptotically linear meson towers, we obtain that

4 1
Kp =135, Ke=-—5 ap=0 , ap=0. (1.7)
and
K(A)
0 A . 1.8
oy 0 (A = 0) (1.8)

If on the other hand k(\)/w(\) — constant, then the axial and vector towers
have different slopes. In view of this we opt for

4 1
Wy = g , Wy < *5 . (19)

These parameter values are essentially those of potentials I.

It is curious to note that all the functions, at large A behave (modulo the logs)
like in standard non-critical tree-level string theory, (in Einstein frame).

6. In the region 0 < x < z. and for zero quark mass, there are infinite subdominant
saddle points, that we called Efimov solutions and which are labeled by a natural
enumeration n = 1,2,..., that indicates the number of zeros of the tachyon solu-
tion, [4]. We have verified numerically and analytically? that these saddle points are
perturbatively unstable. Tachyonic fluctuation modes are seen in the scalar singlet
and non-singlet towers.

7. The behavior of correlation functions across the conformal transition turned out to
be interesting and in part different from previous expectations. We have computed
the two-point functions of several operators including the axial and vector currents.
We focus on the two-point function of the vector and axial currents which can be
written in momentum space as

(Va(@)Vi(p)) = 1% (q.p) = —(27)*0* (p + ¢) 0° (P — quav) v (@), (1.10)

and similarly for the axial vector. We have the decomposition

dq
Vi(z) = / oy V@ UV () (L11)
where t*, a=1,..., N]% — 1 are the flavor group generators and vy (1) are the radial

wave-functions.

2The analytic check is doable in the limit £ — z.~ or at asymptotically large n. In the former case,
scalar singlet and non-singlet sectors both contain n tachyonic modes with anomalously large —m?, as also
observed for a different model in [64, 65].



e Using the expansions

f2 f2 F2
I, =2 _n Iy, = —_n_ 1.12
gt erm e Welanme 2
n

n

we determine f as
o NNy 9,94
T 1272

, (1.13)

r=0, g=0

where the normalization was fixed by matching the UV limit of the two-point
functions to QCD. The dependence of f; on z is shown in figure 9. The pion
decay constant changes smoothly for most x, but is affected directly by Miransky
scaling which makes it vanish exponentially in the walking regime.

e The S-parameter is defined as

NelNy d

d
S =dr— [y — 11 =

Y (r) aw/‘(ﬂ)

r r

r=0,q=0
o fa

As both masses and decay constants in (1.12), (1.14) are affected similarly by Mi-
ransky scaling, the S-parameter is insensitive to it (Miransky-scaling-invariant).
Therefore its value cannot be predicted by Miransky scaling alone. Our re-
sults show that generically the S-parameter (in units of N¢N.) remains finite
in the QCD regime, 0 < z < x. and asymptotes to a finite constant at z. (see
figure 10). The S-parameter is identically zero inside the conformal window
(massless quarks) because of unbroken chiral symmetry. This suggests a sub-
tle discontinuity of correlators across the conformal transition. We have also
found choices of potentials where the S-parameter becomes very large as we
approach x.. Our most important result is that generically the S-parameter is
an increasing function of z, reaching it highest value at z. contrary to previous
expectations, [104-106].

e We have also calculated the next derivative of the difference, (related to the
X-parameter of [107]) as

d2
S'= _27{7(6[(]2)2 [¢* (v (¢*) = La(e?))] g (1.15)
so that S o
¢* (Ma(q®) —Tv(¢*) = fr = -+ "+ (1.16)

This parameter is shown for both potentials I and II in figure 11. The z de-
pendence (in IR units) is qualitatively rather similar to the S-parameter so that
the values typically increase with x, and approach fixed values as x — z.. How-
ever, unlike for the S-parameter, there is also a region with decreasing values
near r = .



1.2 Outlook

Our exhaustive analysis of the class of V-QCD models and the results obtained paint
a reasonably clear holographic picture for the behavior of QCD in the Veneziano limit.
Although V-QCD should be considered as a toy model for QCD in the Veneziano limit,
there are two facts that give substantial weight to our findings.

e The ingredients of the holographic models follow as closely as possible what we know
from string theory about the dynamics of the dilaton and open-string tachyons. This
is treated in more detail in section 2.4.

e We have explored parametrizations of the functions and potentials that enter the
holographic action, especially in the IR. General qualitative guidelines suggest that
these functions are the same as in (naive) string theory corrected by logarithms of
the string coupling. This was first seen in [66—-69] where the dilaton potential behaves
as V ~ /\%\/@ as A — oo. Note that in the Einstein frame the noncritical dilaton
potential in five dimensions is proportional to A3

Moreover the power of the subleading log was fixed at the time in order for the glueball
radial trajectories to be linear. It was later realized that only asymptotic potential of
the form V ~ A3 (log A)* lead to non scale-invariant IR asymptotics, [108, 109]. It was
also independently found, [110, 111], that the power a = % was also responsible for
providing the well known power of T in the free energy just above the deconfinement
phase transition, [112-115].

Despite the success of the framework, there are several conceptual issues that remain
to be addressed successfully.

e The effects of loops of the non-singlet mesons are not suppressed, as the large number
of flavors compensates for the large NN, suppression of interactions.

e The CP-odd sector requires further attention as the x — 0 limit in that sector seems
to not be smooth.

To this we add two obvious open problems that involve the understanding of phase
diagram at finite temperature and density, and the construction of a well-tuned model to
real QCD. All of the above are under current scrutiny.

2 V-QCD
The complete action for the V-QCD model can be written as
S =84+ 95+ 5 (2.1)

where Sy, Sy, and S, are the actions for the glue, flavor and CP-odd sectors, respectively.
We will define these three terms separately below. As discussed in [4], only the first two
terms contribute in the vacuum structure of the theory if the phases of the quark mass
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matrix and the 6 angle vanish. The full structure of Sy and S, was not detailed in [4], as
this was not necessary in order to study the vacuum structure of the model. However, the
extra terms do contribute to the spectrum of fluctuations and will therefore be discussed
in detail below.

2.1 The glue sector

The glue action was introduced in [66-69],

3772 5. /- 4 (9N)?
Here \ = e? is the exponential of the dilaton. It is dual to the TrF? operator, and its
background value is identified as the 't Hooft coupling. The Ansatz for the vacuum solution
of the metric is

ds? = 62A(T)(dmi3 + dr?), (2.3)

where the warp factor A is identified as the logarithm of the energy scale in field theory.
Our convention will be that the UV boundary lies at » = 0 (and A — o0), and the bulk
coordinate therefore runs from zero to infinity. The metric will be close to the AdS one
except near the IR singularity at » = oo. Consequently, A ~ —log(r/f), where /¢ is the
(UV) AdS radius. In the UV r is therefore identified roughly as the inverse of the energy
scale of the dual field theory.

2.2 The flavor sector

The flavor action is the generalized Sen’s action,

1
Sy = — 5 MPN.Tr / ' dr (Vf()\,TTT)\/— det Ay + Vp(\, TT") /= det AR) . (2.4)

where the quantities inside the square roots are defined as

Apuy =gy + v DED, + "0 (000 (0aT) + (D81 (D))
Apan = guy +w\ TP 4+ ""’(AQ’ T) [(DMT)(DNT)T + (DNT)(DMT)T} . (2.5)
with the covariant derivative
DyT = 0y T +iTAY, —iART. (2.6)

The fields Ay, Ar as well as T" are Ny x Ny matrices in the flavor space. We also define

Nf

It is not known, in general, how the determinants over the Lorentz indices in (2.4) should

be defined when the arguments (2.5) contain non-Abelian matrices in flavor space. How-
ever, for our purposes such definition is not required: our background solution will be
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proportional to the unit matrix Iy,, as the quarks will be all massless or all have the
same mass mg. In such a case, the fluctuations of the Lagrangian are unambiguous up to
quadratic order.

The form of the tachyon potential that we will use for the derivation of the spectra is

Vi TTT) = Vig(A)e @NTTT (2.8)

This is the string theory tachyon potential where the constants have been allowed to depend
on the dilaton A. For the vacuum solutions (with flavor independent quark mass) we will
have T' = 7(r)ly, where 7(r) is real, so that

V(A T) = Vyg(A)e ®V™. (2.9)

The coupling functions k(A, T') and w(A, T) are allowed in general to depend on T, through
such combinations that the expressions (2.5) transform covariantly under flavor symmetry.
In this paper, we will take them to be eventually independent of T, emulating the known
string theory results.

We discuss how the A-dependent functions Vig(A), a(M), x(A), and w(A) should be

chosen in section 4.

2.3 The CP-odd sector and the closed string axion

Here we follow [78] in order to discuss the coupling of the closed string axion to the phase
of the bifundamental tachyon, dual to the quark mass operator and the axial U(1)4 gauge
boson. This discussion adapted to 5d holographic QCD is as follows.

We start with a three-form RR axion C),,,, with field strength, Hy = dC3 and

M3 |H4|2
a — Pclose open closed = — 5 d5 5 Hy=d 2.1
S, losed + Sop Sclosed 2/ CC\/ZIZ()\) 4 =dCj (2.10)
and
Sopen=i/C3/\ QQIi/Cg/\ dSdy
Q1 =i Nf[2Va(\, T) A — 0dV,(\ T)] |
AL —AR
Ay = == (2.11)

Here 6 is the overall phase of the tachyon, T = 7€ Iy ;- In flat-space tachyon condensation
Vo (A, T) is independent of the dilaton, and is the same as the potential that appears in the
tachyon DBI, [78]. In our case it may be different in principle. However, it must have the
same basic properties; in particular it becomes a field-independent constant (related to the
anomaly) at 7" = 0, and vanishes exponentially at 7' = co. We may dualize the three-form
to a pseudo-scalar axion field a by solving the equations of motion as

H,
Z

=" (da+1iQ) . (2.12)
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Therefore, the dual action takes the form

S, = M32N02 /d% VI Z(\) [da — x 2V, (A, T) A — 0dV,(\, T))]? (2.13)

in terms of the QCD axion a = a/N..
This is normalized so that a is dual to /N, with 6 being the standard #-angle of QCD.
The coupling to the axial vector, A, reflects the axial anomaly in QCD

Ay, — A, +0,e , 0=20—-2 , a—a+2xVe (2.14)

with Vo (A\,T" = 0) = 1, which gives the correct U(1)4 anomaly. This normalization is
correct when A, is normalized so that the two-point function of the dual current

N
(JoJ3) ~ NN with J) = dhigPyat.
i=1

From the coupling between source and operator, Zij Jﬁj A" with thj = W’yf"yuwj we
obtain the parametrization Al = A, 0;5 + traceless.

The terms above mix the axion both with 6 and the longitudinal part of A,. As we
will see, for A, and ¢ there are other terms coming from the DBI action. In the 't Hooft
limit,  ~ 1/N, and the flavor corrections are subleading, whereas in the Veneziano limit
x ~ O(1), and the corrections are important.

The natural form for the function V, is to keep the tachyon exponential without the
Vos(A) term, ie., Vo(A,7) = exp [—a(A)72]. We will work out the fluctuation problem
however for general V(\, 7).

Since we have A4, = 0 in the background, we must first solve the O(N?2) action S, + S
to determine g,,, A, and 7. In the quenched limit, the calculation we have done is enough
to leading order in 1/N,. In the Veneziano limit the full second order fluctuation system
must be derived.

2.4 The relation to string theory models

We would like here to compare the class of models we are studying in this paper to expec-
tations from string theory and QCD.

The main ingredients associated with the pure glue part of the model has been studied
extensively and motivated from string theory. These discussions can be found in the original
papers, [66-69]. It should be noted that the important region for such models is in the
IR. Although a gravity description is not expected in the UV (due to the weak coupling),
the approach taken in [66-69] and here is that of matching the gravitational theory to
reproduce perturbative S-functions in the UV. This guarantees the correct UV boundary
conditions for the (more interesting) IR theory.

In the flavor sector, the main ingredient is the Sen-like action for open string tachyons
of unstable branes and brane-antibrane pairs in flat space, [79]. Although this action has
not been tested in all possible contexts it has passed a lot of non-trivial tests in the past.
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However, it is not immediately obvious how the action should be written down in
the case of a curved background and a running dilaton that is relevant here. There are
nevertheless some simplifications:

e All YM-like geometries in the IR that have been studied in the past, [66-69], are
nearly flat in the string frame. This is non-trivial and we have no deep understanding
of this fact. There are hints though: the asymptotic potentials in the Einstein frame

V(M) ~ A3 log® A (2.15)

become f/n()\) ~ log% A in the string frame. The case n = 0 corresponds to the non-
critical string dilaton potential that is constant in the string frame. It gives rise to
the well-known linear dilaton solution where the dilaton runs but the string metric
remains flat. The solutions for positive n are similar. The metric is almost flat and
the dilaton runs as the (n + 1) power of the radial coordinate. n = 1 is the case
relevant for QCD, as it is the only one that gives linear asymptotic trajectories for
glueballs, and the appropriate temperature scaling of the free energy just above the
phase transition.

e Given this, it is a natural choice to use an adiabatic Ansatz for the flavor action: to
make all constants in the Sen action dilaton dependent. This is precisely what we do.

e Very little is known about the non-abelian tachyon action. This however is not
limiting our analysis provided (a) we do not break the vector SU(Ny) symmetry,
and (b) we are studying effects up to second order in the fluctuations. If the vector
symmetry is not broken by the quark masses, the vacuum expectation value for the
tachyon is proportional to the unit matrix, and therefore non-abelian subtleties are
absent. Similarly, up to quadratic order in fluctuations, the non-abelian subtleties
do not arise if we use for example a symmetric prescription.

e The Sen’s action, like any other DBI-like action, has its limitations; it does not in-
clude “acceleration corrections” (terms ~ |D?T|?). These are well defined in the
abelian (flavor) case, but apply also to the non-abelian case relevant for our pur-
poses. It is therefore important to check that these corrections are not important for
our solutions.

Indeed an analysis directly in the string frame of all tachyon solutions for all potentials
used here, shows they have “small accelerations” in the IR regime. This might not
be so in the middle of the geometry. However that regime is not important for the
physics. The only exception to the above is the “walking regime”, for x smaller and
close to x.; yet we have checked that for that case too, the accelerations remain small.

e Unlike the 't Hooft limit, where the loops of singlet bulk fields are suppressed by
extra powers of N, in the Veneziano limit, there is no such suppression for the non-
singlet flavor fields. Therefore, we would have to think of our bottom-up action as the
Wilsonian effective action that includes the effects of integrating out massive modes.
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In the QCD phase, it therefore does not contain the contributions of the pions which
are the only massless states. Although some contributions may be relevant in some
cases, we do not expect them to modify substantially neither the vacuum structure,
nor the finite temperature and density structure. This however needs further analysis.

In the conformal window all modes are gapless. However, we do not expect instabil-
ities of the Wilsonian action beyond the one specified by the only relevant operator
(quark mass).

The only subtle region is the one near the conformal transition. In that region
qualitative changes may happen because of the quantum effects. This issue requires
further analysis but we will not pursue it in this paper.

Within the framework set by the general principles above, we have analyzed many
different types of IR actions (especially their dependence on the dilaton). We have
mapped their IR landscape onto important phenomenological properties of the theory.
This has been analyzed in section 4.2 and appendices D, E and G.

The remarkable conclusion is that, like the glue part of the theory, the dilaton func-
tions, apart from logarithmic corrections, should have in the IR the same values as
in standard non-critical string theory around flat space. For the dilaton functions
K(A),w(A), Vro(A) and a(X), defined in (2.5) and (2.9) we obtain from (1.6) (and
dropping the logarithms)

KO\) ~ A5 a(\) ~ A0,
w\) ~ A3, Vio(A) ~ A3 (A — 00). (2.16)
and after transforming to the string frame they become

r(A) ~ A0, a(\) ~ X,
w(\) ~ A%, Vio(A) ~ A7H, (A — 00), (2.17)

in agreement with tree level string theory results.

It should be also mentioned that the parameter least sensitive to phenomenological
constraints is the power v, of Vio(A) ~ A’. Indeed our potentials I, which were
constructed such that all constraints from QCD are satisfied at qualitative level,
implement the choice of (2.16) except for the value of v, (see subsection 4.5). We
chose a polynomial Vo and therefore v, = 2 for simplicity, but modifying the power
to 7/3 would not result in any qualitative changes.

Another issue is the justification of the use of the DBI form of the tachyon action
even after integrating out non-singlet degrees of freedom. This issue turns out to not
be important in the intermediate regions of the geometry, as the results depend very
little on this region.

The only regime where this issue is of importance is when the kinetic term of the
tachyon, |DT|?, diverges. This is happening only in the IR part of the geometry, if
the tachyon condenses and if a(\) is constant (as is the case for potentials I).
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We have analyzed various asymptotic powers in the actions different from the square
root characteristic of DBI by parametrizing the tachyon action as as V(T', \)(det(g +
DTDT™))® with b # 1/2. This is discussed in appendix D.2.3. We have found that
b=1/2is a “critical value” for the exponent where many cancelations are operative
in the equations of motion. For b < 1/2 there are no regular solutions to the equations
of motion, whereas for b > 1/2 the diverging tachyon solutions are powerlike rather
than exponential. Meson trajectories in this case cannot be linear.

These are indirect but convincing arguments for the use of tachyon DBI action, but
a first principles derivation in string theory is however desirable.

To conclude this section, V-QCD is a toy model for real QCD but it seems to have
many features that suggest it belongs to the correct universality class.

2.5 The background solutions

We will discuss some general features of the background solutions of the V-QCD models.
We restrict first to the standard case, which has a phase diagram similar to what is usually
expected to arise in QCD. In section 4 we shall discuss which V-QCD models fall in
this category.

To find the background, we consider r-dependent Ansétze for A\, and A. Assuming
that the quark mass is flavor independent, we further take 7' = 7(r)ly,, set all other fields
to zero, and look for solutions to the equations of motion. The models are expected to
have two types of (zero temperature) vacuum solutions [4]:

1. Backgrounds with nontrivial A(r), A(r) and with zero tachyon 7(r) = 0. These
solutions have zero quark mass and intact chiral symmetry.

2. Backgrounds with nontrivial A(r), A(r) and 7(r). These solution have broken chiral
symmetry. As usual, the quark mass and the chiral condensate are identified as the
coefficients of the normalizable and non-normalizable tachyon modes in the UV (see
appendix D).

In the first case, the equations of motion can be integrated analytically into a single first
order equation, which can easily be solved numerically. In the second case, we need to
solve a set of coupled differential equations numerically. At the UV boundary and at the
IR singularity, analytic expansions can be found (see appendix D).

We constrain the ratio @ = N¢/N. to the range 0 < x < 11/2 where the upper bound
was normalized to the Banks-Zaks (BZ) value in QCD, where the leading coefficient of the
[J-function turns positive. The standard phase diagram at zero quark mass has two phases
separated by a phase transition at some x = z. within this range.

e When 2. < x < 11/2, chiral symmetry is intact. The dominant vacuum solution is
of the first type with the tachyon vanishing identically.

e When 0 < x < x,, chiral symmetry is broken. The dominant vacuum therefore has
nonzero tachyon even though the quark mass is zero.

,16,



Interestingly, the phase transition at = x. (which is only present at zero quark mass)
involves BKT [5] or Miransky [6] scaling. The order parameter for the transition, the chiral
condensate o ~ (gq) vanishes exponentially,

o~ ex —72[% (2.18)
P\ VEe—e |

as z — z. from below. Here the constant K is positive. When = > ., o is identically zero

as chiral symmetry is intact. The Miransky scaling is linked to the *

‘walking” behavior of
the coupling constant: the field A\(r) takes an approximately constant value A, for a wide
range of r, and the length of this region obeys the same scaling as (the square root of)
the condensate in (2.18). The walking behavior is connected to the IR fixed point which
is found for x > x.: then \(r) — A, as r — oo, and the geometry becomes asymptotically
AdS also in the IR.

The Miransky scaling can also be discussed in terms of the energy scales of the theory.
We may define the UV and IR scales, denoted by Ayy = A and Ajg = 1/R (see appendix D
for details). When = < z. and z. — z is not small, the V-QCD models involve only one
scale, reflecting the behavior of ordinary QCD. We therefore have Ajg /Ayy = O (1). When

T — x., the two scales become distinct, and their ratio obeys Miransky scaling:

1}\[;;{/ ~ exp (%) . (2.19)
The scale Ayy continues to be the one where the coupling constant A becomes small even
as r — x.. The coupling walks for Aﬁ\lf Lr <k AI_Rl, and starts to diverge at r ~ AI_Rl. In
terms of the two scales, the chiral condensate behaves as o ~ Ayy(Ajr)?. The result (2.18)
is therefore understood to hold when o is measured in the units of Ayy.

We recall how the constant K can be evaluated (see section 10 of [4] for details). Let
mir be the bulk mass of the tachyon 7 and /g the AdS radius, both evaluated at the IR
fixed point. We then have

K= t . (2.20)
\/ % (mIQRg%R)g;:xc

The models may also have subdominant vacua. Including the solutions with finite

quark mass, the generic structure is as follows.
e When z. <z < 11/2, only one vacuum exists, even at finite quark mass.

e When 0 < x < z. and the quark mass is zero, there is an infinite tower of (unstable)
Efimov vacua in addition to the standard, dominant solution.?

e When 0 < x < z, and the quark mass is nonzero, there is an even number (possibly
zero) of Efimov vacua. The number of vacua increases with decreasing quark mass
for fixed z.

3We are assuming here for simplicity that the IR effective potential of (4.1) has an extremum, corre-
sponding to an IR fixed point, for all positive values of z, and the Breitenlohner-Freedman bound is violated
at the fixed point all the way down to x = 0 (see the discussion in subsection 4.3).
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The infinite tower of Efimov vacua, which appears at zero quark mass, admits a natural
enumeration n = 1,2,3,... (where n is the number of tachyon nodes of the background
solution). A generic feature of these backgrounds is, that they “walk” more than the
dominant, standard vacuum, so that the scales Ayy and Ajg become well separated for all
0 < ¢ < x, when n is large enough. It is possible to show that

Avv exp (W;) , (n — o0), (2.21)

for any 0 < x < x.. Here k can also be computed analytically (see appendix F in [4]). On
the other hand, as x — x,. we find that

Auv K(n + 1)
A~ exp (FC — ) (2.22)

for any value of n. In particular, n = 0 corresponds to the standard solution of (2.19). We
also found a similar scaling result for the free energies of the solutions as * — x. in [4],
therefore proving that the Efimov vacua are indeed subdominant, and verified this numeri-
cally for all 0 < x < x.. In this article we shall show in section 5 that the Efimov vacua are
perturbatively unstable (again analytically as  — z., and numerically for all 0 < z < z.).

3 Quadratic fluctuations

In order to compute the spectrum of mesons and glueballs we need to study the fluctuations
of all the fields of V-QCD. In the glue sector, the relevant fields are the metric g,,, the
dilaton ¢ and the QCD axion a. Their normalizable fluctuations correspond to glueballs
with JP¢ = 0t*, 0=F, 2FF, where J stands for the spin and P and C for the field
properties under parity and charge conjugation respectively. In the meson sector, one has
the tachyon 7', and the gauge fields Aﬁ/ R; their normalizable fluctuations corresponding
to mesons with J©¢ = 1++, 1-— ot+, 0=+,

The fluctuations fall into two classes according to their transformation properties under
the flavor group: flavor non-singlet modes (expanded in terms of the generators of SU(Ny))
and flavor singlet modes. The glue sector contains only flavor singlet modes, whereas each
fluctuation in the meson sector can be divided into flavor singlet and non-singlet terms.
Those (flavor singlet) modes which are present in both sectors will mix. Since we are in
the Veneziano limit, the mixing takes place at leading order in 1/N,.: the 07" glueball
mixes with the 0T flavor singlet o-meson, and the pseudoscalar 0~ flavor singlet meson
mixes with the 0~ glueball due to the axial anomaly (realized by the CP-odd sector). All
classes, with various JP¢ and transformation properties under the U(N #) group, contain
an infinite discrete tower of excited states once we are below the conformal window.

To compute the masses of the different glueballs and mesons we expand the action
up to quadratic order in the fluctuations and separate the fluctuations into the different
decoupled sectors described above. We postpone the technical details of this analysis to
appendix A and in the rest of this section present the basic structure of each sector.
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We start by defining the vector and axial vector combinations of the gauge fields:

_ AR+ AR AM:M

Vi 2 ’ 2

(3.1)

They will appear both in the singlet and non-singlet flavor sectors that we describe in the
following. We also write the complex tachyon field as

T(zH,r) = [r(r) + s(z¥,r) + s (", r) t?] exp [i0 (", r) + i 7%z, r) t?] , (3.2)

where t* are the generators of SU(Ny), 7 is the background solution, s (6) is the scalar
(pseudoscalar) flavor singlet fluctuation, and s (7%) are the scalar (pseudoscalar) flavor
non-singlet fluctuations.

3.1 The flavor non-singlet sector

The class of flavor non-singlet fluctuations involves the SU(Ny) part of the vector, axial
vector, pseudoscalar and scalar mesons. The relative fields are split as

(3.3)

where the superscript F' denotes that we are only considering the traceless terms of the
fluctuations V), and A,. The gauge V., = A, = 0 is chosen and V; and Aj, are transverse,
oMV = oMAY = 0. In addition, s* and 7% are the fluctuations of the tachyon modulus and
phase, respectively, as defined in (3.2).

The fluctuation equations are derived in appendix A.l. The result for the vector and
the transverse axial vector wave functions reads

1 2 A1 2 _
Vv wenrzeagt Vi n% et GTRov) +my gy =0,

3.4)
0 (Vi) w72 eAG 1 0pa)  r2e24 , (
—4 A =
Vi(\, T)w(\,7)2eA G w(A, )2 ATy Vst mapa =0,
where we introduced a shorthand notation for
G(r) = \/1+ e 240\, 7)(0,7(r))?, (3.5)

and the various potentials were defined in sections 2.1 and 2.2. Notice that the two equa-
tions differ by a mass term which comes from the coupling of the axial vectors to the
tachyon. This term implements the effect of chiral symmetry breaking, sourcing the differ-
ences between the spectra of vector and axial vector mesons.

The fluctuation equations for the non-singlet pseudoscalars and scalars are given in
egs. (A.26) and (A.35), respectively, in appendix A.1. The pseudoscalar fluctuations also
contain the pions which become massless as the quark mass tends to zero, and obey the
Gell-Mann-Oakes-Renner relation for small but finite quark mass.
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3.2 The flavor singlet sector

We first consider the pseudoscalar fluctuations which give rise to the 0~ glueballs and the
n’ mesons. The flavor singlet pseudoscalar degrees of freedom correspond to gauge invariant
combinations of the longitudinal part of the flavor singlet axial vector fluctuation Aﬂs, the
pseudoscalar phase of the tachyon 6 and the axion field a. These fields are decomposed as

AlS(a#,r) = —pr(r) 9u(T (")) ,

Ozt 1) = 209 (r) T (2*),
a(zh,r) = 2pa (r) T (). (3.6)

8]

The gauge invariant combinations of the above fields are

P(r) = ¢a(r) — ¢L(r),
Q1) = Pax(r) + 2 Va(A, 7) pL(r), (3.7)

which correspond to the pseudoscalar glueball (0~") and 7’ meson towers. These combi-
nations satisfy the coupled equations (A.91), (A.92), reflecting the expected mixing of the
glueballs with the mesons.

The scalar fluctuations should realize the 07+ glueball and the flavor singlet o meson.
The contributing fields come from the expansion of the tachyon modulus (s), of the dilaton
(x) and the metric. The only scalar metric fluctuation which remains after eliminating
the nondynamical degrees of freedom is 1, which appears as the coefficient of the flat
Minkowski metric n** (see (A.1) and (A.67) in appendix A). The combinations

! !/

A
(=v-FX, E=v-Ts (3.8)

are invariant under bulk diffeomorphisms (see section A.3.3) and correspond to scalar
glueballs and mesons which mix at finite x, see (A.100), (A.101). As was first pointed out
in [66-69] they correspond to RG invariant operators in the dual theory.

For the flavor singlet spin-one states there are no glueballs and hence no mixing. The
singlet vectors have the same spectrum as the non-singlet ones. The fluctuation equation for
the singlet axial vector fluctuations differs from the one for the non-singlet axials in (3.4) by
a positive mass term, coming from the CP-odd part of the action, see eq. (A.81). Therefore,
the singlet axial vector states have generically higher masses than the non-singlet ones.

Finally, the singlet sector includes a traceless rank-2 tensor fluctuation, which satis-
fies the scalar Laplacian equation, (A.108), in the 5-dimensional background (2.3). This
fluctuation generates the tower of 271 glueballs.

4 Constraining the action

Agreement with the dynamics of QCD sets various requirements on the potential func-
tions (Vy(A), V¥(A,T), (N, T), w(A,T)) of V-QCD. In particular, both the UV and IR
asymptotics of these functions need to fulfill constraints, which have been analyzed in part
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in [4, 66-69, 89]. In this article, we perform a more detailed analysis of the IR structure
than was done before. In addition, we study the constraints arising from the meson spec-
tra. These constraints also apply to the function w(A,T), which has not been discussed
in earlier work. We will first discuss generic features of the potentials, list the detailed
constraints and give some examples below.

The asymptotics of the dilaton potential Vi (), which governs the glue dynamics, has
been analyzed in detail in [66-69]. An overall fit to Yang-Mills data was done in [72].

There are other undetermined functions in the flavor action which can also depend on
the tachyon field T. When the quark mass is flavor independent, the background solution
is of the form 7" = 7(r)ly,. Evaluated on the background, the potentials (Vy(A, 7), (A, 7),
w(A, 7)) must satisfy the following generic requirements [4]:

(a) There should be two extrema in the potential for 7: an unstable maximum at 7 = 0
with chiral symmetry intact and a minimum at 7 = oo with chiral symmetry broken.

(b) The full dilaton potential at 7 = 0, namely Veg(A) = V4(A) — 2Vp(A\, 7 = 0), must
have a nontrivial IR extremum at A = A\.(x) that moves from A\, =0 at z = 11/2 to
large values as x is lowered.

In [4, 89], the flavor potential was parametrized as Vi (A, 7) = Vio(A) exp(—a(A)72) in order
to satisfy the first requirement (a). This is apparently the simplest Ansatz which works,
is motivated by string theory and we will restrict to this form here. More general Ansétze
could also be considered, for example quartic terms in the tachyon [116]. In V-QCD it is,
however, more essential to include the A-dependence in Vyo(A) (and possibly in a())), as
discussed in subsection 2.4. This is also natural in order to reproduce the “running” of the
coupling (and the quark mass) of QCD, (see [4], and the next subsection).

The second requirement (b) is necessary in order for the phase diagram to have the
desired structure as x = Ny/N, is varied. Assuming the parametrization discussed above,
Vi(A\, ) = Vio(A) exp(—a(N)7?), the existence of the extremum of

Ver(A) = Vo(A) = 2Vi (A, 7 = 0) = Vy(A) — 2Vjo(A) (4.1)

is guaranteed in the BZ region (x — (11/2)7) if the A-dependence of V() and Vyo(A) is
matched with the S-function of QCD. On the field theory side the extremum is mapped
to a (perturbative) IR fixed point. For generic values of = the existence of the fixed point
is nontrivial, and its existence needs to be studied case by case as the phase diagram may
be affected.

The simplest Ansatz for the remaining functions x and w of the flavor action is to take
them to be functions of A only: k = k(\) and w = w(A). Again the A-dependence of w is
necessary to reproduce the running of the quark mass in QCD. As both functions appear
as couplings under the square root in the DBI action, it is natural to expect that they have
qualitatively similar functional form.

The CP-odd action S, contains two additional functions Z(\) and V, (A, 7). The form
of Z(\) can be constrained by studying Yang-Mills theory. Z(\) should go to constant in
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the UV (A — 0) and diverge as ~ A* in the IR (A — o0) [66-69]. Further constraints have
been discussed recently in [117]. The standard Ansatz is therefore

Z(\) = Zo(1 + ca)?), (4.2)

where the constant Zy can be matched to the topological susceptibility of Yang-Mills, and
¢, can be fitted to the spectrum of glueballs (see [72] for details). Notice that the value of
¢q also depends on the choice for V.

4.1 UV structure

The UV properties of most of the functions have been discussed in detail in [4, 89]. We
repeat here the main points for completeness. As it turns out, the functions Vy (), Vio(N),
a(A) and k() must be analytic in the UV, A — 0. Therefore we may expand them as

VoA = Vo(1 + VIA+ VX2 41, Vio(A) = Wo(1 + WiA+ Wad® +--+),  (4.3)
a(\) = ap(1 +aiA+ax\? +--+), k(A) = ko(1 4+ KIA + ko2 + -+ ). (4.4)

We first explain how the leading coefficients are fixed. The leading coefficient of the
effective potential Veg = V; — 2V} is related to the UV AdS radius of the metric ¢ by

12

Changes in ¢ can be absorbed in redefining the fields, but one physically meaningful free
parameter remains, which we shall choose to be Wy. Below we will fix Vj = 12 such
that ¢(z = 0) = 1. As ¢? is positive, Wy is then constrained by 0 < Wy < 12/x [4], so
that the largest possible constant value is 24/11 (which is the upper limit at the BZ point
x = 11/2). One can also choose an = dependent Wy such that the thermodynamic functions
automatically take the Stefan-Boltzmann form at large temperatures (see [89]).

Requiring the UV dimensions of the quark mass and the chiral condensate to be correct
further sets o2

Ko
w3 (4.6)

The remaining free parameter (the normalization of a and k) can be eliminated by rescaling
the tachyon field. Therefore we can choose, e.g., kg = 1 without qualitatively affecting
the background.

We now discuss how the UV expansions can be related to perturbative QCD. First,
we can use the identification of the field A(r) as the 't Hooft coupling in QCD, and A(r)
as the logarithm of the energy scale, and require that \'(r)/A’(r) agrees with the QCD -
function perturbatively at small A(r). The higher order coefficients Vi, Va, ... of the dilaton
potential Vj, are then mapped to the coefficients of the perturbative S-function of Yang-
Mills theory [66—69]. Further, the coefficients W7, W, ... of the flavor potential are fixed
in terms of the coefficients of the QCD [-function in the Veneziano limit. Actually, it is
convenient to use the coefficients of the effective potential Vog = V;—2 V5 (see appendix D).

Second, we can require that the energy dependence of the (common) quark mass agrees
with perturbative QCD at small A for the background solutions with a finite quark mass.
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The running quark mass can be identified as the coefficient of the linear term o< r of the
tachyon UV asymptotics (see appendix D). This results in a relation between the coefficients
ai,as ..., K1,kK2,... in (4.3) and the perturbative anomalous dimension of the quark mass
in QCD. More precisely, the higher order coefficients of the ratio a(\)/k(\) are in one-
to-one correspondence with the coefficients of the anomalous dimension. Therefore, the
expansions of a and x also contain a set of coefficients which are not fixed by the matching.
In practice, we require that the UV expansions of the potentials agree with the two-loop
QCD [-function and the one-loop anomalous dimension, which are scheme independent.
In addition to the potentials in (4.3), the fluctuations of V-QCD depend on the function
w(A), i.e., the coupling of the bulk gauge fields. We expect that it has a similar UV

expansion as the other potentials:
w(N\) = wo(1 +wi X+ wad? 4 --). (4.7)

By analyzing the UV behavior of the two-point correlators, we show in appendix C that
the leading coefficient in this expansion is related to kg in (4.3) via
€4I<50 3

—_— = —. 4.8
2= (4.8)

4.2 IR structure

The asymptotic IR structure of V-QCD is rather involved, and has been discussed in [4, 66—
69, 89]. Here we refine this analysis. Most of the constraints arise from the background
solution with nonzero tachyon profile, which corresponds to a phase with chiral symmetry
breaking on the field theory side. The key requirement, which is necessary in order to
reproduce QCD like physics in the IR, is that the tachyon potential V(A7) vanishes fast
enough in the IR [78]. Therefore, the flavor dynamics decouples asymptotically from the
glue. Therefore, we may proceed in two steps:

e We first solve the asymptotics of A(r) and A(r) from the glue action Sj,.

e Inserting the results for A(r) and A(r), we solve the asymptotics of 7(r) from the
flavor action Sf.

In the first step the solutions are determined by the asymptotics of the dilaton potential

V, only, and the requirements are the same as for IHQCD [66-69]. We need to ensure that

the IR singularity is of the “good” kind, i.e., fully repulsive? [118]. In addition, requiring

the glueball spectra to be linear, and the theory to be confining fixes the asymptotics
of V, to

Vy(A) ~ MB3log V2, (A= 0). (4.9)

In the second step, the tachyon solution depends on the asymptotics of the various
potentials of the flavor action. We need to require that the tachyon potential Vi(A,7)
indeed vanishes in the IR, and the IR singularity remains “good”, i.e., repulsive. We

“Here “repulsive” means that all perturbations around the acceptable background solution, which keep
the quark mass fixed, grow rapidly toward the IR.
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as

—-1F Sz

Figure 1. Map of the acceptable IR asymptotics of the functions x(\) and a()). Left: qualitatively
different regions of tachyon asymptotics as a function of the parameters x, and a, characterizing
the power-law asymptotics of the functions. Right: regions of tachyon asymptotics at the critical
point x, = 4/3, a, = 0 as a function of the parameters x, and a, characterizing the logarithmic
corrections to the functions. In each plot, the shaded regions have acceptable IR behavior, and the
thick blue lines denote changes in the qualitative IR behavior of the tachyon background. On the
solid blue lines good asymptotics can be found, whereas on the dashed lines such asymptotics is
absent. The thin dashed green line shows the critical behavior where the BF bound is saturated
as © — 0. Potentials above this line are guaranteed to have broken chiral symmetry at small x.
Finally, on the red dashed lines the asymptotic meson mass trajectories are linear with subleading
logarithmic corrections. The red circle shows the single choice of parameters where the logarithmic
corrections are absent.

will call backgrounds which satisfy these criteria “acceptable”.® The background is most
sensitive to the asymptotics of x(A) and a(\), but also the asymptotics of Vy affects the
analysis. Because the gauge fields are zero in the background, their coupling w(\) does
not appear here, but it will be constrained by the spectra as we shall discuss below in
subsection 4.4. We parametrize

K(A) ~ A7 (log N) "¢, a(X) ~ X% (log \)*
w(A) ~ A7 (log \) ™", Vio(A) ~ A7, (A — 00). (4.10)

The dependence of the asymptotics on &y, ap, and v, was analyzed in [4], but it turns out
that the logarithmic corrections to x(\) and a(\) may also be important, in analogy with
the logarithmic corrections to the asymptotics of V.

We have analyzed all the asymptotics having the form (4.10) (see appendix D.2.2 for
details). The main results are presented in figure 1. For the dependence on the exponents
kp and a,, figure 1 (left), is as in [4]. Acceptable solutions (shaded regions in the plot) are
found for a, > 0, while for a,, < 0 either solutions with good IR singularities do not exist, or
such solution do exist but the tachyon potential does not vanish in the IR. We can identify
critical values a, = 0 and k, = 4/3, where the tachyon asymptotics of the acceptable
solutions change qualitatively. Notice that these values match with those motivated by

SNotice that the “acceptable” backgrounds will be further constrained by the asymptotics of the spectra
as discussed in section 4.4.

— 24 —



string theory, see subsection 2.4 above. In many cases there is also an upper bound for vy,
see appendix D.2.2.

When a,, and/or k), take their critical values, the logarithmic corrections, characterized
by the exponents a, and ky, are also important. In particular, the critical point a, = 0,
kp = 4/3 includes various qualitatively different cases depending on the values of a; and
k¢. The main features are shown in figure 1 (right). Again in the shaded regions acceptable
solutions can be found. Moreover, the solid blue lines also have acceptable solutions, while
the dashed lines do not.

In summary, the acceptable solutions are those shown by the shaded regions and solid
blue lines in figure 1.6

4.3 The IR fixed point and the BF bound

We already pointed out above that the effective potential
Vet (A) = Vg(A) — 2Viyo(A) (4.11)

should admit an extremum A, (x) which tends to zero as  — 11/2 from below, and moves
to larger values of the coupling when z is decreased. On the field theory side, A\.(x) marks
the position of a nontrivial IR fixed point (unless the fixed point is screened by the tachyon).
The extremum of the effective potential might exist all the way to = 0 or only above
some critical value x = x,. Its existence near x = 11/2 (the BZ region) is guaranteed by
the matching of the effective potential with the perturbative QCD S-function.

It is essential to study when the tachyon mass at the IR fixed point satisfies the
Breitenlohner-Freedman (BF) bound,

— mipliy < 4 (4.12)

where /1R is the IR AdS radius. It is not difficult to understand why this is important. For
x close to 11/2 (and for zero quark mass) the dominant background has no chiral symmetry
breaking, and the tachyon vanishes identically. The holographic RG flow runs from the UV
fixed point at A = 0 to the IR fixed point at A = A\, (z). As z is decreased, if the BF bound
is violated at the IR fixed point, the background becomes unstable against fluctuations of
the tachyon in the IR. Then the dominant background solution has nonzero tachyon and
therefore also chiral symmetry is broken. Therefore, there is a phase transition at the value
x = x, where the BF bound is saturated, [7]. If the BF bound cannot be saturated at the
fixed point, the model is likely not to have chiral symmetry breaking at all. When the
UV expansions of the potentials are fixed in terms of the two-loop QCD f-function and
one-loop anomalous dimension of the quark mass, a critical value x. ~ 4 exists, unless the
potentials are modified by large higher order terms [4].

The existence of the fixed point can also be linked to the asymptotics of the potentials.
Recall that the glue potential had the asymptotics Vi (A) ~ /3, /log \. Matching with

®The case a, = 0 and k, # 4/3 was not included in the plots. For these parameter values the result
depends on a¢ as follows. For k, > 4/3, acceptable solutions exist when a, > 0. For x, < 4/3, acceptable
solutions exist when a; > 1.

— 25 —



Chirally symmetric

Chirally symmetric

Chirally broken Chirally broken

Figure 2. A qualitative sketch of the different small-z behaviors of the phase diagram on the (x, T')-
plane. Left: the “standard” case, where the low temperature chirally broken phase exists down to
x = 0. Right: the “exceptional” case, where the theory is chirally symmetric at all temperatures
when z lies below certain critical value. The latter case is only possible if the BF bound is satisfied
at the IR fixed point at low x.

UV behavior of QCD requires that Veg(A) increases with A for small X\. Therefore, taking
Vio(A) ~ A%,

e When v, > 4/3, the effective potential has at least one extremum (and in general an
odd number of extrema) for all 0 < x < 11/2. For low enough z, there is a single
extremum which tends to co as z — 0.

e When v, < 4/3 the effective potential has an even number extrema, or no extrema
at all. When z is decreased down from z = 11/2, the perturbative BZ fixed point
disappears at some x = x, by joining another fixed point.

In the critical case v, = 4/3, there are three possibilities, depending on higher order terms:
the behavior can be as in either of the two above cases, or the fixed point disappears by
running to A = oo at a finite z = =, [89].

All potentials which we study here belong to the class with v, > 4/3. In this case, it
is possible to calculate the tachyon mass from the asymptotics of the potentials as z — 0
(and therefore A\, — 00) [89]. A straightforward calculation yields

24a(\y)
2 42
— i = ————. 4.1
MIRLIR Ii()\*)%ﬂ()\*) ( 3)
Therefore,

— mZ 2y~ NPT (Jog A )t l2 (5 00), (4.14)

where we used the fact that Veg(A) ~ V5 (Ai). It was observed in [89] that potentials for
which the tachyon mass tends to zero as * — 0 may have an exceptional phase diagram,
where chiral symmetry is preserved at small . In figure 2 (right) we show a sketch of the
phase diagram on the (x,T)-plane for such a case.” The standard behavior (i.e., chiral

"There might also be additional finite structure in addition to the main features shown in figure 2. These
have been discussed in detail in [89].
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symmetry breaking) at small = is guaranteed, if we require that the tachyon mass diverges
as © — 0. Then the phase diagram is qualitatively similar to that shown on figure 2 (left).
The tachyon mass diverges if a, + £, > 4/3, or possibly if a), + k, = 4/3, in which case we
also need to require ay + k¢ > 1/2. The edge of this region is marked as the thin dashed
green line in figure 1.

4.4 Constraints from the meson spectra

The asymptotic behavior of the meson masses at large excitation number depends strongly
on the IR asymptotics of the tachyon. It therefore allows to further narrow down the
choices for physically relevant functions, and, in particular, also set constraints on the IR
behavior of w(A). The asymptotics has been analyzed in detail in appendix E. The generic
findings are as follows:

e The asymptotics of each tower has the generic form

m2 ~ nf (logn)?, (n — 00). (4.15)
e In the flavor non-singlet sectors there are two possibilities for all potentials classified
as acceptable above, depending on the asymptotics of w(\):

1. All the towers (vectors, axials, scalars and pseudoscalars) have the same asymp-
totic behavior (including the slope, i.e., the proportionality constant in (4.15)).

2. The vector and scalar towers have different asymptotics from the axial and
pseudoscalar towers. In several cases, the only difference is the slope.

e In the flavor singlet towers (scalars and pseudoscalars) the glueball and meson (gq)
excitations decouple at large n. The asymptotics for the meson asymptotics are
exactly the same for the flavor non-singlet mesons with the same parity. All glueball
towers (including the spin-two glueballs) have linear asymptotics m2 ~ n with the
same slope. This is because the glueball asymptotics only depends on the potentials
Vy(A) and Z(X) which were fixed as in IHQCD.

We have also computed the asymptotics of the vector and axial vector decay constants in
appendix F.1.

We require that all the meson towers have the same asymptotics. This happens for all
potential choices, unless w(\) vanishes too fast in the IR. The rule of thumb is that w(\)
should vanish slower than «()) in the IR, i.e., the ratio x(\)/w(A) should vanish in the IR
(see appendix E for details):

—0, (A= 00). (4.16)

When this is the case the leading meson asymptotics depend on the choice of a(\) as
follows (dropping logarithmic corrections and only including potentials which produce an
acceptable background in the IR):
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e When a, of (4.10) is positive, we find that m2 ~ n?.

e When a, = 0 but a, > 0, we find that m2 ~nt with1 < P < 2.
e When a()) is constant (such that a, = 0 = ay), we find that m?2 ~ n.

There is a single exception to the above rules: taking the critical choice k, = 4/3 and
ap, = 0, and with ay = 1 and x = —3/2 (which is a meeting point of lines in figure 1

2
n

(right)), the background is acceptable and the asymptotics is m: ~ nlogn.

Requiring that the leading meson trajectories are linear therefore leaves us with the
choices where a()) is constant, which are marked with the red dashed line in figure 1.8
Interestingly, further requiring that the subleading logarithmic corrections to the asymp-
totics of m2 vanish, leaves us with a single? choice of asymptotics of a(\) and x(\) marked
as the red circle in figure 1:

szg, a, =0, HgZ—%, ap=0. (4.17)
Further, all meson trajectories have the same slopes if the constraint (4.16) for w(\) is
satisfied. This choice is a slight modification of Potentials I which were studied extensively
in [4, 89] (and have instead k; = 0). In this case, there is a further requirement related to

the IR asymptotics of the tachyon, which is a power-law,
7(r) ~ 1r¢ (r — 00). (4.18)

In order for the tachyon potential V¢(A,7) to vanish in the IR, and therefore to ensure the
decoupling of the tachyon in the IR, we need that C' > 1, which can be satisfied by varying
additional parameters in the potential: see the discussion in the next subsection. Notice
that the slopes of the meson and glueball trajectories might be different even in this case.

Interestingly, the asymptotics (4.17) which has exactly linear trajectories is somewhat
analogous to the choice of Vj in (4.9): in both cases we find power laws in A inspired
by string theory, modified by logarithmic corrections, as we already discussed above in
subsection 2.4. The power 4/3 in V,(A) and in x(\) arises from the transformation from
the string frame to the Einstein frame, see egs. (2.16) and (2.17).

The only constraint from the considerations above on the coupling factor w(\) of the
gauge fields in the DBI action at intermediate (A = O (1)) and large (A — oo) values of the
coupling is given in (4.16). The choice of this potential, however, does have a strong effect on
the qualitative behavior on the spectra for low excitation numbers. It is expected to affect
strongly the masses of the vector and axial mesons which are identified with the fluctuation
modes of the bulk gauge fields. In particular, the lightest meson is usually either a vector or

81t is also possible to construct potentials with linear asymptotics with nonconstant a(\) if the require-
ment on how Vj(\, 7) vanishes in the IR is modified, see appendix E.

9There is also another special choice which has linear trajectories but requires more delicate tuning of
parameters. This choice has also the critical power law a, = 0, k, = 4/3, but now as + k¢ = —1/2 with
0 < a¢ < 1, and ag should be sufficiently close to a, = 1. This case was not listed as acceptable in figure 1
because the flavor potential V; does not vanish for generic values of a, in the range 0 < a, < 1. However
in the limit ay — 1 the background should be fine, as discussed in appendix E.
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a scalar depending on the choice of w(\). This kind of properties depend on the behavior
of the potentials at A = O(1) and r = O(1), where the solutions are not analytically
tractable, and therefore need to be analyzed numerically. The natural expectation, which
can be confirmed by numerics, is that when w(A) and () have qualitatively similar \-
dependence, then the spectra of the vector and the scalar mesons look qualitatively similar.
In practice this means that we will choose the string-motivated value for the power laws of
both coupling x(A) and w(A), i.e., kp =4/3 = wy,.

To conclude, the only choice of potentials that results in exactly linear trajectories is
given by (4.17). Further, the meson trajectories have the same slopes if w, < k, = 4/3, or
also if we have the critical power law w, = k), = 4/3 and in addition w; < Ky = —1/2.

4.5 Examples of potentials

In [4] and in [89] we discussed two classes of potentials Vi, Vo, #, and a, which we called
potentials I and potentials II. They can be defined as follows.

e Both Potentials I € I1.

\/1 + log(1 + )\%)

(1 N %0)2/3

Vy(A) = Vo |14+ ViX+ V)2

)

Vio(A) = Wo [1+ WA + Wad?] . (4.19)
e Potentials 1. 1
a(A) = ap, KA = ——= . (4.20)
(1 4 B1x)*?
e Potentials 11.
1+ ah+ 2 !
a(X) = ag 0 K(A) = (4.21)

(14_%0)4/3 ’ (1_‘_%)4/3-
Here the coefficients are fixed by matching to perturbative QCD as discussed above,
except for Wy, which remains as a free parameter. We also set £(z = 0) = 1, and choose
the parameter \g, which only affects the higher order coefficients of the UV expansions,
such that the higher order coefficients have approximately the same relative size as with
standard scheme choices in perturbative QCD. Explicitly, the coefficients satisfy

11 4619
Vo ’ i=gre V2 = 16656m1
oo 2 (11 — 2z2)W, W — 24(857 — 46x) + (4619 — 1714z + 922°) Wy
= 27m2Wo ’ 2 4665674, ’
12 — Wy 115 — 16z )
— = - = . 4.22
ap 3 5 ai 21672 ) /\0 87 ( )

As we discussed above, we consider two qualitatively different choices for Wy: either

constant Wy, which satisfies
0 < Wy<24/11, (4.23)
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or Wy fixed such that the pressure agrees with the Stefan-Boltzmann (SB) result at high
temperatures [89] (without the need to include x dependence in the normalization of the
action). The latter option gives (when ¢(x = 0) = 1)

12 1
=—|l1- ——= tefan-Bolt 4.24
Wo . [ i Z$)2/3] (Stefan-Boltzmann) , (4.24)

U(z) = {/1+ Za: (4.25)

The finite temperature phase diagram is of the exceptional type of figure 2 (right) for

so that the AdS radius is

potentials I if Wy is large or SB normalized, [89], so that there is a chirally symmetric phase
at small z, as discussed above. An acceptable value of Wy for potentials I is therefore, e.g.,
Wy = 3/11, which is relatively close to the lower limit of the range (4.23). For potentials
IT all choices produce the standard phase diagram of figure 2 (left).

Based on the earlier discussion in this section we notice that

e Potentials I were chosen such that the power behavior of k() and a(A) is the critical
one, K, = 4/3 and a, = 0. These potentials admit a regular IR solution with

¢ where C' can be computed in terms of the potentials

exponential tachyon, 7 ~ 71pe
and 79 is an integration constant (see appendix D.2.2 for details). The asymptotic

trajectories of masses in all towers are linear but have logarithmic corrections.

e Potentials II have instead k, = 4/3 and a, = 2/3. These potentials admit a regular
IR solution with 7 ~ +/Cr + 79, and the asymptotic trajectories of masses in all
towers are quadratic.

We also see that potentials I can be quite easily modified so that the asymptotic trajectories
are exactly linear and that logarithmic corrections are absent: we need to add a critical
logarithmic correction to x(A) such that k; = —1/2 and we are sitting at the red circle of

1+ (;O)Q] : (4.26)

There is however the following observation. For these potentials we find that the regular

figure 1 (right). An explicit choice is

1 1
KA) = ———— |14+ =log
(L+2n)\ D

solution has the tachyon IR asymptotics
7(r) ~ or€, (4.27)

where the coeflicient

o 27X 31/3V/D (115 — 162)%/3 (12 — 2 W)

205616 x 21/6 (4.28)

must be larger than one. For this to happen for all reasonable W and for all values of
x up to x. we need a relatively large D, e.g., D = 200. This means that the logarithmic
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modification in (4.26) sets in only at very high values of A, i.e., only close to the IR
singularity. Therefore the logarithmic correction term is expected to only cause minor
changes to observables such as the finite temperature phase diagram and low lying masses.

Finally we also need to choose the function w(\). As argued above, it should not
vanish too fast in the IR, and should have qualitatively similar A\ dependence as k(A). An
intriguing choice would be w(\) = wor()), where wo = £2v/2/+/3 due to (4.8) as we have
chosen k9 = 1. However, as detailed in appendix E, such a choice of w(\) is the critical
one which would often make the slopes of, e.g., the asymptotic vector and axial vector
trajectories to be different. If we want the slopes to be the same, w(\) should vanish
slightly slower in the IR than x(\). Therefore a reasonable choice, which would work with
potentials I and also together with ~(\) of (4.26), would be

Lt (;0)2] } | 4.29)

We have done the numerical analysis of the next two sections by using the follow-

wo

1
wA)=—2 1+ —log
(1+3511A)4/3{ b

ing choices:

e Potentials I with Wy = 3/11 and w(\) = k(\). The motivation for this choice is to
mimic (at qualitative level, without fitting any of the numerical results to QCD data)
the physics of real QCD in the Veneziano limit. We have checked that the finite tem-
perature phase diagram has the standard structure of figure 2 (left) when Wy = 3/11.
Notice that we did not implement the logarithmic corrections of (4.26) and (4.29),
but as we have argued, these factors only affect slightly the numerical results.

e Potentials II with SB normalized Wy and w(A) = 1. This choice might not model
QCD as well as the first one, but the motivation is merely to pick a background with
different IR structure in order to see how model dependent our results are.

5 Spectra: numerical results

Here we present the results of the numerical solution of the fluctuation equations for two
different classes of potentials (I and IT) as specified above in section 4.5. We compute the
spectrum of all excitation modes as a function of x and for zero quark mass. To find the
mass spectrum one has to require normalizability of the wave functions of the fluctuation
modes both in the IR and in the UV. Then, the numerical integration of the fluctuation
equations leads to discrete towers of masses corresponding to physical states.

In practice, the computation proceeds as follows. We choose a set of potentials (I or II)
and a value of x below the critical one z.. The dominant background, which has a nontrivial
tachyon profile, is then constructed [4] by shooting from the IR and matching to the IR
expansions of the various fields given in appendix D. The coefficients of the fluctuation
equations, which are discussed in section 3 and in appendix A, are then evaluated on
the background. After this the fluctuation equations are solved by shooting from the IR
and matching to the IR expansions of the IR-normalizable fluctuation modes given in
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Ratios of masses
-o- 2nd/1st vector
- 3rd/1st vector
- 2nd/1st axial vector
-4 3rd/1st axial vector
5¢ -¥- 2nd/1st scalar
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Figure 3. Non-singlet meson spectra in the potential I class (W = 3/11), with z. ~ 4.0830. Left:
the lowest nonzero masses of all four towers of mesons, as a function of z, in units of Ayvy, below the
conformal window. Right: the ratios of masses of up to the third massive states as a function of x.

appendix G. For the non-singlet sector it is easy to identify the meson masses by varying
the bound state mass and reading off the values where the solution becomes normalizable
in the UV. We have also computed the mass spectrum for the singlet scalars, which requires
analyzing two coupled fluctuation equations, as explained in appendix H. All computations
were done by using A as the coordinate instead of r, because for this choice, all fields behave
smoothly even when the background is close to having a fixed point.

Some general features of both singlet and non-singlet sectors are

e For x < x, all spectra are discrete and gapped except for the non-singlet pseudoscalars
(pions) which are the massless Goldstone bosons of chiral symmetry breaking.

e All the mass spectra are continuous in the conformal region, z. < x < 11/2.

e In the walking region, as © — x, all masses follow Miransky scaling

K

e All mass ratios asymptote to finite constants for x — z..

5.1 The flavor non-singlet sector

The results for the mass spectrum of all the flavor non-singlet excitation modes, vectors,
axial vectors, pseudo-scalars and scalars are shown in figures 3 and 4, for potentials I with
Wy = 3/11 and for potentials II with SB normalized W), respectively. The left hand
plots depict the mass of the lowest mode of each excitation tower (excluding the massless
Goldstones of the pseudoscalar tower) as a function of = in units of Ayy. Notice that the
vertical axis is in logarithmic scale. For potentials II the lowest massive mode is the vector
and for potentials I the scalar.
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Figure 4. Non-singlet meson spectra in the potential II class with SB normalization for Wy (so
that x. ~ 3.7001). Left: the lowest nonzero masses of all four towers of mesons, as a function of

x, in units of Ayy, below the conformal window. Right: the ratios of masses of up to the third
massive states as a function of x.
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Figure 5. A fit of the p mass to the Miransky scaling factor, for Potential IT with SB normalization
for Wy.

The dependence of masses on z is rather mild below the walking region, i.e., when
0 <z < z,and . —x = O(1). There are, however, some tendencies depending on the
potentials. For potentials II (figure 4), the vectors have qualitatively similar  dependence
as the axial vectors, but it is somewhat different from that of the scalars and pseudo-scalars,
as best seen at small x. For potentials I, however, masses in all towers have qualitatively
similar = dependence. This reflects our choices for the functions x(\) and w(\) appearing
as couplings in (2.5): As w(\) is the coupling for the gauge fields, it only affects the
fluctuation equations for the spin-one modes. For potentials I we chose k() = w(\), and
therefore the masses of spin-zero and spin-one states were expected to have qualitatively
similar behavior as we discussed in section 4, which is confirmed by the numerics in figure 3.
For potentials IT we chose k() as in (4.21), but we took w(A) = 1 so that the A\-dependence
of k() differs qualitatively from that of w(\), which explains the qualitative differences
between the states of different spins in this case.
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Figure 7. The ratios of the singlet scalar masses of up to the fourth massive states as a function
of z. Left: potentials T with Wy = 3/11. Right: potentials IT with SB normalized Wj.

As it is shown explicitly for the p mass in figure 5, the masses approach zero exponen-
tially in the walking region (as x — z. from below), following Miransky scaling. Finally,
the right hand plots in figures 3 and 4, show how the ratios of the mass of the second and
third excitation modes over the first one depend on z. All of these approach finite numbers
close to x.. These findings appear to be in qualitative agreement with earlier analysis based
on Dyson-Schwinger and Bethe-Salpeter equations [119, 120].

5.2 The flavor singlet sector

The flavor singlet scalar and pseudoscalar spectra are interesting due to the nontrivial
mixing between the glueballs and meson states. We consider here the singlet scalar spec-
trum, whereas the pseudoscalar spectrum will be studied in a future publication. Note that
the “dilaton”, the alleged Goldstone mode due to the almost unbroken conformal symme-
try [25], should appear in the singlet scalar spectrum as = — z. if such a state exists. The
possibility of a light dilaton, in QCD and similar theories with a walking regime, has been
studied extensively both by field theoretical methods [121-128] and more recently by using
holography [91-98], with various results.
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In figure 6, we plot the masses of the four lowest singlet scalar states as functions of x
for both potentials I and II. The behavior is qualitatively similar to the non-singlet SU(Ny)
states. In figure 7, the ratios of the masses up to the fourth state are shown. In the limit
2 — 0 the mixing between mesons and glueballs vanishes. In this regime we can identify
the states as glueballs or mesons.

It is clear that there is mixing of states and level crossings at finite x. Moreover, it
is seen that as x approaches z. all the ratios of singlet state masses asymptote to finite
numbers. There is no single state becoming much lighter than the rest, which could be
interpreted as the dilaton. We will discuss this in more detail below and in appendix I.
Instead, the restoration of the conformal symmetry as x — x. is reflected in all masses
falling exponentially to zero, as specified by Miransky scaling. Therefore, the conformal
symmetry in the walking region is NOT spontaneously broken.

5.3 Behavior as * — x.~ and the dilaton state

We verify that all mass ratios tend to constants as x — x. from below for both potentials I
and II in figure 8. In fact, the same applies to other dimensionful quantities such as decay
constants, as can be checked for f; (the long-dashed green curves) in figure 8. An analytical
explanation [89] of these results is sketched in appendix I. The main point is as follows. As
x — x. from below, the model develops an approximate fixed point as we have discussed
in section 2.5. The background can be divided into an “IR piece”, which describes the RG
flow from the singularity at A\ = oo to the fixed point at A = Ay, and an “UV piece”, which
describes the flow from A = A\, to A = 0. It is then possible to show that masses and decay
constants only depend on the IR piece of the background. This piece is characterized by
a single energy scale, and therefore these observables tend to constants when expressed in
units of this scale as we take the limit x — x..

The scalar sector shows interesting behavior as * — ., related to the possibility of
having a dilaton in the spectrum, which is also explained in more detail in appendix I. As
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it turns out, the Schrodinger potential of the flavor non-singlet scalars has a negative dip in
the “walking” regime, i.e., when A\ ~ A, and z. — x < 1. The potential has approximately
the critical behavior [7] in this region:

1

(5.2)
It can be checked that the singlet scalar fluctuations are similarly almost critical in the
vicinity of the fixed point, but in this case a Schrodinger potential cannot be easily defined
due to mixing of the glue and flavor fluctuations. The dip has therefore just the critical
width, so that it is not clear without doing the numerics if there is an unstable state or
possibly a light dilaton state. As we have seen above, numerical analysis proves that the
dilaton (as well as tachyonic states) are absent from the spectrum in the end. As seen from
figure 8, the lightest flavor singlet meson is heavier than its non-singlet counterpart, and
it is also heavier than the spin-one states in the case of potentials II.

We now discuss the behavior of the S-function near the fixed point as  — x., which is
usually understood to be intimately tied to the existence of the dilaton. Indeed the simplest
estimates state that the squared dilaton mass should be proportional to the minimum of
(the absolute value of) the S-function at the approximate fixed point. Our model provides
an explicit prediction for the “walking” RG flow of the coupling in this regime. The result
is obtained by using the expressions for the behavior of A(r) near the fixed point given in
appendices D.2 and E.3 of [4]. It reads

A~ N — e (rAuy) 2 + ea(logr) (rAR)* (Agy < r < AR), (5.3)

where ¢; is a positive O (1) constant which can be computed numerically, cz(logr) is a
positive, regular O (1) function, and*®

= lim 1 X(n) >
oA A=A A(r)

5 (5.4)
is the derivative of the S-function at the fixed point. Notice that there is a simple inter-
pretation for the terms in (5.3): the second term is the flow induced by the “perturbative”
(zero-tachyon) p-function with a fixed point, whereas the last term is the perturbation due
to non-zero tachyon which will eventually drive the coupling away from the fixed point.

We make some observations:

e The result (5.3) is, at the qualitative level, independent of the details of the La-
grangian.

e The coupling only depends on z. — x through the scales Ayy and Ar near the fixed
point, which are related by Miransky scaling of (2.19).

9Tt is understood that the definition (5.4) should be evaluated by using the subdominant solution where
the tachyon vanishes for all r, and therefore the fixed point is reached. For the potentials used here ¢ is
close to the value of the derivative of the two-loop S-function of QCD in the Veneziano limit.

— 36 —



e The (absolute value of the) S-function reaches its minimum at the intermediate point

rAuy ~ (Ayv/ AIR)4/ (4+9) " The minimum is given by

AN [ A \ 55
dA "~ \Auy P

(5.5)

45K
(4+0)re—x |’
and is therefore suppressed by Miransky scaling.

To conclude, the value of the minimum of the S-function suggests that if there was an
anomalously light state in the model, its mass should be suppressed by Miransky scaling
with respect to the other masses as * — x.. There is no reason to expect a state whose
mass would be suppressed, e.g., by a power law. However, the numerical study of the
spectrum shows that there is no anomalously light state at all.

5.4 (In)stability of the Efimov solutions

Recall from section 2.5 that when 0 < x < z. and the quark mass is zero, there can be
subdominant vacuum solutions, indexed by the number n of zeros of the tachyon solution.
If the effective potential Vog = V, — 2V}¢ has an extremum, signaling the presence of a
fixed point, and the BF bound is violated at the fixed point, there is an infinite number
of Efimov vacua. This is the case for potentials II in the whole range 0 < z < z., and for
potentials I (with Wy = 3/11) within the interval x, < = < x., where x, ~ 1.0005, [89].
When there is no fixed point or the BF bound is satisfied, there may still be a finite number
of Efimov-like vacua.

By extending the above argument of the scalar sector to these vacua, it is possible to
show that they are, quite in general, unstable as seen in a similar case already in [64, 65].

We first discuss what happens in the non-singlet scalar tower as © — x.. The length
of the walking regime is longer for the Efimov solutions than for the standard one, as seen
from (2.22). If we assume a small scalar mass m ~ Ay, the fluctuation wave function has
n nodes in the walking region located approximately at (see the results (I.6) and (I.8) in
appendix I)

VTe—x

This signals the presence of n tachyonic scalar states. Their masses can be estimated by

K
TNAIRleXp<—l), 1=1,2,...,n. (5.6)

computing the value of the Schrodinger potential at the nodes, which gives

2K1
m? ~ — A% exp () ) [=1,2,....n. (5.7)

Te—T

The singlet scalar sector can also be checked to have similar states. The Efimov vacua are
therefore highly unstable in the sense that the scale of the masses of these tachyonic modes
is exponentially enhanced with respect to the mass scale of the spectra of the standard
(n = 0) background solutions, which is ~ Ajg.

When z. — z is not small, and there is a fixed point where the BF bound is violated
so that a full Efimov tower is present, we can argue analytically that the vacua with high
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enough n are unstable. Given any fixed = between zero and z., (2.21) implies that the
coupling walks for high enough n, and further that the walking regime can be made long
enough for instabilities to appear by increasing n.

For generic values of  and for finite n, the stability of these saddle points can be
checked numerically. For the potentials used here already the first Efimov vacuum is always
unstable. Apart from the tachyonic modes, the Efimov vacua also admit a spectrum of
modes similar to that of the standard vacuum, i.e., there are states at positive squared mass
m? ~ A%R. The unstable mode with the smallest m? is typically found in the non-singlet
sector.

6 Two-point functions and the S-parameter

In this section we will study the non-singlet vector, axial vector, and scalar two-point
functions. This will allow us to compute the pion decay constant, and especially the
S-parameter. Of special interest is the study of the S-parameter in the walking region
x — x.~. We will find it to be discontinuous at x = x., which will prompt us to study the
behavior of the correlators for x — x.”.

6.1 The S-parameter and the decay constants

The normalization of the decay constants of meson states and the S-parameter can be
fixed by matching the bulk vector and scalar two-point functions to the corresponding
quantum field theory correlators in the limit of large Euclidean momentum [47, 48, 80, 81].

We definell
5ab

(I a) V() = 1150 (q, p) = —(2m)*5* (p + @) 2Nf (@0 = quaw) v (q) (6.1)
ab
@)1 ) = 1 (0,p) = (216" +.0) - Msla). (6.2)

We calculate the UV limit of Iy (¢) and I1g(g), and match to the quantum field theory result
in appendix C. The matching results in the following expressions for the normalization
constants of the bulk action:

N.N; N.N;

3 2) _ 3 5, _
M NcNfW() wOE = 671'2 s M NCNfW()ﬁ Ko = AnZ (6.3)
from which we conclude that (4rq/wg = 3/2.
Using the expansions
2 72 2
Iy =21% —_—n Iy = _— 6.4
we can determine f; in terms of the bulk axial vector wavefunction
NeNy 9,94
g2 = Al O , (6.5)
1272 1| g .m0

" The factors of Ny /2 are necessary in order to have similar normalization of IIy and IIs in the flavor
singlet and non-singlet sectors.
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Figure 9. The pion decay constant f, as a function of x in units of Ayy. It vanishes near
z. following again Miransky scaling. The dashed blue curve is the result for potentials I with
Wy = 3/11, while the continuous black curve is for potentials IT with SB normalized Wj.

where the normalization was fixed by using (6.3) and we required 1) (r = 0) = 1. The
pion decay constant is portrayed in figure 9 for both potentials I and II. It has qualitatively

similar z-dependence to the meson masses: it depends only weakly on x for small x and
decreases exponentially to zero close to z..

The S-parameter is defined as

d
S = 47rd—q2 [¢*(ITy — HA)]qZO

NNy d (0.Y(r)  0bA(r)
© 3r dq2< T B r >

Fy I
s (5-8)

2
mpy

(6.6)
r=0, g=0

As both masses and decay constants in (6.4) and (6.6) are affected similarly by Mi-
ransky scaling, the S-parameter is invariant under Miransky scaling. Therefore its value
in the limit * — x. cannot be predicted by Miransky scaling alone. Our numerical re-
sults show that generically the S-parameter (in units of NyN,) remains finite in the QCD
regime, 0 < x < z. and asymptotes to a finite constant at x., as seen in figure 10. The
S-parameter is identically zero inside the conformal window (massless quarks) because of
unbroken chiral symmetry. This suggests a subtle discontinuity of correlators across the
conformal transition, which we shall discuss in more detail below.

The discontinuous behavior of S at the conformal phase transition is in agreement
with estimates based on Dyson-Schwinger equations [129, 130] and the analysis of the BZ
limit in field theory [104-106]. However, according to most estimates [131-134] the S-
parameter should be reduced in the walking regime, and therefore decrease with increasing

x [104-106, 129, 130]. Our most important result is that generically the S-parameter is an
increasing function of x, reaching it highest value at x., contrary to previous expectations.
We have also found choices of potentials where the S-parameter becomes very large as we
approach z..
We also define a higher order coefficient (related to the X-parameter of [107]) as

S = —277@322)2 [qz (HV(QQ) - HA(qQ))]qZO (67)
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Figure 10. Left: the S-parameter as a function of x for potential class I with Wy = 3/11. Right:
the S-parameter as a function of x for potential class II with SB normalization for Wj. In both
cases S asymptotes to a finite value as x — x..
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Figure 11. Left: the higher order coefficient S’ in units of Ajg as a function of x for potential
class T with Wy = 3/11. Right: the same parameter as a function of x for potential class II with
SB normalization for Wj.

so that

/

¢* (Ma(¢?) — Ty (¢%)) = f2 - %qQ - %Cf o (6.8)

This parameter is shown for both potentials I and II in figure 11. The x dependence (in IR
units) is qualitatively rather similar to the S-parameter so that the values typically increase
with z, and approach fixed values as © — z.. However, unlike for the S-parameter, there
is also a region with decreasing values near z = z..

6.2 Discontinuity at * = x.

In order to understand the = dependence of the S-parameter and in particular the dis-
continuous behavior at z = z, it is useful to analyze the difference ¢* (ILa(¢*) — Iy (¢?))
of the vector-vector and axial-axial correlators at large ¢?>. We present here only rough
estimates while a more precise analysis is done in appendix J.

To start with, the equations (3.4) for the vector and axial wave functions can be roughly
approximated for r < A;é as

70y (T_1¢{/(r)) — q2wv(r) ~0, 70, (r_lzﬁ;l(r)) - q2¢A(r) — H(r)a(r)~0, (6.9)
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where
472(r)e? A (X, 1)

Hr) = Halr) = =0

(6.10)

These equations are the leading order terms at fixed points, but give a reasonable estimate
also for the behavior between the walking regime and the UV fixed point when x. — x is
small. By using the standard relation between the correlators and bulk wave functions, the
difference of the correlators becomes
.o(r
¢ (M) — T () o — lim 20 (6.11)
r—0 71
where ¢ = (a4 — ¥y )/1b4 and the proportionality constant is independent of gq. The
equations (6.9) imply

70, (r_1¢’(r)) + 20, (loga(r)) ¢'(r) — (1 — ¢(r)) H(r) =~ 0. (6.12)

We then consider large momentum, ¢ > Ag. As it turns out, we can approximate
1 — ¢(r) >~ 1 in the last term for the region of interest to us. The relevant solutions
of (6.12) are

o(r) ~ br?, (r<q),
o) =~y [ ), (< r< AT, (6.13)
0

where we used the UV boundary conditions to rule out the non-normalizable solution, and
the fact that 0, loga(r) ~ —q for ¢7! < r < Ale Using (6.11) and requiring continuity
of (6.13) at r ~ ¢! gives

1/q Vg ()2
¢® (ILa(¢®) — Iy (¢%)) ~ —b ~ (J/O drH(r) ~ Q/O dr K(QT)Q ; (6.14)

where we dropped the slowly varying potential functions of (6.10) at the last step.
Finally, we write down the result (6.14) explicitly for zero quark mass in two regions
of x.

1. In the region having dynamics similar to ordinary QCD (z < z. but . — 2z = O (1)),
there is only one scale Ayy ~ Ar. The tachyon behaves as
7(r)

7 ~ 0'7"3 ~ A%VT?’ (615)

up to logarithmic corrections. Therefore, we find that
2 2 A7
A(q®) — My (¢°) ~ % , (> Auv). (6.16)

This result agrees with earlier computations in the probe approximation, [135, 136].
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Figure 12. The g-dependence of the difference I14 — Iy for potentials IT with SB normalization
of Wy (so that z. ~ 3.7001). The various curves show different estimates for I14 — IIy, see text
for details. The vertical dashed lines show values of ¢ where qualitative changes in behavior are
expected. Left column: a case with dynamics similar to ordinary QCD (x = 1). Right column: a
case with walking dynamics (z = 3.65). Top row: II4 — IIy normalized to NyN, as a function of
q/Avyv. Bottom row: ¢*(IT4 — IIy ), in well-chosen units, as a function of ¢/Ayy. Multiplication
by ¢* makes the details of the g-dependence better visible.

2. If z. — x < 1, we have walking behavior and the scales Ayy, Ar are well separated.
The tachyon behaves roughly as (see section 2.5, appendix D and [4])

7(r)

-~ or3 ~ AyyAgr?, (r < Agy),
7(r) ) 2 2 -1 -1
7 ~ AUVT ~ AIRT , (AUV << T << AIR) . (617)

Inserting these in (6.14), we obtain

2 2 A2 Ail
HA(Q)*Hv(q)N%, (Auv < q),
2 2 A4
Ma(qg®) — My (¢°) ~ TT : (AR < ¢ < Auy) (6.18)

when z is close to x..

Notice that the results (6.16) and (6.18) are rough estimates of (6.14), because the
logarithmic RG flow of the chiral condensate, which is included in 7(r), was neglected.
However the integral in (6.14) is dominated by the region in the vicinity of its upper
endpoint, and therefore we can write down a more generic estimate for the ¢g-dependence.
Recall that we matched the RG flow of the chiral condensate to QCD such that (see
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appendix D)

dr dr
- — ~3— 1
dA = dlogr =577 (6.19)
in the UV, where the anomalous dimension v = dlogm,/dlogq in QCD. Therefore
1 [Ya 7(r)? 1
2 2
() ~Tvla) ~ - [ P (6.20)

where we approximated the anomalous dimension to be constant. The result agrees with
the one from the operator product expansions (see, e.g., [129, 130]).

We plot 114 — Iy as a function of the momentum in UV units, ¢/Ayy, for Potentials
IT with SB normalized Wy in figure 12. The left hand plots are for “running” dynamics
(x = 1), and the right hand plots are for “walking” dynamics (x = 3.65). In the latter case,
we chose the value of = very close to the critical one (z. = 3.70001), so that the walking
regime can be clearly distinguished (Ayyv/Ajr ~ 107). On the top row we plot the ratio
(ILy—1ILy) /Ny N, which is finite in the Veneziano limit. On the bottom row we plot the same
quantity multiplied by the factor ¢*/ A%V. The various curves were computed as follows.
The black continuous curve is the exact numerical result, which can be reliably extracted
from (6.11) for small values of ¢q. The blue dashed curve is given by the estimate (J.7) in
appendix J. The thin red dashed curve (which is best visible for high ¢ in the right hand
plot) is given by the rough estimate (6.14).

The g-dependence follows roughly the results (6.16) and (6.18). On the top-left plot,
one can see kink at ¢ ~ Ayy as the g-dependence changes from the low ¢ one (~ f,/q?) to
the UV one (~ 1/¢%). The expected location of the kink, at ¢ ~ Ayy is marked with the
vertical dashed line. The change in behavior is more clearly visible in the bottom-left plot,
where we multiplied II4 — IIyy by an additional factor of ¢* /A%Iv to suppress the overall
strong power dependence on g. On the right hand plots there is, in addition, the regime
reflecting the walking dynamics between the two vertical dashed lines at ¢ ~ Ajg and at
q ~ Auv, where the difference of correlators behaves roughly as ~ 1/¢*. There are now
two (rather smooth) kinks at ¢ ~ Ajg ~ 107 "Ayy and at ¢ ~ Ayy, best visible in the
bottom-right plot.

We now comment on the connection of the result (6.18) to Weinberg’s sum rules. We
first recall how the sum rules are derived. By applying the spectral decomposition (6.4)
to 4 — Iy, we see that the first two terms of the expansion at ¢> = oo behave as 1/¢°
and 1/¢*. However, as seen from (6.16) and (6.18), II4 — ITy, vanishes as 1/¢° in the UV.
Therefore, the coefficients of the O (q_2) and O (q_4) terms in the series expansion have
to vanish, which results in the sum rules. We notice that our result (6.18) is consistent
with the analysis of [33]: the difference in the intermediate range of energies vanishes only
as 1/¢*, and the contribution from this range to the second sum rule may be viewed as a
modification to it.

We then consider the limit z — .~ in order to analyze the discontinuous behavior of
the S-parameter observed above. First, we notice that due to Miransky scaling in (2.19)
the high momentum tail in (6.18) is exponentially suppressed. We can write down a similar
limit as in (L.1):

q

IA(¢%) — My (¢*) — 0 as T —x. with Aoy fixed . (6.21)
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The convergence is pointwise in ¢/Ayy but fast when ¢/Ayyv = O (1): it obeys (quartic)
Miransky scaling. This can also be seen from the top-right plot in figure 12 where the
value of 114 — Ily is highly suppressed at ¢ ~ Ayy. The result reflects the behavior of
the background which was discussed in section 5.3 and in appendix I. For ¢ ~ Ayy the
correlators only depend on the UV piece of the background solution as x — z.. The UV
piece approaches smoothly the background at x = z. which has an IR fixed point and is
chirally symmetric (zero tachyon) so that II4 — IIyy = 0. This behavior is reflected in the
vanishing of the difference of correlators in the limit of (6.21).

Second, at low momenta (¢ ~ Air) the difference of correlators is O(1), as can be seen
from the top-row plots in figure 12, and has nontrivial structure. If we take the limit (6.21)
keeping q/Arr fixed instead, the result is nonzero. This is consistent with the fact that
fx//N¢Ne, S/(NyN,) and S’ /(NyN.) approach finite values when measured in units of Aig
as * — x. from below (as seen from figures 9, 10 and 11). The situation is similar to what
was found for the decay constants in appendix I: for ¢ ~ Ar the difference of the correlator
only depends on the IR piece of the background, up to a calculable O(1) correction factor.
Therefore, we understand that the nonvanishing value of the S-parameter as © — x. arises
from the IR piece of the background, which includes a nonvanishing tachyon, and is absent
for the solutions with z. < x < 11/2.

In summary, the naive expectation that 114 — IIy, should vanish as * — x.~ due to
restoration of chiral symmetry in the conformal window, holds in the sense of (6.21). The
vanishing of 11 4 — Iy, is not in contradiction with the finite value of the S-parameter in this
limit, because the convergence to zero in (6.21) is not uniform in ¢/Ayy. The finite value
of the S-parameter reflects the structure of II4 — Il at values of ¢ which are suppressed
with respect to Ayy by the Miransky scaling factor as x — z.~.
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A Derivation on the quadratic fluctuation equations

We shall consider the following fluctuations of the metric, tachyon, dilaton and gauge fields:

gun = g T v s G gAY = A (20 dr® 4 24, dr ot + By ot da” )

=Py + x, T = (14 s+ 540" (A.1)
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where t are the generators of SU(NNy). We are mostly interested in the standard vacuum
for 0 < x < x. which is expected to have a nontrivial spectrum. Therefore, the background
solution 7(r) is nonzero and the phases 6, 7 in (A.1) are well defined.

The vacuum with zero tachyon, which is the dominant one for z. < z < 11/2, has
continuous spectrum. This is clear as the coupling flows to an IR fixed point and the
metric is asymptotically AdS in the IR. The Schrédinger potential vanishes as r — oo in
the non-singlet sector, as we shall demonstrate below.

We use the vector and axial combinations of the left and right gauge fields

Aﬁ/[+AJ\R;[ AM:Aﬁ—A]\]}
2 ’ 2
The associated field strengths will be Visn, Aprv. We choose the gauge A, =V, = 0.

The vector field in the bulk is written as

Vi(ah,r) =y (r) Vu(ah) (A.3)

Vi = (A.2)

where V, is transverse, 0"V, = 0, and the longitudinal term can be set to zero. As usual,
to look for 4D mass eigenstates we insert a plane wave Ansatz V,(z*) = exp(ip,z*) where
pupt = —m%,, so that

0,0" V= mi V,, (A.4)

and analogously for the rest of the fluctuations we study. For the axial vectors, we first
need to separate the transverse and longitudinal parts:

Azt r) = At(x“, r)+ Aﬂ(x“, ), (A.5)

where 0¥ A (x#,r) = 0 and the longitudinal term is the divergence of a scalar function.

For the vector modes it is not necessary to treat the flavor non-singlet and singlet
terms separately, as the fluctuations modes are the same in both the sectors. However, for
the axial vector modes we have to do that. Therefore we write

ALt 1) = ALF (a8 r) 4 AN (@b, 1) = o (r) A% (@) + pa(r) Xy (29) (A.6)
Ap(ar) = ARk r) + AJS (2t r) = = (r)0u(P ()t — or(r) 0u(T (")) . (A7)

The flavor non-singlet terms from the pseudoscalar and scalar sectors can be
expanded similarly:

7w (xt, r) =2¢p(r) P4 a"),
szt r) = g(r) S (a*). (A.8)

Notice that the x* dependence of the pion fluctuations 7% and the flavored axial vector
fluctuations are related. This is required in order to satisfy the fluctuation equations below.
The flavor singlet components will be discussed in more detail later. Their analysis is more
involved due to mixing terms between the various fields.

We also define a shorthand notation for the omnipresent factor

G(r) = \/1+ e 2A0R(A, 1) (D (r)? (A.9)
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so that the “effective” metric factor, which often appears due to the nonzero tachyon
background, reads
grr + 8N, T)(0p7(r))? = 24N G(r)?. (A.10)

A.1 Flavor non-singlet sector

For the flavor non-singlet fluctuations the fluctuation analysis is rather straightforward as
only the DBI action Sy contributes. Therefore we will write down the quadratic actions
for the vector, axial vector, pseudoscalar and scalar sectors directly below.

A.1.1 Vector mesons

For spin-one vector excitations, the spectra in the non-singlet and singlet sectors are iden-
tical. The quadratic action for the vector mesons is

1 1
Sy = -3 M3N,Tr / drz drvVi(\, ) w\, 7)2 G e 5 G2V, VI + arvuarw] ,

(A.11)
where V), = 9,V —0,V},, and the trace is over the flavor indices. The fluctuation equation
therefore reads

1 2 A ~—1 2
T ’ ) T = VU. A12
Vion ) wln )2 eAGa (Vf()\ T)w(A, 1) e G0 ¢V) +mi by =0 ( )

This equation can be transferred to Schrédinger form as shown in appendix B. The
Schrédinger functions for the vector meson equation are C3(r) = M (r) = 0 and

Ci(r) = Vi m)wh,1)2eA0 G, Co(r) = Vi, 1) w(N, 7)2 AT Gr) . (A13)

Further defining

[1]

v (r) = (CL(F)Ca(r)* = w, 7) \/VF(A, 7) A0 | Hy(r) = =0, (A.14)

the Schrodinger potential for the flavor non-singlet vectors reads

1 d*=Zy(u)
Sv(u)  du?

W (u) = + Hy (u) . (A.15)

Here the Schrodinger coordinate u is defined by

du Cy(r) _alr
&\ ~ ¢

(A.16)

and requiring that v — 0 in the UV. G is defined in (A.9). The definition of the coordinate
u will be the same for all non-singlet meson towers, but the potential will change, as we
shall see below.

By using the UV expansions of the potentials in (4.3) and the expansions of the back-
ground from appendix D, we can compute the UV asymptotics of the potential Vy,. The
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potential factors of Zy in (A.14) are almost constants, so that the leading contribution
arises from the warp factor e4/? ~ 1/1/r, giving

Vy(u) = 4% [1 +0 (W)] , (u—0). (A.17)

At an IR fixed point, i.e., in the conformal window (z. < x < 11/2) or below the conformal
window (0 < = < x.) for the subdominant vacuum with 7 = 0, we can derive a similar
result, as the potentials are again nearly constants and the metric is close to AdS:

3 1
as can be checked by using the results of appendix E.3 in [4] where the constant ¢ is also
computed. This result also applies when the system is very close to having a fixed point.
This is the case for the dominant vacuum (with 7 # 0) in the “walking” regime when x < z,
and z. — z < 1: eq. (A.18) holds if we require 1/Ayy < u < 1/A1R instead of u — oo.

A.1.2 Axial vector mesons

The action for the non-singlet and singlet sectors of the (transverse) axial vector modes
differs by a term coming from the CP-odd sector. The quadratic action for the SU(Ny)
sector of the axial vector meson excitations reads

1 1
Sa=-3 M3N, Tr / d*x drVy(\,7) et G7! 5 G2 w(\, )% A A
(A.19)
w(A, 7')2 &AﬁF&ALF“ +4r(\,T) 224 G2 AiFAlF“
where A, = 0, AT — &,Af;F . The fluctuation equation reads
O (Vf()\, T)w(A, 7—>2 eAG-1 8T¢A) 72 024 )
—4 A =0 A.20
Vi Ou ) wO, )2 eA G w0, 72 T TPy v (4.20)
The Schrodinger functions are otherwise the same as for vectors but now
7'(7")2 62A(r)
M(T) = 402(7") W K/()\, 7') (A21)
is nonzero. Therefore we find that
_ _ 47(r)2 e2A0)
2 =Zv(), ) = T ko (A22)

w(\, 7)?

and the definition of u is as in (A.16). The asymptotic results for the Schrodinger potential
are the same as for the vectors, (A.17) and (A.18), because the additional mass term H 4
does not contribute.
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A.1.3 Pseudoscalar mesons

The quadratic action reads:
103 4 A -1 2 17\ 2
S == MN.Tr [ dhwdr V() et G |:w()\,7') (&Au )
2
+ 722 k(N 1) (8,m1)? + 72 A G2 (N, T) ((%ﬂat“ + 2A1LF> } . (A.23)

After substituting in (A.8), the fluctuation equations for ¢p(r) and ¥ (r) are

1
V(A7) eA G (A T)

Or (Vf()\, T) eA Gt w(\, 7)* 8r1/)L)
—472* (Y, —pp) =0, (A.24)
472 24 k(N 7) Bpbp — mEw(N, 7)2 pipr, = 0. (A.25)

These two equations can be combined into one by solving (A.24) for ¢p and inserting this
into (A.25).

1 R
2 3A ~—1
VA, 1) 7°e’ G™" k(A T) O, Vi) R0 ) €3AG8T¢P
AT) - -
4224 k(A 2.0 _ A
T € ’U]()\,T)Q ¢P+m 1/1P 07 ( 26)
where we have defined
Pp(r) = =ViA, 1) e Q) L wh, 1) 9apr (7). (A.27)

When m, = 0 = m all solutions to (A.26) are normalizable in the UV. Therefore, the
IR normalizable solution is the pion mode, for which ¢ p is constant and vy, tends to (the
same) constant in the UV. The standard calculation, [78], shows that the mass of the pion
satisfies the Gell-Mann-Oakes-Renner relation when small m, is turned on.

The Schrodinger functions read

Ci(r) = Vi 1) tr(r)2e A0 G(r) L e\, 7) L
Co(r) = Vi 1) tr(r)2e A0 G(r) k(A 7)1, (A.28)
M(r) = 4Cy(r) 7'(7“)2 e2A(r) K(A, ) w(A, 7)72 ,

and C3(r) = 0. Therefore,

1 B 47 (r)? e240) k(X 7)
Hp(r) = w(\, 7)?

=p(r) = (A.29)

(1) Vi (A7) R(A 7) €340)
As Ep depends strongly on the tachyon, the UV behavior of the Schrodinger potential

Vp differs from that of Vi, and V. By using the tachyon asymptotics from appendix D we
find that

Vi () = % [1 +0 <log(1uA)>} , (=0, my=0), (A.30)
vp(u):_%u2 [1+O<bg(iA)2ﬂ , (=0, my£0). (A.31)
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Notice that the UV behavior of the potential is the critical one when m, # 0, [7]. This is
linked to the existence of the pion modes: the Schrodinger problem can have solutions with
arbitrary low mass as m, — 0 only if the UV asymptotics is critical.'> When mg is small
but finite, (A.31) holds for u < \/mgy/o while (A.30) holds for \/mq/oc < u < 1/Ayy.

The behavior at an IR fixed point is more tricky to calculate, because the tachyon
cannot be set to zero in (A.29). We need to introduce an “infinitesimal” tachyon that
behaves as 7 ~ u®, where A > 0 is the dimension of the quark mass at the fixed point.
Then we find that

Vi (u) = (;’—A) (;—A> % [1+0<u15>] L (u— o) (A.32)

with the understanding that the tachyon normalization is taken to zero before taking

u — 00. Eq. (A.32) holds in the conformal window since we assumed that A is real. It can

be extended to complex A and therefore for the IRFP below the conformal window (with
= 0) by taking the real part:

-w(3-3) (-3 £ f-o(2)

_ <i - (ImA)2> [1 L0 ( )} (W—o0).  (A33)

Similarly as (A.18), this latter expression is also valid at the approximate fixed point which
appears in the standard vacuum in the walking regime (z — x.7).

A.1.4 Scalar mesons

The quadratic action is

S = ”Q”M?’N2 Tr / dizdr 34 G [vf(A,T) G2 k(N 7)(0,5)2
+ (20, V(A7) kN, 7T + (L + G AT Vi (N, 7) Ork(N, 7)) 50,5

/4
+ <32Vf A7) G2 + 0, V(N 1) T2 0rk(N, T) — G—2e—2A Vi(\,7) (0-6(N, )2

5TV ) azfe(A,ﬂ) s* = Vi(A 1) s\ T><aus>2 : (4.34)

where s = §%t%. The fluctuation equation therefore becomes

M — 30,Cs Cy

Y5 + 0r(log C1(r))Ys — o Ys+ ~mPhs =0, (A.35)

2For exactly zero myg, the potential does not need to have any specific asymptotics since, as we pointed
out above, the wave function of the pion mode has free UV boundary conditions.
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where the Schrodinger functions read
Cy(r) :Vf()\,T)€3AG_3K()\,7')
Cy(r) :Vf()\,T)€3AG_1K()\,T)
Ca(r) =G (20 Vi (A, 7)(A, 7)7" + (L + G )7 Vi (A, 7)0-6(\, 7))

M(r) = Ge*2Vi(\, 1) + G 13420, V(N 7) 0, w(\, T)
14

— TZG—?’eAVf(A,T)(aTK(A,T))Q + %G—le?’AT’?Vf(A,T)aZK(A,T) . (A.36)
If 5(A,7) is independent of 7 and V(A7) = Vjo(A) exp (—a(A)7?), then
M(r) - %arog(r) = —2k(\) "' Caf(r) [eQA(T)a()\) - T(T)T'(T)X(r)d‘;&”m(x) :
(A.37)
Ca(r) — G(r)? = e 2A0) O\ ) ()2
Cl(’f’)_G()_1+ ()‘7) ()7
and we obtain
Z5(r) = == /Vi(A T KA T) €34,
G(r)
5 da(\) (A.38)
Hg(r) = —m |:€2A(T)CL()\) —7(r)7 (r)N (1) N Ii()\)] i
The UV behavior of the potential is
Vs(u) = 113? {1 +0 <log(1uA)>] , (u—0), (A.39)

where also the term Hg contributes. At an IR fixed point we find that

Vs(u) = [f —AM- Aﬂ 2 [1 o (uléﬂ

()G aprod) v

24 a(Ay)
/i()\*)‘/eﬁ?()\*) ’
where mig is the tachyon mass at the fixed point, and fig is the IR AdS radius. The
result (A.40) applies at real and complex values of A and is therefore valid for all solutions

Here we used

A4 —A) = —migles = (A.41)

with vanishing tachyon, both in and below the conformal window. It also holds near the
approximate fixed point of the standard vacuum in the walking regime.

A.2 Flavor singlet sector: lagrangian terms

For flavor singlet (scalar and pseudoscalar) fluctuations the contributions from the different
terms S, Sy and S, in the action are coupled. Therefore, the analysis is somewhat more
involved than for the non-singlet sector. We use the notation for the fluctuations defined
in (A.1).
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A.2.1 Terms from the flavor action

The quantities A ;) appearing in the DBI action can be written as

AN = JGun + gun + Gun +w(®,T) F]E?N , (A.42)
where Gy is defined in terms of the symmetric'3 part of (Dy/T) DyT as

#(®,T) (DyT)(DNT)' = ko O ONT + Gun + Huw

where HMN = — HNM7
GuN = K1 OyTONT + Ko a(MT aN)S + Ko O T ONT (A.43)
+ K1 a(MT aN)S + ko Oy S ON S

+ o7 (000 + (A5 — AT (w0 + (AR - AW))
gun is defined in (A.1) and we have introduced the following useful quantity:
JuMN = 95\%] + ko OMT ONT , (A.44)
and expanded k(®,T') in terms of the fluctuations as

K(®,T) = ko + k1 + k2 + O(s%, X%, 1 8)

Ok 0%k 10%k 10k
= Q(O) — j - — - 2 - 2 . A4
Mo = R(®TLT). M= s T ag X M2 gagr X5 T gpge X Ty ge s (AA5)
We will need to do the same for the potential V¢ (®,T):
oV, ov, 0%V, 10%V, 10%V,
& 7T) = V(0 “rr 9vr f L0%Vy o 1O7Vy o
Vi(®,T) = Vi ’T)+<a<1>X+ or °) T\ o0 X T2 X T30 ¢

(A.46)
For notational simplicity we shall drop below the superscripts and subscripts (0), 0. It is
understood that ® stands for ®y and the potentials are always evaluated on the vacuum
solutions. Moreover, to make lengthy expressions more compact, in the rest of this section
we will not be writing explicitly the functional dependence of the different potentials and
functions: we will write V; instead of V(®,7) and 7 instead of 7(r) and so on.
Now we can expand the determinants appearing in (2.4) up to second order in the
fluctuations by means of

1 1 1
Videt(I+X) =1+ STX — ZTrX2 + g(TrX)2 +O(X3). (A.47)
In our case X is given by
X{ = §° Gop + §° Gop + w(®, T) g% F) . (A.48)

where § and g are defined in (A.42) and (A.44) respectively.
We shall now write the action (2.4) up to second order in the fluctuations. The result
is quite voluminous. We will therefore first write the part of the action corresponding to

3We will use the convention Mapy = Map + Mpq.
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the left and right gauge fields which only mix with the fluctuations of the phase of the
tachyon 0 (and as we have seen also with the QCD dilaton through the CP-odd sector). It
takes the form

~—1 ~—1

T . 120 |1 o__ 2 1 5
Lva ==5Vy 9’ G §w2 G VIV + w0 Gt G (Vi)™ + §w2 T

+w? Gt gnd (A1) + kGt T2 (8,0 +24,)° + kG 207, (A49)

in terms of the combinations defined in (A.2) (and in the gauge A, =V, =0).
The rest of the fluctuations mix with each other and the Lagrangian resulting from

the quadratic DBI reads

R { = 3O = G G (A = 25 0 49 95+ (2
+ Gy Gua OB+ Gt KT S 4 500 G 157 4 G 1 (008) = 20, Gua kT 08
— e Gaa ®” + [2@; gm(vfrl%‘ = G’ G 7" gg] X ¢
+ [2% gmwf)laa‘f = Gr7” o 7 ‘;’j] 5O+ [<vf>1%‘g + 5 mgg] X
+ [(Vf)—laa‘if + 19;1 "2 gﬂ shh + [2(Vf)—1§;§) + gt 36:;@ 7’2
+ G0 (V)T aatf 2;; + G T (V) %‘g gf - %57;? " g'j g’g] s X
o G + g o g v S O g (g“)]
4 :(Vf)l 382/; N %77} T,zglz +ant (vt 7_/2%2” gg _ igr? i <§g>2}x2
+ :953 Jaa 7’ g—g + 20, (Vp) ™ 7'k %ﬁf + G 7 3;;] xs'
+ :g;f Gux T % +25.1 (Vi) R 96‘;} + gt gﬂ ss' } . (A.50)

We shall now write this in a shortened form:
B = — a(z,7) [ - %(hw — G Gaw (Au)? = 25, k7! AP Oy + i (R + Gy G & I

+ 00 KT RS 4 00 Gae 587 4 G R (048) = 20, Gan KT O8G0 g O
+Tlx¢+T25¢+Tgxhﬁ+T4shZ+T55X+T652
+T7x2+Tgs' x+ Tys' 3] , (A.51)

where we have defined

1
ae,r) = 5aVy g2 G2 (A.52)
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- 10V, o Ok e - 10V, o ok
Tl - 297'7'1 g$$(Vf) aéf g'r"r2 inL‘ /2 87@ ) T2 - 297‘7‘1 g$1’(vf) Tf - g'rr2 g(l?il? 2 E 9

18Vf 1~_1 /2 aﬁ -1 8Vf 1~_1 2 aﬁ:

T3 = (Vi)™ iy + 39 T 55 Ty = (Vy) or + 29 T
6 V. L 0%k _ 0V Ok
(Vf) a a; + T"r‘l a 8@ T + g7’7"1 & (Vf) ! 877;)0 87@

oVe Ok 1 Ok Ok
51 2 19V YIh Lo gy UK UK
+ g’r"l" (Vf) a¢ 8 2 gT’T T 87_ a(b bl

To = (vf)la;? T 2 3+t (V)T ? %‘f - %*2 g (2*;)2 :

T = 0 G gt 0 G e ()

Ts = Gy, Goa T’ §®+29 (Vp)~ E%Jré_l /gg

Ty = G’ Gaa ™ g— +29,, (V) n%‘f + G 7 gf

Tio = 22:2 G+ S o - (irr + ) 5 (A.53)

A.2.2 Terms from the glue action

The action for the glue sector was expanded up to quadratic order in the fluctuations in
ref. [66-69, 137]. In order to use the results of [137] we will first need to do some field
redefinitions. The action for the glue sector in our case [4] takes the form

Lane =73 (7= 300 + (@) (A51)

Notice that our notation differs from that used in [137] by

_ - A
q):\/;p, Vo=V,  A=-73, (A.55)

where the tilded functions correspond to the ones appearing in [137].

In the computation of [137] the background equations of motion where used in com-
puting the action of the fluctuations. There will now be some extra contributions since
the background equations of motion have new terms coming from the DBI sector. We can
read the background Einstein and dilaton EoMs from [4]. They take the form

b 4
6 = g2+ BV a0V V14 b2, (A.56)
b/2 4 V
12— = - 02 + b2V, — b2—f A5T
R N e T o
v, 8& VT2
5 3% 50 fm s AT
30 5 = 8(b°®') — 3w b 2R = 2w e (A.58)

where

b=e, (A.59)

— 53 —



Now (A.56) and (A.57) can be combined to obtain

p2 4 1 kT2
P12 — =02 ) =)+ 22b’Vy——0 — A.
( P 3 > )t Y A (460
and
3 24 ar 317 5 Y
9 (127 - Lo 2} <o eV T TR, (A

Using these equations and proceeding as in the appendix A of [137], the action for the
fluctuations at quadratic order is given by

1 1. 4 4 1
7= ) = (0, x)" — X% = 5e* (03 Vy)x

_ 3A| p(2) _1 IN\2
Eglue =€ |:£ 4(h;u/) + 4 4 3 3

1 1 )
— 0 $(0"hyy — Duh) + gqﬂ & x + 36(1), X + 5K x+ 2@’ Ar aux]
A !/ AN/ ~
n (e3 A“) (0" hy — Duh) — (4) <2A“ Db+ 208 + ¢h’)

+a [—1(%)2 + %hQ — 9o (4,2 (264 B) x + (1 - 2"?”) o2 4 Jz= (bh] :

2 Grr Grr Grr
(2) L ow po  Lau o1 o L 2
Lo = = 10" hpo Ouh" + 50" 0,07 — S0,k 00" + 2 (9uh)° (A.62)
Here and in what follows
hﬁ =h. (A.63)

A.2.3 Full lagrangian, fluctuation equations and field decomposition

Adding up (A.49), (A.51), (A.62), and the contribution from the CP-odd sector we obtain
the following final Lagrangian for the fluctuations of the singlet sector:

L= Lyn+Log+La, (A.64)

where Ly is given in (A.49), £, can be read from (2.13) and Ly, takes the form

2 1 1 1 - 4 4 1
Ly =™ [ciiz = )+ % = (B = 50,00 - 5xX° = 5NV
v 8 ! 16 ! / 4 /AN 8 I A

1 (84 A1) @y — 0h) — () (24 0,0+ 266 + 6 1)

+a [2@;1/-@7" Ar Ous + —Gr KT RS — G52 Guw k5™ — Gy,0 K (Os)?
+2§;ﬂ2§mﬁ7’¢s/+§;2/m'/4¢2 —Tys¢p—TyshTssy — Tgs>
—T7X2—T83’X—T93’3+T10X¢]. (A.65)

Notice that the fields appearing in Ly, do not contribute to Lya and vice versa, so we
can study each piece of the Lagrangian separately. Lya has the same form as for the non-
singlet sector, hence its contributions to the fluctuation equations for the different fields are
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the same as in that sector. But those fluctuation equations will receive extra contributions
from the CP-odd Lagrangian as we will see in the next section. Instead, the contributions
from Ly are decoupled from those of Lya and L, and therefore we can study it separately.
In the rest of this section we will compute the fluctuation equations resulting from Lg,.
We shall follow [137] and decompose flu and h,,, in irreducible representations of the 4D
Lorentz group as

Ay =0,W + Ay MA; =0 (A.66)
My = 20 + 20,0, E + 20,V + hy (A.67)

(2

with 8“12“ = ! VA L = 0 and O*htl = hlL“ = 0. The field equations resulting from
1 N v M
Esg read

" ’ _ ~ /
(W) hr 4 3A by + O h —2e734 9, [e3A (AL) Vi )}
4e—34
(63A (P, X)/:|

+ 20,0, — D) [0+ 20 — (W — E') =34 (W — E')]

_6,,7/u/ |:¢/,+3A,¢/—A/¢,_(3A/2+A//)¢+

—2ae 34y, <T4s+/;T ’> —0, (A.68)
) 4 o
(A%) 60, [W—A/QH‘QQ)IX +D(Aﬁ— ,f)
7_/
+2ae 329, =0, (A.69)
Grr
4 —3A 8
(0) D¢+4A’q//—(A”+3A’2)¢—A’D(W—E’)+—€9 (63Aq>’x)/—§<1>’x’
—3A 2 2
_aeT TIO><+2<T~ ’i) ¢+29“‘ s —Tes| =0, (A.70)
Grr grr
3e 2A
(X) X//+3A/X,+DX—7(8¢ )X 26 ( 3Aq>’¢),+¢/¢/+4(1)/1//
—3A
— ' O(W - E) + [Ti0¢ — Tss — 2T7 x — Tgs'] =0,

(8) =20 k08420 kT OW — E') — 2020 68" — 8Gpr 6 T/ + 2000 6 T’ ¢
+ [6(3?]” — 4Gyr) kA + (Gzz — 30rr) @l(&p/{) + 2(Vf)_1(2§m — 3Grr) K @ (&pr)
— 2002 T (0rK) + 4G2s (Vf) kT (0r Vi)ls
12

|: 8A 7”35(6@%) =+ 2g:p:v - (I) (Opk) (0-K) + gwa (0 /i)

= 2(Jaa)*(Vy )1 (0-5)(0: V)

+ 2000 Grr (Vi) 20, V) — 26 (V)13 @' (0,1) (08 V)
! ! ! !
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+ 23, (Vi) 2 67 ® (0 V1) (08 VE) = (Jaw + Grr) ' @ (060-K) — Jou 77 (021)
+ 2Grr-Gzx (V) THO2V}) = 2G5 1 (V) 1 7/ @/ (000, V7)) | 5
+ | = 84 7Bk(0gr) + 297 7 & (k) + e 1 (V7)) 27 @ (90 V)2
(et Ger) ™ (D) — 200 5 (V)7 @ (GV) + T 770, ) D)
2% (1) (0a)(0,) — 26(V) 7 (0 0aV)
— 20z Grr (VF) 2 (0:V1) (00 Vi) = Guw T2 (07 00K) + 2300 Grr (V) ™ (0-00VE) | X
— G+ 500) (O08) 7+ 2050 (Vi)™ 7 (00V) | X
+ {1614’(5)2 34 273 0 (Ogr) + A(k)2(V)) LB O (96 V)

+ 400 (V) (0,V7) |6 = 0. (A1)

These can be split into separate equations involving scalar, vector, and tensor
modes only:

11 11’ 11l
Wy +3A h +0hy; =0, (A.72)
~ N / ~ N
4 (A=) =0, B(4F-VF) =0, (A.73)
4 3
1/1”+3A/1/1I—A/¢/—(3Al2+A//)¢+ 69 (€3A (I)/X)/
—3A /
+a<T4s+FZT s’> —0, (A.74)
3 Grr
G+ 2 — (W —EY — 34 (W — E') =0 (A.75)
4 e 3 k1!
P A — ¢’ = A.
R R Rl (A.76)
’or " 2 / / 4e=34 3A &\ 8 1
DOy 4+4A"y — (A" +34%) ¢ — A D(W—E)—i—T(e @' x) —¥x
—34 2\ 2 ~
—aeT T10X+2<T~ K> q5—|—2‘({x2x/<57/5/—T25 =0, (A.T7)
g'l"’l" rr
" N 3e24 2 3A ( 3A & 1\ I rot
X"+ 3A —G—Dx—T(@q,X/'g)x—?e_ (e’ @' p) + @' ¢ + 49"y
36_3A
—'OW—-E)+a [Ti¢—Tss—2T7x —Tgs'| =0, (A.78)
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— 20y K08 4+ 2Gp 67 OW — E') — 2G20 68" — 8Gpr 67/ ' + 2000 6 7' ¢
+ |:6(3§xz - 4§rr) kA + (gmc - 3§r7") (I)/(acbﬁ) + Q(Vf)_l(zgxz - 3§rr) kP’ (8CI>Vf)

— 2002 T (0rK) + 4020 (Vf) kT (0r Vi)ls

12
|: 8A' 7”35(6@%) =+ 2g:p:v — (I) (Opk) (0-K) + g"m:T (0 I{)

— 2(Gza)*(Vy £) 1 (075)(0: V)

+ 200z Grr (Vi) 720, V) = 26 (V) ™1 77 @'(0,5) (00 V)

+ 25, (Vi) 2 w7 ' (0:V1) (08 Vi) = (Guw + Grr) T D' (O00rk) = Guw 7%(02r)

+ 20refas (Vi)™ (O2VE) = 2000 1 (Vy) ™ 7/ @ (000, V) | 5
4| = 84 Br(0gr) + 297 78 (Dpk)? + 2y 5 (Vi) 27 @ (Do V)2

= (G + Grr) 7 ' (05 5) — 2Ger (V)T 7 @ (O3 V) + 97 7(0:%) (Dwr)

- 2“‘% (V1) (0ak)(0:V}) — 26 (Vi) L7 @' (Dgk) (08 V)

— 2022 Grr (V)72 (0:VF) (06 V}) = Gaa 7% (0700K) + 202z Grr (Vi)™ (0-00V)) | X
[ @e + 300 (@uk) 7' 4+ 2507 (V) 7 BV X
+ [16A’( 12773 4 2k 73 @ (D)

+ 4RV R (90V)) + 43ua (V)T (0:V) |6 = 0. (A.79)

A.3 Flavor singlet sector: fluctuation equations

flavor singlet sectors.

In this section we will summarize the results of the fluctuation analysis for the different

non-singlet sector and therefore we will not repeat its analysis (see section A.1.1).

A.3.1 Axial-vector mesons

As mentioned above, the action for the singlet sector of the (transverse) axial vector modes

has an extra term coming from the CP-odd sector. It then takes the form

32
Sa = M2N /d4xdr{fo(/\ et G [ G2w(\, T)2 A, A"

+ w(\7)? 0, A% 0, AT+ Ak(N, ) 70 A G AP AT

+43% Z(\) 4V, (A, 7)? AT A4S ﬂ} : (A.80)
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where G was defined in (A.9). The fluctuation equation is given by

1
ViAT)w(A, 7)2eAG

O (VA 1) w(A, 7)? eAG_l&ngoA) +mipa

Z(A\) VoA, 1)? 2024
2A _
Vi) Gulnr? T wiy, T pa =0 (A1)

—4[3:6

A.3.2 Pseudoscalar mesons

The quadratic action has two contributions: S; coming from the DBI piece and Ss from
the CP-odd sector. We write each separately:

Sy =— M3N? g / d*zdr Vi(\ 1) e G (A.82)

2 2
X [w(A,T)Z (arAQS) 4 A\ T) 72 (8,0)% + A G R(N, T) 72 (%9 49 Aus) ] |

3 N2 2
5, = M / dixdr Z(\) e [(@a — 22 V(A7) Aﬂﬁ) + (dpa + x 8, V(N 7) 9)2] :

2
(A.83)
where as before we have set A4, = 0.4 One can easily check that both pieces are invariant
under the residual gauge transformation (2.14) (where € # €(r)).
We recall the Ansatz for Aﬂs in (A.7), and write down similar Ansétze for 0 and a:

AlS (@, r) = —pL(r) O (T (a")),
Ozt 1) =209 (r) T (2*),
a(zh,r) = 2pa (r) T (). (A.84)

In terms of this new fields the gauge invariant combinations appearing in (A.82)
and (A.83) read

00 + 2415 = 2[99 (r) — oL (r)] Ou(T (2
Opa —2x V(A7) A,‘LS = 2[ax (1) + 2 Vo (A, 7) or(r)] Ou(T
Ora+ 30, VoA, 7)0 =2 [0l (1) + 20, Va(\, 7) @o(r)] T(2*) = 2T (") R(r) . (A.85)

where we have defined the new functions P(r), Q(r) and R(r).

Computing the fluctuation equations for AlLS, 0, and a; and then substituting in the

Ansatz (A.84) one arrives at

O (Vi(\ 1) e G w(\ 7)%0L) +4VE(\, 7) €34 G (N, 7) 72 (w0 — 1)
_4€3A Z()‘) Va()‘v T) (‘Pax +2x Va()‘v 7') @L) =0,

1 Notice that the gauge choice A, = 0 should be imposed at the level of the equations of motion. We
have checked that, after setting A, = 0 the equation of motion for A, reduces to the first order differential
equation (A.90), which follows from the other equations of motion.
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Oy (Vf()\,T) A1 k(A T) 72 go') +m? Vi(\, 1) 3AG/§( T)T ((pg—gpL) (A
A Z(N) 0 Va(N T) (P + 20 Va(N,T) 9) =0,

O [ Z(N) (P + 20, Va(N, ) 0) ] +m? €34 Z(N) (pax + 2 Va(N, 7) 1) = 0.

We now write these three equations in terms of the functions P(r), Q(r) and R(r) defined
n (A.85):

Ag=1y, Va Q—-R 3A 2 3A

Op |Vie™ G A 2P+ 7 +4Vie?"GRT* P —4e”" ZV,Q =0,

(A.87)
/ ;o

Or [ergAG_1 <“; P+ P+ vaRﬂ+m2erSAG/<7'2P—e?’AZVa'R:0
(A.88)

8r[e3AZR]+m A ZQ=0.
(A.89)

Here all primes denote derivatives with respect to r. Combining these three equations one
gets the following first order one:

L@ 4 o sag, 2 (Va ), QR
— —= P+P A.
ViedtG lw <Va xV mQer G kT V. +P + oV (A.90)
4
+— M ZV,R=0.
m

From this equation we can solve for R(r); substituting the result in (A.87) and (A.89)

we obtain
Vi k12 v N N,

8 V AG—l 2 _4 2A f Pl _a P /
[ e N A A 7 A AP 0 AN A R

T4V SAGRTPP 43 2V, Q =0, (A.91)

V, Vi k12 V!N, N,
3A 24 Va Vf / aiVa a ,
Z (4 e Tt p P

Oy [e <xe AT +:ENa+Nb +Na+NbQ>:|

+m2eZ7Q =0, (A.92)

where N, and Nj are given by the following expressions:
N, =V (4e* kv r? —mPw?), N,=42** ZV?2G. (A.93)
An alternative choice of variables is given by

P(r) = py(r) — or(r),
Q1) = pax(r) + 2 Va(A, 7) pr(r)
S(r) = Orpo(r) - (A.94)
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In terms of these, the Lagrangian (A.82), (A.83) reads

M3N?2

§ =-—5F / d%dﬂ(ﬂf{vfu,f) AT G(r) 7424 G(r)? k(N ) 7(r)? S(r)?

— 4m? 5\, ) 7(r)? P(r)? — m2e?A0 g2 w(, 1)2(S(r) — arp(r))Q]
+4e341) Z()) [ —m?Q(r)? (A.95)
2
+ (&Q(r) 2 VoA 1) 8, P(r) + 29, Va(\7) P() — z Vo (A, 7) S(r)) } } .

The fluctuation equations resulting from this Lagrangian reduce to the sys-
tem (A.91), (A.92).

A.3.3 Scalar mesons

The flavor-singlet scalar mesons are described by the action Ly given by eq. (A.65). The
resulting equations of motion are egs. (A.72)—(A.79) and their analysis will run similarly
to the one carried out in the appendix A of [137]. First, one should notice that the
action (A.65) is invariant under the 5d diffeomorphisms dr = £°, Jz# = £#, which act on
the fields as [137]:

Ohyy = =04y — Oy — 2Ny Al 55 ) 0A, = _5,2 - 8#55 )
5 =—¢" — A€ Sy = —' €, s=—1'¢.  (A.96)

Therefore, the equations of motion must satisfy the two identities that follow from
the equalities:

58 58
2 -0, =Z=0. A.97
3 o

The first equality reduces to the fact that (A.74) follows from taking the derivative with
respect to r of ¢34 times equation (A.76). On the other hand, the second equality in (A.97)
results in the following non-obvious identity:

0=—6e*10 (A.76) + 6(9, — A') [*A(A.77)]
— A 34 [24(A.74) 4 60 (A.75)] + 2" 34(A.78) — 7' (A.79), (A.98)

which can be checked through a lengthy but straightforward computation.

Indeed the diffeomorphism invariance of Ly, implies that not all the fields in (A.65)
are dynamical. The fluctuations of the metric, dilaton and tachyon making up L add
up to 17 components, but, as in [137], 5 are eliminated by gauge transformations and 5
more due to the non-dynamical components of the Einstein equations. We are left with 7
propagating degrees of freedom which, as we will see correspond to a 4D massive spin-2
field and two massive scalars.

We now focus on the scalars, governed by the equations (A.74)—(A.79). We have just
seen that eq. (A.77) follows from eq. (A.74), and the identity (A.98) allows us to get rid
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of eq. (A.75). Next, we can solve for ¢ and O(W — E’) in terms of ¢, x and s from
equations (A.76) and (A.77) respectively. Finally, substituting the resulting expressions
into the equations (A.78) and (A.79) we obtain two equations that only depend on the
following two linear combinations of ¢, x and s:

Al Al
(=v-—FX: §&=v-7s (A.99)

which are invariant under the gauge transformations (A.96). The equations for ¢ and ¢
take the form

"+ k()¢ +p(r) + D¢+ Ni(r) (C—€) =0, (A.100)
" +q(r) " +n(r) g +1064+ No(r) (E—¢) =0, (A.101)

in terms of the following functions:

ki) = 340) - 2550 + 250
wo) =gt | S e+ o
3 ;EZ;)‘:(:)/ ((7;);)3 , (A.102)
i) = @' [Ty LEUR Qe )y gy Qa7 ]
t(r) = G(r)?, (A.103)
n(r) = (4G(r)? —7) A'(r) Qj,/((:)) + /() [G(T); 3 ai’(’"g’;;)
~ e R o e (4104

The expressions for the functions Ni(r) and Na(r) are very lengthy, we write them down

in a somewhat more compact notation:

Ni(r)
x
= UA A kR T Vf{Vf 7 [4a MRV + (1 + M) (€4A RV, — 2677 )] (Opk)

‘D =

+ 267 R [dz M RV + M RV, — 2677 2] (00 V7))
2642 [V 7 (90 V) + 202 (D, V7)) |+ Sk RVF @' | — 8w p V72
— 2654 1o T2 R2(1 + M) V), + 263 7 @’2]
+ et (20 2NV + ARV, - RD?) [ — 3(1+ 222 VD (k)

— 126 R2(1 4+ R2) V; 72 @' (Opk) (06V5) — 1267 R T2 D (05 V)2
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— 6R* V7 7% (00k) (0-k) + 12> R 7/ Vj (00k) (0 V)

+ 1224 K T R (00 V) (0, V)) + 6K 77 REVE (02pk) + 1262 k7' RV} (925 V) |
(A.105)

and
No(r) - D9 =
= A{ — 60'R (20¢*4V; + R Q) |26 k (90V]) (9, V)
+ 21+ RV 7 K (03K) — Vi e 7% (00k)(0:5) + V77 €24 K (024 k)
+ 2624V, ® K27 R2(D2V)) — 263V} kM2 (02, V)) + 264 V(Do) (ava)}
— 3¢k 7' (1 4+ M?) (2x ARV, + M2 Q) (05Vy) (0ak)
— 16K% 7' Vf2 P [;r ARV, (4€2A — k7?1 + R?%)) + 2R° (e4A V,— k7% Q) }
- 3Vf2 7! {29}2 etk r? sz(l—l—%2) — 4R D2 Q4 RV 24 <62A KTV, (14 R?)
— 97 (862A + k7% (1 + R?)) )} (Opr)? — 1224 & Vit [29&2 A4 Vf2 Rt
+ 2P RO Q4+ 1 A RV (SAV, R - (e 1271 ©7) ] (Ok) (06 Vy)
12627/ 2202 A VP2 - A2 072 Q
+ 2 e MRV (AT, R2 — (2 + R2) @’2)} (B V)
— 6 K2R (D8 V) Vi (2z ARV, + M2 Q) (&I,Vf)}
+4e" M REP T VE O (06V,) (222 Vp + R Q)
— 267 Vf2 o’ |:4SC2 24 Vf2 (264A + K2 7'/4) +QV, (264A + ek K2 7'4)
+22 RV, YV, A (464A — ek 4 K2 7"4) —2eRVy (264A + K 7"4) @'2] (Opk)
—4e A2 9 Vi {4x2 e84 ) 72 R2 sz +e24R2Q (e4A R2 Vy—2 HT/2<I)/2)
+ 22t ARV; (eGA RV, — kT2 B2 2A(2 + 9%2))} (00 V})
+8e24 KV 92 24 (2 ARV, + M2 Q) (0-Vy), (A.106)
with the following definitions:

_ 2A 12
1+e 2472, Q=e"V, — 0%,

Dy =14 A MRV VO, D= 144 AP R 2T VY (A.107)
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A.3.4 Spin-two fluctuations

As we have seen in the previous section, the propagating degrees of freedom resulting from
the lagrangian Lg, of eq. (A.65) are two scalars (described by egs. (A.100) and (A.101))
and a massive 4D spin-2 field described by equation (A.72). These spin-2 fluctuations
correspond to the 21 glueballs, and their equation (A.72) is the same as in [137]:

(hi)" +340 (nih) + omkt =0, (A.108)

B Schrodinger form

In this section, we write the fluctuation equations in the Schrédinger form. A generic
quadratic five-dimensional action for a field W(z#, r) is

S = —%/C\p /d4xdr (C1(r)(0,1)* + Co(r)n 0,V 0,V + Cs(r)¥o, ¥ + M(r)¥?) , (B.1)

where we have allowed an arbitrary constant multiplying the action. We consider
U = ¢ (r) and define as m?2 the discrete set of values of —q? which satisfy the ap-
propriate normalizability conditions of the Sturm-Liouville problem. The solutions satisfy
the fluctuation equation extracted from (B.1):

~ G (CL D)) + () = mi(r). (B2)
2(T
where we have introduced

Hr) = 021(T) <M(r) _ ;arcg(r)) . (B.3)

We can define the orthonormality condition:

/w@mwmwwwﬁm. (B.4)

We now define a new radial variable v (with v = 0 in the UV), and a rescaled field «
in terms of a function = as

du= |20 a—zy, B = ()0 (B.5)
Cy(r)
The Sturm-Liouville problem now takes the Schrédinger form:
2
= 325“) + V() (u) = mion(u) (B.6)

where the Schrodinger potential is

1 d*Z(u)
E(u) du?

Substituting (B.4) in (B.5), we find that in the new variables, the normalization condition

V(u) = + H(u). (B.7)

is the canonical one:

/duan(u)am(u) = Omn - (B.8)
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C The UV behavior of the two-point functions

C.1 Vector two-point function

We calculate the vector two-point function in the bulk for large Euclidean momentum and
match to the perturbative QCD result. In this way, we can determine the value of the
function w(A, 7) on the boundary, as it will be explained in the following. The function
w(A, 7) multiplies the gauge field strength in Sen’s action, eq. (2.5).

To compute the vector two-point function holographically, we first find the quadratic
vector on-shell action and differentiate it with respect to the source of the boundary value
of the vector field. As shown in appendix A, the quadratic action and the equation of

motion are
1. 1
Sy = —2M3N0Tr/d4a:drvf()\,T)w()\,T)QeA 5G—lx/va + GOV, V|
1 (C.1)
I (Vi(A A7) et GOy ) — 2y = 0.
Vf()\vT)w()\’T)QeAG ( f( ,T)w(A,T) e wv) q Yy
The on-shell action is then found to be an integral on the boundary of space-time:
1.3 4 2 A~—1
Sy = §M N.Tr d*z Vi, m)w(\,7)2e GV, (2, 1)0,VH (x,7)|, _, - (C.2)
oM

As mentioned above, the holographic two-point function in momentum space is the
second derivative of Sy with respect to the boundary value of the vector field:

) 528y 252

% (q,p) = OV ) —(2m)*6*(p+q) N, (P — quay) v (@), (C.3)
where we have set the fields to be
d*q e
Vi) = [ e @ o). (C4)

where t%, a =1, ... ,NJ% — 1 are the SU(NNy), flavor group generators and Voa“ is the source
of the vector current. The factor of 2/Ny is included in order for non-singlet and singlet
[Ty to have similar normalizations. The bulk fields have been normalized in such a way
that the boundary coupling of the field theory current to the bulk field is

2Tr / d*zJLV, . (C.5)

The function IIy is calculated from (C.2),

v (g) = —AMPNNy Vi P, 72t Y 0w ()
| - e (C.6)
1 3 2 ar¢V(€) .
B _ZM NcNfWOwof?,

where r = € is the UV cutoff of spacetime, wy = w(A = 0) and vy is the IR normalizable
solution of the fluctuation equation with UV boundary condition vy (0) = 1. We have
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also used the normalization of the SU(N;) generators, Tr(t%t") = §¢/2. The leading
term of the two-point function in the limit of large momentum is determined by the near-
boundary solution of the equation of motion. The contribution from the IR is exponentially
suppressed in terms of momentum.

Hence, using the UV expansions of the background fields and potentials, given in
section 4.1 and appendix D.1, we determine the UV asymptotics of the fluctuation equa-
tion (C.1) which are reliable for r ~ 1/q — 0, for large ¢*.

b7 140 (o) | - P DO (P i 0. (€)

Keeping only the leading terms in the UV expansion of the equation above is enough to
determine the leading large ¢ expansion of IIy,. In this limit, the equation coincides with
the corresponding hard-wall AdS/QCD equation. By normalizing vy such that ¢y (0) = 1
we find the solution,

Yy (r)=qr K (qr) . (C.8)

Then, the correlator in the large momentum limit reads

1
Iy (q) = —§M3NCNfW0w§£ logg> + -+, (C.9)

where the subleading corrections are suppressed by logarithms of log ¢?>. By matching to

the QCD result, Iy (q) = —ng{ log ¢%, we find
N.N
M3N.N;Wowit = 6C -1 (C.10)
T

C.2 Scalar two-point function

We will also calculate the two-point function of the non-singlet scalar field in order to
determine the boundary value of kg of k(A, 7). The UV expansion of the tachyon, eq. (D.10),
implies that the boundary coupling of the tachyon to the dual field theory operator is
proportional to

le

When the tachyon field is expanded as T = (7 + s + 5%t%)e? 7" the on shell action of
the fluctuation is

Tr/d4xT(x76)cj(:c)q(x). (C.11)

1
S5 = S MONTr / d'z Cy(r)s0,s),_.

1
= 2M3N6Tr/d4a: Vf()\,T)eSAG*:‘n()\,T)sars}r:e :

(C.12)
Here, we denoted s = §%t*. The scalar-scalar correlator is defined analogously to the
vector-vector one in (C.3)

§2Sg 2620

(g, p) = 558(0)5S8 () = (2m)*0* (p+q) N,

HS(q) ) (Cl3)
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where we have set the fields to be s(z) = [ (gjr')ﬂ el4% ( S8(q)t* s (r), where t* are the

SU(Ny) flavor group generators and the fluctuation g satisfies the boundary condition

Ys(r =€) = € . The AdS radius appears in the above expression in order for S§(q) to have
the correct dimension of the source of the boundary operator.

The scalar fluctuation equation for large Euclidean momentum (i.e., near the bound-
ary) is

3 1 3 1
2 ool -olihs)
Vs r [ log?(rA) Vs r? log(rA) vs (C.14)
— ¢ [1 + O (r2 logQ(rA))] s =0.
Solving the above equation we determine the IR normalizable wavefunction

Ys(r) = qr® Ky (qr) , (C.15)

with the following boundary asymptotics
L3, 2,2 1 2y .3
Ys(r) =+ g log(ePr) + 5 (<20 =1 —log)) i+, (C.16)

where p is defined in (D.11). The on-shell action is then

Sg = M?’NCWOROEQ(S—M ﬂSao(q)Sbo(—q) @ + 3¢ loge® + 3¢?logg® + -+ | .
4 ) (2m)* €2
(C.17)
The divergences of the on-shell action are cancelled by adding the counterterms
M3N W,
Set1 = —%OEOTT/CZ%\FW(%G)Q; (C.18)
M3 N Wokol

Sopo = ZLW)TT/d4x\f'y§(x,e)D75(x,e) log . (C.19)

The first counterterm adds a finite part, —%€3q2 log ¢%, to the parenthesis in the expres-
sion (C.17) for the on-shell action. Hence, the leading order result is

M3N.NWolPkg
Is(q) = : g q*logq*. (C.20)
. _ NcNy o 2 .
Matching to the field theory result, IIg(q) = 353 ¢~ log ¢°, we obtain

N.N;

3 S,
M NCNfW()f Ko = 47I‘2

(C.21)

Finally, notice that combining (C.10) and (C.21) one arrives at the expression (4.8) which
relates wg and kg.
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D UV and IR asymptotics of the background

In this appendix we calculate the UV and IR asymptotics for rather generic choices of the
potentials V,, V¢, and & of the action. For reference, we first repeat here the background
equations of motion [4]:

" "2 4()‘/>2 2A 2A —2A
64" +6(4)? = =2 + AV, () — 2 V1) 241+ 245\, 7) (72,
4()\/)2 e24
12(4)2 = =222 4 AV (\) — 2 V(N T ., (D1
(A= 55+ eV T) e (D)
" ()‘/)2 1y 32 24 dVy vy -
— A = — -7 /1 2A 72
A 3 +3A° A 8)\6 "\ +$8/\\/+6 K (1)
f % 672Avf (T/)Q :|
2 N 1ten (7))
oVy kN N Ok 10k 10V
1" —24 ! f N3 f N2
kA + — —+ —— —— - =
e (“ L) Vf+2ax>(7)+<2m9¢ VfaT)(T)
N oVe  Nok e?4 oV,
AL L AR i A D.2
+(3 +Vf8)\+f£8)\>7— xV; or (D-2)
We shall use here the Ansatz (see the discussion in section 4)
Vi(A, ) = Vio(A)e W™ (D.3)

and assume that x(\, 7) depends on A only.

D.1 UV

We make here the standard assumption that all potentials are analytic in the UV and are
then matched with perturbative QCD, as explained in section 4.

D.1.1 Fields A and A

Setting the tachyon to zero, the equations of motion for A and A involve the
effective potential

v, (A):%(A)—mvf(x,()):%[1+V1A+V2A2+---} | (D.4)

Then, the (leading) UV expansions of A and A can be found by substituting suitable
Ansétze in the equations of motion (D.1). The result reads

r 4
. l—éQ {95 — 6{‘}12/2} + 8%10g [— log(rA)] [—23 + 6{“/}/2} N 1
log(rA)? log(rA)3
V() — 8 log [ log(rA)] [3*? - ﬁgv‘ﬂ 1 o
() = - 9log(rA) + log(rA)? (log(rA)?’) ' (D-6)
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Two combinations of the series coefficients of the effective potential appear here. As the
potential is matched with perturbative QCD, they become
8 88 — 16z

Vi =5b0 = 60 (D.7)

Vo 23 9 1 <3 54(34—13:@)

2 - — D.8
Vi 64+16bg 64 (D-8)

- (11 — 22)2
where b; are the coefficients of the perturbative QCD S-function in the Veneziano limit.
Our convention is such that S(\) = d\/dlog u = —boX + b1 A% + b A3 + - - -.

D.1.2 The tachyon

As the tachyon is decoupled near the UV boundary, its UV behavior can be studied by
inserting the expansions calculated above for A and A into the tachyon EoM (D.2). We
also develop the potentials as series in the UV:

12
Ver(\) = Vo(N) = 2V5 (A, 0) = 5 [T+ VIA+ VoA 4 -] (D.9)
k(A 202 9
=1 o]
o) 3 [ + K1A + Ko A + ]

Here the leading coefficient of k/a was already fixed in order to have the correct UV mass
of the tachyon [78]. The general solution for r — 0 reads

S7(r) = mqr(~10g(rA)) [1 +0 (bg(er)ﬂ (D.10)

+ or(~ log(rA))? [1 o (bg(lmﬂ |

Here matching with the perturbative anomalous dimension of the quark mass in QCD gives

4 4%1_70_ 9

P=737 3V, by 22— 4z

(D.11)

where 7 is the leading coefficient of the anomalous dimension.

D.2 IR

We will only repeat here the discussion for the particular asymptotics of V; in (D.12) that
reproduces well several properties of QCD in the IR, [66-69]. The potential used in this
article has this asymptotics.

D.2.1 Xand A

We assume that the potential V;; has the asymptotic behavior

U1 + V2
log (g32)  log® (g32)

1+ +o (D.12)

Vo(X) = o <87r2) log 52
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Then the asymptotic solution to the equations (D.1) reads

2
T 1 r 1 23 4uq
A:—ﬁ+§logﬁ—logR—§logvo+ 10g2+710g3+ﬂ+7
R? (=173 + 51207 + 1024vs)
O (r D.13
* 345672 o) (D-13)
3r2 23 R? (151 + 51207 + 1024vs)
logh = 2>— — =2 9y — —4 D.14
08A= 5 T ™ 230472 O (D-14)
where, for our choice of V; in (4.19),
92 (bYM)? — 1446YM 18476
vo = (872)2 (b™) 1 — (D.15)
270(0)2 243
1 1
_ 1. - D.1
V=g (o) 3 (D.16)

Here we set the probe limit AdS radius ¢(z = 0) to one. The IR scale R = 1/Ar appears
as an integration constant.

D.2.2 The tachyon

The IR expansion of the tachyon depends on the large-A asymptotics of the potentials x,
a, and Vyy. Power-law asymptotics for the potentials were analyzed in [4]. We consider
here a slightly more general case.

We discuss the following asymptotics of the potentials:

K(A) ~ kAT (log )7 a(A) ~ acA?(log \)* Vio(A) ~ veA™ (D.17)
where k. and a. are assumed to be positive. We also write the asymptotics of A and A as
3r 2 ?"2
log\ = = R2+)\ +(9( ); A:—ﬁ *10gR+A +O( ) (D.18)
where
23 49
)\C = —E — 2'1)1 = —E (Dlg)
1 ) 3 23 4un
A= —1 — =1 —log 2 1 — 4+ —
c og R Qogvg+4og +40g3+24+ 3
13 13 1
=—1 — 4+ —1 -1 2—71 461 D.2
ogR—|—8—|—4 og3+4og 2ogGQ (D.20)
=—logR+ A.. (D.21)
The tachyon EoM (D.2) has the form
"+ F17'/ + F27J3 + (1 + F37'/2)(F47' + F57'/7'2) =0, (D.22)
where
d 2a(\)e24
Fy =3A" + N —log(k(\) V(A Fy=——— D.23
—24 / ’ ,da(N)
= I{()\) 4A"+ )\ - log VK Vf() , Fs=-X N (D24)
By = r(M)e 24, (D.25)
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The IR asymptotics of the various factors are

Fy ~ ——©f&r R (D.26)
Py 22 12;;:; 6rcp)e 2w %)—2“4 exp [(2 _ 2“’”) (;)1 (D.27)
o Qnmce;ijc—nm <%>_1_2W exp [(2 B 2%) (;>2] (D.28)
e 3az+ﬁg;;fi::+fl:i\c+ap/\c <%>1+2a2+2w exp [<g o+ gap B 2> (;)2] (D.29)
o _W (%)”m exp [;’ap (;)1 . (D.30)

For a, = 0 the leading behavior of Fj is

3%acap < r >2ae—1

— 5o ig \B

Fy ~ 7

(D.31)

If a()\) is constant, F5 vanishes. All the expressions have subleading corrections suppressed
by 1/r2.

The most important parameters in the asymptotics of eq. (D.17) are a, and kp. If
a, < 0, the tachyon potential V¢(A,7) does not vanish asymptotically in the IR, which
leads to a problem with flavor anomalies [78]. Therefore we take a, > 0. The special case
a, = 0 and the region with a, > 0 are seen to have qualitatively different asymptotics. As
suggested by the exponential factors in (D.26) — (D.31), the asymptotics also changes when
kp passes the critical value 4/3. Indeed we will have three choices for x, which lead to
different asymptotics: x, > 4/3, k, = 4/3, and K, < 4/3. When either of these parameters
takes its critical value, a, = 0 or k, = 4/3, the logarithmic corrections in (D.17) will also
be important. Notice also that when ), = 4/3, the tachyon equation (D.22) can be written
asymptotically, up to corrections suppressed by 1/r%, as

™+ (1+ F37'2)(F17" + Iyt + F5T'7'2) ~0, (D.32)

which can be used to simplify the analysis.

We list here several potentially acceptable cases, i.e., choices of potentials for which
there is a repulsive tachyon solution as r — oo such that V(A7) goes to zero. We do not
discuss the cases that do not satisfy this criterion.

We will require that Vy(\,7) vanishes faster than a power of €24 or 1/) in the IR,
i.e., that the factor a(\)7? grows faster than r2 in the IR. This behavior guarantees that
the DBI action (as well as its fluctuations) decouple from the glue in the IR. In cases
where Vy(X,7) vanishes slower than this (see e.g. item 5 below)!® the decoupling is more
involved. It also turns out that natural asymptotics of the meson spectra are hard to obtain
in such cases.

5One can also take v, < 0. Then Vj(\,7) vanishes in the IR also in many cases which are excluded
below, e.g., in the excluded the cases where 0 < ay, < 1.
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Figure 13. Map of the acceptable IR asymptotics of the functions x(A) and a()) (see also figure 1).
Left: qualitatively different regions of tachyon asymptotics as a function of the parameters x, and a,
characterizing the power-law asymptotics of the functions. Right: regions of tachyon asymptotics
at the critical point k, = 4/3, a, = 0 as a function of the parameters ry and a, characterizing
the logarithmic corrections to the functions. The framed numbers refer to the various tachyon
asymptotics listed in the text.

We will list all results with acceptable tachyon asymptotics. A map of the asymptotics
is shown in figure 13, where the shaded regions present acceptable solutions. The red
framed numbers show where the various asymptotics of the list lie on the map. The list
below contains the results for asymptotics of the tachyon and of the tachyon kinetic term

K =e #rk(\)()?, (D.33)

which will be useful in the next subsection. We will also give the equations which the
tachyon satisfies in the various cases after the list. In the cases below, the parameters kg,
ay and v, can take any real values, unless stated otherwise.

1. kp=4/3, a(\) = const. = a. (so ap =0 = ay), v, < 10/3 and Kk, > —1/2. This is the
case of potentials I, which have xy = 0 and v, = 2. We find that

7(r) = 19 exp {CI <%)1+2w [1 + 0O (;)] } (D.34)

3req, 62A6+4/\C /3

~ 25 1(10 — 3u,) (1 + 260 ke

where

Cr (D.35)
and 7y is a constant of integration. Here the corrections O(1/r?) can be extended to a
Taylor series in powers of 1/72, the coefficients of which can be related to the coefficients
in the asymptotic expansions of A and A, and which are independent of 7. The kinetic
term diverges,

142k
K~ p2ie=1.2 exp {20{ (%) Z:| , (D.36)

as r — oQ.

— 71 —



2. Kp =4/3, a(\) = const. = a. (so ap =0 = ay), v, < 10/3 and k; = —1/2. Notice
that this choice is the one singled out in (4.17), because this is the only set of parameters
for which we obtain exactly linear trajectories for the meson spectra (as we will show in
appendix E). In this case we find a power-law asymptotic for the tachyon,

(r) = 7o (%)C” [1 +0 (;ﬂ , (D.37)

2ﬁaC€2Ac+4>\C/3
Chn = .
V3(10 — 3v,) ke
Note that requiring Vy(A,7) to vanish in the IR gives the additional constraint Cry > 1.

where

(D.38)

Taking this into account, the kinetic term diverges again:
K ~ p2(Cu-1) ’ (r — o). (D.39)

3. kp=4/3,a, =0, a; > 0. In this case, which has the critical choice of k, and a,, the
logarithmic corrections play a major role. The most generic solution of this type is found
in two regions on the (ky,ag)-plane. The first region is given by the equations a; > 0,
ag + kg > —1/2, and k; > —3/2, while the second one is limited by ay > 1 and ky, < —3/2.

In these regions the solution may be written as'®
7\ 3+2kKe
7(r) ~ 1/ Cm <§) + 70, (r — 00), (D.40)
where B
3,‘{[ eQAC+4)\C/3
Cur = (D.41)

260 Lapr (3 + 2kp)
For ky > —3/2, the tachyon therefore has a power-law divergence. For ky < —3/2, the
tachyon tends to a constant. In the latter case, the integration constant 7y needs to
be positive.

For the kinetic term we find

K ~ const, (r — o00), (D.42)

when ky > —3/2. When ry < —3/2, the kinetic term vanishes asymptotically:

K ~ p3t2ee (r —00). (D.43)
On the line with a; = 1, ky < —3/2, the solution is qualitatively similar and can be
written as _
3f€g+1€2Ac+4Ac/3acTO r 342Ky
()~ o — . (7) (D.44)
2ft ko(—2K¢ — 3)(10 — 3v, + 3ac.1y) \R

The requirement that V¢ (A, 7) vanishes in the IR may be met, but only for large enough
values of 79, and the convergence to zero is slow (only a power of 1/)). Therefore we will
exclude this particular case.

6We do not write down the order of the dropped subleading terms here, since they are somewhat
complicated. There are different terms which are subleading with respect to the leading one by a (possibly
noninteger) power of 1/r. The same applies to the cases 4, 5, and 7 below.
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4. kp =4/3, a, =0, Ky = —3/2. In addition we require that a, > 1. This is a limiting
case of the previous asymptotics as ky — —3/2. Notice however that the region of validity
is now extended to ay = 1. We find that!”

T(T)Nylc'lvlog%+70, (D.45)

where e )
Oy = ———2Actire/3 D.46
T (D.46)
The kinetic term behaves as 1
~ . (D.47)
logr

5. kp =4/3,a, =0, ay = —k¢ — 1/2. In addition we require that —3/2 < k; < —1/2.

Define first
3% t1/2(10 — 3uy)

26et3/2q,(—kp — 1/2)

Cy = (D.48)

If Cy > we find that

(3+2H )’
7(r) ~ Torév/2Cv) (D.49)

Then, however, Crv/(20y) < 3/2+ k¢ < 1, and consequently a(\)72 grows in the IR slower
than 72, so the tachyon potential does not vanish in the IR.

When Cyv < the asymptotics is

(5+2n )

7(r) ~ /(Cr — Cy) 134202 . (D.50)

where we used Cryr = In this case we omitted some subleading terms, which involve

Crv
(3+2k¢) "
an integration constant.

Now a(A)7% ~ r? in the IR. One can check that V;(\, 7) vanishes in the IR if Cyp — Cy
is large enough. A further check would be needed to see when this is enough to decouple
the tachyon in the IR, as Vy(A, 7) only vanishes as a power of 1/X. Decoupling is, however,
guaranteed as ky — —3/2 since Cpyp diverges. In this case the kinetic term K asymptotes

to a constant as r — 0.

6. £, =4/3, a, > 0. Potentials II belong to this class. The tachyon asymptotics is now

() = \/ on (5) [1 e (2)} . (D.51)

3”*162&*4’\0/3

where

Cyi = (D.52)

2602, K0 (1 + 2ky)

For ky > —1/2 the asymptotics is a power law. For k;, < —1/2, the tachyon tends to a
constant value and 7y needs to be positive. The case ky = —1/2 is obtained by taking the
limit ky — —1/2 in (D.51), so that a logarithm arises under the square root.

YFor a; = 1 there is also a term ~ loglogr under the square root which is leading with respect to the
constant 7.
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We find that the kinetic term vanishes asymptotically:
K ~1/r%, (r —00), (D.53)

when ky > —1/2, and
K~ p2rel (r — o00). (D.54)

when k, < —1/2.

7. kp<4/3, a, =0. The tachyon tends to a constant in the IR. For a; > 1,

002 () e (2 0) ()]

RUZ 62AC +RpAe

260ap(4 — 3kp)ke

—

D.55)

where

Cvi = (D.56)

The tachyon kinetic term vanishes fast in the IR:

K ~ exp {— (2 - ;w) (;)2] . (D.57)

For ay = 1 (assuming v, < 10/3)!® the result can be written as

3retlg e2Actrpder r\ e 3kp r\ 2
T(r) ~ 7o = 2%t (4 — 31,) (10 — 30p + 3acr2) (R) exp [ (2 - ) (R) ] '
(D.58)

Notice, however, that depending on the value of 7, the tachyon potential may not vanish
in the IR in this case.

8. kp<4/3,a,>0. Assuming v, < 8/3 + Kk, /2,

- S (a) e[ () () e )]

where
3HZ_1€2AC+H1’)\C
Cvyrr = . D.60
VIIT %oy (4 — 3ry) ( )
The kinetic term behaves similarly as in the previous case:
3 r\?
K~ —(2-= — D.61
exp[ < 2/@) (R) (D.61)

81t is not enough to require that v, < 10/3 4+ ac7g. For 10/3 < v, < 10/3 + a.7¢ the IR singularity is
not repulsive.
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9. kp>4/3, a(\) = const. = a. (ap =0 =ay). Then

a5 | (5 ) (o R)]) oo

where _
3L aceZACJrnp)\c

260 245,(16 — 60y + k) (Bky — 4)

The tachyon kinetic term diverges very fast in the IR, essentially as tachyon squared.

Crx (D.63)

10. &k, >4/3,ap, =0, ag > 0. Then

o-a(y) e[ @) e

3&@/2€Ac+np)\c/2
C

T 2re/2-1/2, [5.ay(3k, — 4)

and the integration constant appears in exponentially subleading terms which we have not

where

(D.65)

written down. The kinetic term has the asymptotics
K ~7r?, (r — o00). (D.66)

11. k, >4/3,a, > 0. Then

om(s) () (o) o

3r0/2-1/2 g ActrpAc/2

N 2re/2-1 [k ca,(3k, — 4)

In this case the kinetic term asymptotes to a constant in the IR.

where

Cx1

(D.683)

In summary, the acceptable asymptotics are shown as shaded regions and solid blue
lines in figure 13.

We briefly comment on the cases which were not covered by the above list. For a,, < 0,
or when a, = 0 and ay < 0, the tachyon EoM often does not admit a regular, nontrivial
solution that extends to r — oo. In the cases where such solution exists, V; does not vanish
in the IR. The same applies to those cases with a, = 0, x, < 4/3, and with 0 < a; < 1
which were not covered by the list above. We often required that v, is below a certain
critical value. If this value is exceeded, the tachyon solution is not repulsive at r — oco. In
addition, typically Vy does not vanish in the IR in such cases.

Even though the above list contains many qualitatively different acceptable asymp-
totics, they can be classified in two classes for which the tachyon satisfies asymptotically

two different simple equations. The classes are!”

YThe cases where the potential V;(\,7) does not vanish in the IR, or only vanishes as a power of 1/A
(including item 5 and the last expressions of items 3 and 7 in the list), fall outside of this classification.
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1. Constant a(A) (items 1, 2, and 9 in the list). Then the tachyon asymptotics arises
from the terms involving the coefficients Iy and Fy. Asymptotically the tachyon
therefore satisfies

e 25 (\) {4/1' + X% log (\/@vﬂ)@))] 7+ 2a(\) T ~0. (D.69)

2. Non-constant a(A). Then the tachyon asymptotics arises from the terms involving
the coefficients Fy and F5. Asymptotically we find

da( 2a(\)e24
ald) o 20 (D.70)

X d\ K(A)

D.2.3 The tachyon with modified power in the DBI action

We have also studied how the tachyon asymptotics change if we allow for different powers
from the usual % in the DBI action. More precisely, we replace

\/— det(g + Kk 0u70,7) = \/—det g \/det(d,’f + KOFTO,T) (D.71)

by
/= det g, [det (0¥ + k 9"70,7)]° (D.72)

where b is a free parameter. Notice that this replacement maintains the diffeomorphism
invariance of the action. As we are interested in the background solutions, we set here the
gauge fields to zero and assumed that 7' = 7(r)ly;.

As we require that the tachyon decouples asymptotically in the IR, it is enough to
study how the tachyon EoM and asymptotics change when b # 1/2. The tachyon EoM can
be simplified to

1+ (20— DK] 7" + = [1+2(1 - b)K — (2 — DK?] 7
H (D.73)
n [(1 + KO, log V + (1 + bK)d, log H] 7= Noa(l+ K)yr2r =0,

where

h=e Mk, V= 65AVf0, K =e 25t = i (1)2. (D.74)
We immediately notice that cancellations take place in (D.73) for b = 1/2 which suggest
that it is a special value.
We now discuss what happens to the tachyon asymptotics which were solved for at
b = 1/2 in the previous subsection. Depending on the behavior of the factor K, the various
solutions can be divided into three classes:

a) Solutions where K vanishes asymptotically in the IR. These include the cases 3 (when
ke < —3/2),4, 6,7, and 8 in section D.2.2. As K vanishes, the modification in (D.72)
is unimportant in the IR, and the solutions of section D.2.2 remain valid for b # 1/2
(the dependence on b needs to be included in some coefficients).
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b) Solutions where K asymptotes to a constant in the IR. These include the cases 3
(when k; > —3/2), 5, and 11 in section D.2.2. These solutions are unchanged at
qualitative level for b # 1/2, at least when b is not too large.? We have verified this
numerically in several cases.

¢) Solutions where K diverges asymptotically in the IR. These include the cases 1, 2,
9, and 10 in section D.2.2. For large K and b # 1/2, factors which vanish at b = 1/2
may dominate the EoM in (D.73). Therefore drastic changes are possible when b is
moved away from its critical value 1/2.

Interestingly, the class ¢) includes potentials I as well as the tachyon asymptotics which
was singled out in section 4 as the only one having exactly linear meson trajectories (cases
1 and 2 above). Recall that these choices are also motivated by the relation to string
theory, as pointed out in section 2.4. We have checked what happens for b # 1/2 for
these potentials.

For b < 1/2 we could not find any regular solutions, numerically or analytically. When
b > 1/2, there is a regular solution for which the tachyon diverges as

T(r) ~ 32, (D.75)

(Notice that ks > —1/2 for these potentials.) Therefore, the asymptotics indeed change
qualitatively whenever b deviates from its critical value. For ky = —1/2 (case 2) the tachyon
divergence is only linear which is not enough to guarantee the decoupling of the tachyon
as discussed in section D.2.2, so this case is ruled out.

Interestingly, the solution (D.75) is smoothly connected to the case 3 of section D.2.2,
where similar power-law asymptotics were found for a; > 0 (and b = 1/2). It is easy to
see that the analysis of asymptotic meson trajectories for the case 3 from appendix E also
applies to the present case. Therefore, the trajectories are not linear, but

RZ+1
m2 ~ oz (D.76)

In conclusion, we did not find any extra solutions, which would satisfy all constraints
from QCD, by generalizing to b # 1/2. To the contrary, the single choice of potentials
which has linear trajectories, only works for b = 1/2.

E Asymptotic spectrum and radial trajectories

E.1 Flavor non-singlet trajectories

We now calculate how meson masses scale at large excitation number n. The scaling
of the decay constants is discussed in appendix F.1 We start from the flavor non-singlet
sector where the fluctuation equations can be transformed into the Schrédinger form. The

20For large values of b it may not be possible to find such solution to (D.73) that the various coefficient
factors asymptote to constants having the same signs as for the b = 1/2 solutions. In such cases the tachyon
asymptotic must change qualitatively.
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IR asymptotics of Schrédinger potentials are computed for all excitations in the different
cases of tachyon asymptotics, which are given in section D.2.2.

For ease of reference, we repeat here the results for the Schrodinger potential from
appendix A. The potential is defined by

V(u) = + H(u). (E.1)

Here the functions = and H are for the vector, axial vector, pseudoscalar, and scalar sectors

Zv = Vi, ) Pw(r, m)e/?, Hy =0,
A, T)
S, =5 H i — 424 2 WA T)
A v, A==€ T w72’
Zp = Vf(>\7T)_1/2T—16_3A/2I€(>\,T)_1/2 , Hp=Hy,
=5 = Vi, 1)2e2G 7 Th(A, 1), Hg = 262/*;&)7) , (B2
respectively, and the coordinate u is defined by
du
o — —2A(r 2
= Glr) = 1+ 24060, 7)(7)2 (E:3)

The WKB approximation is then used to find meson masses in terms of n. The
Schrédinger potential have the UV asymptotics

vuv
V(u)rv?, u~r, (u—0). (E.4)
where vyy equals 15/4 for the pseudoscalars (assuming zero quark mass) and 3/4 for the
other towers.

As we shall see shortly, the UV asymptotics of the potential is not relevant in the cal-
culation. All tachyon asymptotics which we shall consider, are covered by two qualitatively

different cases for the IR asymptotics of the potential:

I V(1) ~ v2uPlogdu, (u— 00), (E.5)
11 V() ~ 022 (u — 00), (E.6)
where v, p and ¢ can be determined in terms of the potentials of the action separately for

each case.
For large excitation number the mass eigenvalues satisfy

d(m2) ~ o /”2 du !
dn w ym2 V) )

where u; and us are turning points of the potential. The contribution to the integral from

(n — o), (E.7)

the regime close to the UV turning point u is o< 1/m,, and will be subleading at large n.
Therefore the exact value of w1 is unimportant.
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For large m,, and for the two different cases for the potential the IR turning point
ug satisfies

2 2 9
2
I ublog? ug ~ <mn> = Uy =~ <m">p <log mn> " (E.8)
Vs Vs p Vs
1 My,
II ug ~ [ —log < > . (E.9)
p Vs

In each case, the integral in eq. (E.7) is dominated by its IR limit as m,, — co. Therefore,

I /“2 du _ uz/l dx
mny[1 = Shurloghu \/1—(1+1l°gg£)q"”p
m?{il 2 My e dx
~ W (plog Us) Vi (E.10)
11

/ 2 du Us / 1 dz
2 o 2
mpy/1 — 1]75262pu2 My \/1 _ v”?z elog(m? /v2)z?
mn mn

1
~ L g <m">/dg;. (E.11)
mMnp \| P Vs

Consequently, eq. (E.7) becomes,

d(m?) 1-2 /2 my, »
I Tnn ~my " <plog o > , (n — o), (E.12)
2
11 d(;”") gL — (n — 00). (E.13)
n
log (’Z:)

Finally, we find the mass in terms of n as

9 S 2 2q_

I m; ~vstPn2te (logn)2tr | (n — 00), (E.14)
2 n?

I1 my ~ ogn’ (n — 00). (E.15)

Hence, the spectrum follows linear trajectories only for p = 2 and ¢ = 0 in the first case.
Notice that the proportionality constant in (E.14) depends on v, as we have stressed by
writing down the dependence explicitly, while the leading term in (E.15) is independent
of v,.2!

We now proceed to the analysis of the different potentials which were presented in
the appendix (D.1.2). In each case, we need to analyze the IR asymptotics of the two
terms of the Schrodinger potential in (E.1). The first term, Z”(u)/Z(u), will usually have

2!The leading result in (E.15) also remains unchanged if the include power-like corrections in (E.6).
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the same IR asymptotics for the different excitation towers (but will be dependent on the
tachyon asymptotics).

As pointed out above, the Schrodinger coordinate u will also be tower independent. For
the second term in (E.1), we have two nontrivial functions, given as H4 and Hg in (E.2),
and we need to check separately if they contribute to the potential. As we shall see, Hg
is always suppressed in the IR, but H4 may contribute depending on our choice of w(\).
Usually Hy4 contributes, if w(\) vanishes faster in the IR than x(\).

We parametrize the infrared asymptotics of the potential functions as above:

R(A) ~ KA P (log A) ™7 a(A) ~ ac A% (log )% ;
Vio(A) ~ ve A", w(A) ~ AP (log A) ™. (E.16)
We then discuss the behavior in the various cases of tachyon asymptotics. As above,

the numbers in the list are mapped to values of the coefficients of (E.16) as shown in
figure 13. We shall fix the units such that the IR scale R = 1 for simplicity.

1. kp = 4/3, a(\) = const. = a. (so ap, = 0 = ay), v, < 10/3 and ky > —1/2. The
asymptotics of the tachyon is in this case

T(r) ~ To exp [CITH—?W] ; (r —00). (E.17)
In this case the Schrodinger coordinate behaves in the IR as
u ~ T_NZ_% T ~ CCIT1+2HZ . (E18)

The various terms of the Schrodinger potential behave as

1d?Z2 5 5. 1
Sz = Vsl log“u |1+ O oga) |’ (E.19)

2+4wl 1
Hy = cyu®(logu) 725 [1 +0 ( )]
logu

X exp {(3% —4) <1ch1“> e [1 +0 <10;u>} } , (E.20)

Hg ~logu,

as u — 0o. Here ¢; and vg can be calculated in terms of the potentials, and v, is the same
for all excitation towers.

For w, < 3, Ha(u) in (E.20) is suppressed in the IR with respect to =’ (u)/Z(u)
in (E.19). Comparing (E.19) to (E.5), the asymptotics of the masses in (E.14) becomes

m? ~nlogn. (E.21)

Because v in (E.19) was the same for all excitation towers, also the slopes of the various
towers, i.e., the proportionality constants in (E.21), are the same. Therefore, the trajecto-
ries are almost, but not exactly, linear. For w, = %, and if wy < Ky, the extra term H4(u)
is again suppressed with respect to Z"(u)/Z(u) , (E.21) holds, and the slopes are the same.
In other cases the slopes, or even the asymptotic behavior of m,,, are different among the
various towers due to extra contribution from H 4.
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2. kp = 4/3, a(\) = const. = a. (so ap =0 = ay), v, < 11/4 and k; = —1/2. The
asymptotics of the tachyon is in this case

T(r) ~ Torci. (E.22)

For Ctr > 1 we find that
un~c Cu lCF—E— 221 +0 (u* E.23
~ 17_N61T0r ) :du2 _USU [ + (U ):| ( ' )

as u — 0o, where vy is the same for all towers, ¢q is a coefficient which is determined in
terms of the parameters of the potentials, and € = min(2/Crr, 2 —2/Crp). We also find that

Hy = coexp {(3wp —4) ( “ >CH 1+ 0 (u )] } u2+0in+4g‘%1 [1+0 (™ )],

7o
Hg ~ const. (E.24)
For w, < 4/3, H4 is suppressed and the spectrum is linear:
m2 ~n (E.25)

for large n, and all towers have the same slopes. In the critical case w, = 4/3 we find the
same result, if also wy < —1/2(= k). If (w, = 4/3 and) wy = —1/2 the slopes of the axial
vectors and pseudoscalars are larger than to those of the vectors and scalars due to the
contribution from Hy. If wy > —1/2 the trajectories of axials and pseudoscalars are no
longer linear.

When C11 < 1, the tachyon potential does not vanish in the IR, so these potentials are
not acceptable. If we anyhow repeat the above calculation, we find quite similar results as
above. In particular,

1d°2
Saw

but now the coefficient vy may vary between the different towers. Therefore, the spin-

=viu? [1+ 0 (u )] (E.26)

one and spin-zero trajectories have, in general, different slopes (if H,4 is asymptotically
suppressed). However, if w, has the critical value 4/3, the slopes turn out to be the same.

3. kp=4/3,a, =0, and with ay and x; constrained as depicted in figure 13 (right). The
tachyon has the asymptotics

T(T) ~ \/ CHIT?""Q’W + 710. (E27)

This case of tachyon asymptotics appears in two distinct regions. In the first region
(ag + Ky > —1/2 and Ky > —3/2), the coordinate u ~ r, and the terms in the Schrodinger
potential read

ld27‘§ — U2u4a,g+4f{g+4 [1 + O (u—s)}
= du s ’
Hp =crexp {02(3wp — 4)u2 [1 + 0O (u_e)] } yAtawe [1 + O (’U,_E)] ,

Hg ~ y20et2retl (E.28)

— 81 —



where the coefficients ¢; and € > 0 are calculable in terms of the potentials of the action.
Hence, when H 4 is suppressed in large n limit, the masses asymptote as

a£+me+1
mi ~m 2apF2RgF3 (E.29)

Therefore, to have linear spectrum we should have a; + Ky = —%, but then the tachyon

asymptotic changes (see the case 5 below). With the constraints given above, we actually
find that the power in (E.29) satisfies

ag+re+1

l<d—— < 2. E.30

2ap +2Kkp+ 3 ( )

In the second region (ay > 1 and ky < —3/2), again u ~ r, and the terms in the

potential become

1 d2E 2, day—2 2Kkp+3
= a2 =viu [l—i-(’)(u )] ,

H,4 =exp {c(3wp — 4)u2 [1 +0 (u2“€+3)] } 2Rt dw [1 +0 (u2“€+3)} ,

Hg ~ y2oet2retl (E.31)

When H 4 is suppressed, the trajectories are given by

2ap—1

m2~mn . (E.32)

Linear trajectories would therefore require a, = 1, but in this case the tachyon potential
Vi(A, 7) might not vanish in the IR, so that the potential would not be acceptable as
explained in appendix D.2.2.

4. K, =4/3, kg =3/2, ap =0, ap > 1. The asymptotics of the tachyon is in this case

7(r) ~ /Crvlogr + 7 (E.33)

The Schrodinger coordinate behaves as u ~ r and the potential terms asymptote to

1d°E
S v2ute =2 log? y
1 1
Hy=crexpl 3w, —4u? |14+ 0 —— utt e logu |14+ O ,
logu logu
Hg ~ u?%2 (E.34)

When H 4 is suppressed, the masses behave as

2ap—1 1

m2 ~n e logn. (E.35)

The spectrum is therefore linear with logarithmic corrections at the endpoint a, = 1.
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5. kp =4/3,ap, =0, ap = —kg — 1/2, —1/2 > Ky > —3/2. In this case we find two
subregions with slightly different tachyon asymptotics.

First, if Cy > 35%, the tachyon asymptotics reads

7(r) ~ Torév/20v) (E.36)

The coordinate v ~ r, and the terms in the potential behave as
1 d*=
= du?

Ha = cyexp {(3w, — 4)u? [1+0 (u )]} uCv/Ov =2t dwetl 1+0(u )],

=2 [140 ()]

Hg ~ uCrv/Cvt2me=3, (E.37)

The coefficient v, is the same for spin-zero and spin-one excitations only if w, = 4/3.
Assuming that H 4 is suppressed asymptotically in the IR, the large n trajectories are linear:

m2 ~n, (E.38)

and the slopes are the same for the various towers if in addition w, = 4/3. However,
as pointed out in appendix D.2.2, the tachyon potential does not vanish in the IR and
therefore this solution is not acceptable.

Crv
Second, for Cy < 39y

Cvi oy

The coordinate u ~ r, and the terms in the potential behave as

we have

1 d?=
= du?

Hp=c exp {cz(Swp — 4)u2 [1 + O (ufé)] } uAtiwe [1 + O (ufe)] ,

= v2u? [1+0 (u )]

Hg ~ const. (E.40)

where again c¢; and € can be calculated. When H4 is subleading in the IR the spectrum
is linear:

m2 ~n. (E.41)

All excitation towers have the same slopes if w, = 4/3. As discussed in appendix D.2.2,
the solution is not acceptable in general, but for x, sufficiently close to —3/2 the tachyon
potential will vanish in the IR. Therefore, if in addition the tachyon decouples from the
other fields asymptotically in the IR as we have assumed for the background solutions, this
asymptotics may be acceptable.
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6. kp,=4/3, a, > 0. The asymptotic of the tachyon is in this case

(1) ~ /O 2% 4 g (E.42)

In this case u ~ r and the various terms asymptote as
2=
Ld= | sap[1+0(u)]
= du?
Hy ~ Buo D@ [1+0(™)] o pFap® (E.43)
where € = 2 for kp > —% and € = 1 — 2xy for Ky < —%. The asymptotic spectrum in this
case is not linear, the masses behave as

2 n?
~ E.44
Min logn ( )
for large n.
7. kp <4/3,a, =0, ap > 1. The asymptotics of the tachyon is in this case
C 3
7(r) ~ 7o — VAL 14260 oy Kﬁp - 2) 7“2} : (E.45)
) 2
Asymptotically in the IR u =~ r, and the Schrédinger functions are found to be
2=
Ld™= a2 [1 Lo (6(3,»;,,_2)1;)] ’
= du?
3 kp—2 u2
Hy = Cle(?)wp—%ﬁp—Q)u? |:1+O(€(§ P ) )}u3+2w+4we [1 +0 (6(%“1’_2)“2)] ’
Hg ~ u?¥ !, (E.46)
When H 4 is asymptotically suppressed, we find that
2ap—1
m2 ~n e . (E.47)

Linear trajectories would require again that ay, = 1, but this case is not acceptable as
explained in appendix D.2.2.

8. Ky <4/3, a, > 0. In this case we have
3
T(r) ~ 7o — LVIHT*HQW exp {(Hp - 2) 7'2] . (E.48)
) 2
The coordinate behaves as u ~ r, and the terms of the Schrédinger potential are
g )
= du? ’
Hy 6(3Wp_%f'€p—2)u2 [1+O (e(%“P—Q)“Q)]
Hg ~ e(3artamp=2u? (E.49)

The asymptotic spectrum is again not linear:

2

2 n
~ . E.50
M logn ( )
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9. kp>4/3, ap, =ay=0. We now have

3
7(r) ~ 1o exp {CIXT%Z_I exp [(;p - 2) 7“2] } . (E.51)
The coordinate © behaves as
w ~ e 1/26 (1R )% (E.52)

Consequently, the terms in the Schrodinger potential become

1 d?= 2,2 2 2 1
S = Ust (log u)“(loglogu) {1 +0 <loglogu)]
2(3wp—4) o\ Bwp-a 1
Hy ZC1u2(logu) Swp 1 (loglogu)zwﬁl (2re=1) 5= [1—1—(’) (11)] )
oglogu
Hg ~ logu (E.53)

In this case the trajectories are not exactly linear due to the logarithmic corrections. When
H 4 is asymptotically subleading in the IR, the mass asymptotics are

m? ~ n logn loglogn, (E.54)
and the slopes of different towers are the same.

10. K, >4/3, ap =0, ag > 0. Now the asymptotics of the tachyon is

7(r) ~ Cxr™ /2 exp [<:3/:p - 1> 1“2} (E.55)

In this case v ~ 72, and the Schrédinger functions are

1d°E N ecl(gﬁp_4)u[1+o(ﬁ)]
= du?

HA - ecl(3wp*4)u[1+(9<ﬁ>] ’ HS -~ 601(%"%—1)“ ) (E56)

The spectrum is not linear, the masses scale as

2
n
m2

~ . E.57
" log2 n ( )

11. &k, >4/3, ap > 0. In the last case, the tachyon behaves as

3
7(r) ~ Cxpr ™2 exp [(Zp - 1> 7“2] . (E.58)
We now find that u ~ r in the IR, and the Schrodinger functions read

ld2£ ~ u4a£+4w€(3'€p+3%*4)u2 [1+O<1%2>]
= du?

Hy ~ (Bur— v [1+O(u%)] Hg ~ e(zrrtiap=2)u® (E.59)

)

In the limit of large n, the masses behave as

TL2

2
My,

~ . E.
logn (E-60)

The slopes are the same for w, < K, + a,.
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E.2 Flavor singlet trajectories

Analyzing the asymptotic behavior of flavor singlet scalars and pseudoscalars is more in-
volved than in the flavor non-singlet sector. This is the case because gluonic and mesonic
degrees of freedom are coupled, and the resulting system of equations cannot be written
in Schrodinger form in general. We shall now show that for high excitations the glueballs
and mesons are, however, decoupled. Then mesons have tower by tower the same trajec-
tories as in the flavor non-singlet case, whereas all glueballs have linear trajectories with
common slope.

E.2.1 Axial vectors
The flavor singlet axial vectors contain no glueballs, but there is an extra term

. dx A Z(N) Va(\, 7)?
AT Gwn T2 V(N T)

(E.61)

in the Schrodinger potential with respect to the flavor non-singlet axials, which arises from
the CP-odd action S,. We expect that both V; and Vy are exponentially suppressed in the
IR, log Vo (A, 7) ~ —a(A)7? ~ log V§(A, 7). Assuming that the function a()) is the same in
both potentials, H, is suppressed as well since it is proportional to Va(A\,7)2/Vi(X, 7). The
exponential factor is enough to make sure that ﬁ[a is a subleading contribution asymptot-
ically in the IR for all acceptable potentials. Therefore, the asymptotics of the spectrum
are identical to the flavor non-singlet case.

E.2.2 Pseudoscalars

The flavor singlet pseudoscalar fluctuations satisfy the coupled pair of equations (A.91)
and (A.92). They do no admit such simple Schrodinger form as the equations of the flavor
non-singlet sector. The results for the asymptotic spectra are, however, expected to arise
from the IR behavior of the various coefficients of the equations also in this case.

We consider the second equation

V, Vi k12 V!N, N,

3A 24 Va Vf / atVa a / 2 3A

- Z |4 P+ ——P+ ——— + ZQ =0,

0 {e <:1:e - , x - A N, NbQ>] m-e Q=0
(E.62)

where N, and N;, were defined in (A.93). In the UV, the coefficients behave qualitatively
in the same way as in the flavor non-singlet sector, and therefore the UV region again does
not contribute to the asymptotic trajectories.?? In the intermediate region, with r» = O(1),
all coefficients have regular behavior. Therefore, as m? — oo, the only way to balance with
the mass term in (E.62) is that the derivatives of the modes grow large, d/dr ~ m, and the
dominant terms are the mass term and the terms with second order derivatives. This leads
to rapidly oscillating solutions where the number of nodes is linked to the number of states
as in the Schrodinger picture. With growing m?, this approximation holds until larger and
larger values of r. For all acceptable potentials the coefficient of the mass term turns out

22The fields P and Q have the standard power-like normalizable and non-normalizable solutions in the
UV, which signals the fact that the UV structure cannot give rise to any modes.
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to have a rather mild dependence on r, such that for high enough m? the counting of the
number of nodes (and therefore the number of states) is dominated by the region of large
r where IR asymptotics works.

In conclusion, in order to extract the trajectories, it is safe to use the IR expansions
of the background in (E.62). Doing so, we notice that the coefficients of P and P’ in the
square brackets are exponentially suppressed in the same way as the extra mass term (E.61)
of the flavor singlet axials. Therefore P decouples from (E.62) at high m?, and the spectra
for () is determined by the equation

63}1 Za, (4 ZQ+m*Q =0, (E.63)

where we used the fact that N, is exponentially suppressed with respect to N, in the IR.

This matches precisely the fluctuation equation for pseudoscalar glueballs in THQCD [66—
69], which is known to produce linear trajectories.

The remaining task is to solve the trajectories for P. As ) was solved from an inde-
pendent equation we can safely set it to zero?® in (A.91). Further dropping terms which
are exponentially suppressed in the IR, the equation becomes

Vi G L34 12

o R - N +Vp G’ P =0, (E.64)
where oA o
de“* KT
Hy=——55—. E.65
a= (E.65)
Defining
L VGl gt
P= P E.66
m2 — HA ’ ( )
the equation can be rewritten as
1 N . .
-1 .34 . 2 / 2 _

This matches exactly the fluctuation equation of the flavor non-singlet pseu-
doscalars (A.26). Therefore, the pseudoscalar meson trajectories are similar in the flavor
singlet and non-singlet sectors.

E.2.3 Scalars

The asymptotics of the flavor singlet scalar modes can be solved similarly as for the pseudo-
scalars. Now the coupled fluctuation equations are (A.100) and (A.101). It is not difficult
to check that the functions p(r) and Ni(r) in (A.100) are exponentially suppressed in the
IR. Therefore the relevant equation for ¢ is

A// A//

)\l
"+ 34" — 277 +257 2% ¢ +m*¢=0. (E.68)

%A more precise argument is as follows. When solving for P in the IR from (A.91), we should also
include the solution for @ which is sourced by P in (E.62). But as the couplings of P are exponentially
suppressed in (E.62), so is the sourced solution for Q. Therefore it can be neglected in (A.91).
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Here the coefficient of ¢’ can be written as

X\
A+10g (3)\A’>

and therefore the equation matches the scalar glueball fluctuation equation of IHQCD [66—

L_o |3

5 (E.69)

69]. The scalar glueball trajectory is linear with the same slope as in the pseudoscalar
case.

Setting ¢ to zero in (A.101), and assuming®* that the last term involving Ny can be
neglected in the limit of large m, we find that

& 4+né +m?tE=0, (E.70)
where

t=G*=1+e 2w\ 7)(7)?,

A" G? -3 O\k(A\, 7)
o 2 _ / A ’
n=(4G*—7) A’ 2+)\[ )

A/
V(A7) 2e24 0, Vp(\,7)
KA, T)T" V(A7)

(E.71)

Apparently the connection to the flavor non-singlet equation is not as simple as for the
pseudoscalars. The flavor non-singlet scalar fluctuations satisfy (A.35). We notice that the
form of ¢(r) is such that the Schrédinger coordinate is the same as in flavor non-singlet case.
In the analysis of the flavor non-singlet trajectories, the asymptotically leading contribution
to the Schrodinger potential arose from the exponential factor exp[—a(\)72/2] in Z for all
acceptable potentials. In order to prove that this factor is the same in the flavor singlet
case, it is enough to show that

n(r) ~ =0, [a(\) T(T‘)Q] , (r — o00). (E.72)

We check this separately for the two classes of potentials having either constant or non-
constant a(\).
For all acceptable potentials with constant a(\), from the results of appendix D.2.2 it
follows that
G? ~ K = e 225\ (1)? (E.73)

and this factor diverges (at least as a power of r) as r — oo. The terms oc G2 in (E.71)
can be written as

4G2A,+)\,[G r(NT) | o 8,\Vf0(/\)]

2 k(A7) Vfo()\)
~ e 2R\ ()2 [4A' + X—log (VEN) Vi (A ] ~ —2a(\) 771’ (E.74)

24This is plausible because the N term does not involve factors of m or derivatives, which become large
as m grows. We have also verified the validity of this assumption explicitly for the potentials I and IT which
were used in the numerical analysis.
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where we used (D.69) at the last step. Notice that the last term in (E.71) can be written as

2A A /
2e 0 V(A7) o _da(N) 7T (B.75)
k(A 1)1 Vi(AT) G?

so it is suppressed. The other additional terms in (E.71) are also suppressed, by 1/G? at
least. Therefore, as a(\) is constant,

n(r) ~ —o, [a()\) T(T)Q] , (r — o00), (E.76)

with corrections suppressed at least by powers of r.

We then consider the case where a(\) depends on A. The logarithmic derivative
V(A 7)/Vi(X,7) then involves the term —da()\)/dAr%. For the potentials to be ac-
ceptable, we required that a(\)7? diverges faster than r? in order to make V(A7) vanish

in the IR. Therefore
da(\)

d\
diverges faster than linearly in 7. The factors X dylogx, X 0ylog Vo, and A’ only grow

N(r) T(r)2 = —" T(r)2 (E.77)

linearly in r. Dropping subleading terms we therefore find??

da(}) 2 _ w ~ 0, [a(\) 7] | (r — o0), (E.78)

~ 2N/
nx(2-GHA dA\ k(A1) T

where the last step follows by using (D.70).

We conclude that the masses of the flavor singlet scalar mesons have the same asymp-
totics as the flavor non-singlet scalars (as well as all other meson towers) for all accept-
able potentials.

F Decay constants

In this appendix, it is shown how a two-point function of a generic operator is expressed
as an infinite sum over the normalizable fluctuations of the dual bulk field. The decay
constants of the states, created by this operator, can then be extracted from this decom-
position. We follow the analysis of [80, 81] and we use the action of a massless bulk vector
field in a general gravitational background. This is the simplest case which captures the
most important aspects of this analysis.

The decay constants are defined as the residues of the two point functions at ¢> = — M2,
where M2 is the mass of the nth excited state. Therefore, ITy, defined in (C.6), may be

rewritten as 2
My = W’%_% : (F.1)
see (6.4). To determine the decay constants we start from a general action for the vec-
tor fluctuations
rM3 N2

Sy = 5

/d4:c dr BCQ(T)VW VI + CLr)O V10 V| (F.2)

25In a special case, ap = 1 in item 4 of the list of asymptotics of appendix D.2.2, the subleading terms
are only suppressed by 1/logr. This is still enough for the trajectory to be fully determined by (E.78).
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Changing variables to Schrodinger form (see appendix B), the action can be written as

xM3N?2

¢ / dud*z [E(u)zauvlfauvaﬂ + 1E(u)2VW JH (F.3)

SV: 5

where u and Z(u) are defined in eq. (B.5).
The fluctuation equation becomes

Ou(E(u)?0utbv) — ¢*E(u)*Yy =0, (F.4)

We also define ¢ = Zt)y. Then, eq. (F.4) becomes

=/
¢" — [; + q2] $=0. (F.5)
The boundary condition, 1y (€) = 1, implies that
¢(e) = E(e) - (F.6)
The equation for the spectrum is
1 g" 2
where ¢,, satisfy
[t on@ = S =) (ES)
The propagator of eq. (F.5) reads
G ()P (u') .
Gu,u') = — ; e amI G ,u) = G*(u,u') (F.9)
and satisfies _,
[83— <;+q2>] Gu,u') = 6(u—1u'). (F.10)
We define a new function g by
¢(u) = E(u) +g(u) . (F.11)

This is useful because the leading non-normalizable terms of ¢ are included in = on the
left hand side, so that g(u) is normalizable in the UV. Substituting the definition in (F.5),

we find _,
- (Tee)]o-r= (F12)

In this case, the solution in terms of the propagator is

g(u) = /OO G (u, v )¢*E(u)du’ . (F.13)
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Consequently, 1y reads

Yy(u) =1+ é((z)) =1+ /00 Glu, ) P2 )du' . (F.14)

eq. (C.6), for the two point function, reads

f e
My = —eMANZE(u)? OV
q

: (F.15)

U=—€

where the wave function obeys 1y (u = €) = 1. Inserting eq. (F.14) in the above definition

we find - Clund)
_ xMPNZ_ o U, U S N g
Iy = 7 ©=(e)? /E {&L =) ]U_ﬁq =(u)du . (F.16)
From eq. (F.9) we have
Gu,v') _ Outhy, () Pn (1)
Du SO -> Fmd (F.17)

n

where 1, = %” Therefore, eq. (F.16) becomes
My = s MPNZE(e)* ) “1/’” / bn (W)= (u
‘ q ¢ +m2

:xMSNgz(e)QZiL;W() / M2 () Z ()2l

— mg ¢* +mg

(F.18)

Using the fluctuation equation of v, to replace the integrand, we conclude that

1 |8uhn(e)?
— 3 2':‘ 4 urn
n

Hence, by comparing to (F.1), we find the decay constants:26

2 419 2

m2
Going back to the A coordinate, and using the UV expansion of the normalizable

wave-functions

Yn(r) = SVP% o = e (F.21)
we obtain )
(n)
2 d 2 €2
A=o00 n

Using also the matching condition (C.10), the final result may be written as
()
2 NN dr 2 (62 )
FWM) = =L o4 (= (A : F.23
(1) = e " (@ (F.25)

2
26The decay constants of the axial vectors are given by analogous formula, where v, will be the normal-

A=oc0 n

izable solutions of eq. (A.20). The formula for fr is different from the above since it is proportional to the
coefficient of the mass term, Hg4, (A.22), see [80, 81].
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F.1 Asymptotic decay constants for large excitation number

Similarly to appendix E, we now compute how the vector and axial vector decay constants
depend on the excitation number, n, for large n. In the WKB approximation (for n — co),
the solution of (B.6) reads

a(u) = (m%—CS/(u))}L cos (/u Vm2 =V (u) du + 9) , (F.24)

where V' (u) is the Schrodinger potential of the vector or axial vector fluctuation. The
constant ¢y is determined by the normalization of «, see (B.8). We find that

e

where u; and uo are the turning points of the potential. For the two different cases of IR

co=V2 ( (F.25)

potentials which are shown in (E.5) and (E.6), the above integral is given by egs. (E.10),
and (E.11). The result for ¢ is

q
1 1.1 /9 25 2 5 e
I co~vimy P (log m”) . v§+pné 2 (log n)ﬂjjr2 , (n — o0)
p Vs
(F.26)
IT co ~ ”mnlrv " , (n — 00).
(log Mo )z log n
(F.27)

To compute the decay constants we need the expansion of the normalizable wavefunc-
tion in the UV, see (F.22). Keeping only the leading UV asymptotics of the potential, (E.4),
the UV normalizable solution of (F.22) is

a(u) = crv/u Jy(myu) . (F.28)

In the limit of large n, this solution agrees with that of (F.24) in the regime A[_J%, <L u <K ug,
where both approximations are accurate. Therefore, the wave-function (F.24) (setting
V(u) = 0) must match the IR expansion of &. Indeed we find that

a(u) }V(u):o = \/cr(r)Tn cos (my,u+0),
(F.29)

~ C1 2 T
a(u) ~ — — ;cos(mnu—i—Z), (u— 00),

™ ™
c1 = —\/;Co, 0= Z . (FSO)

The UV expansion of the wavefunction gy (r) = dE:;, (B.5), is

from which we obtain

Yy (r) ~ comy, P24 (F.31)
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Therefore, the coefficient of the normalizable solution is an) ~ ¢o my. Finally, (F.22) for
the decay constant yields

2
I F, ~ ML R (log n)P% , (n—o0) (F.32)
n
II F, ~ . F.33
A (n = ) (7.3

Notice that in the case I, the vy dependence of the proportionality constants, as well
as the leading logarithmic corrections, cancel in the ratio F,,/m,,, see (E.14). This ensures
asymptotic cancellation between the contributions from the vector and axial states, and
consequently convergence of the series, in the spectral decomposition of the S-parameter
n (6.6). When meson trajectories are linear (p = 2 and ¢ = 0 in the case I), the decay
constants asymptote to a constant,

E,~ol?, (n— ). (F.34)

G Asymptotics of the meson wave functions

In this appendix we will compute the IR and UV asymptotic form of the wavefunctions for
the singlet and non-singlet mesons. As we have seen above, the knowledge of the asymptotic
behavior of the wavefunctions is essential to compute the mass spectra of mesons.

G.1 Non-singlet flavor fluctuations

We begin with the analysis of the non-singlet fluctuations (presented in appendix A.1).
These include the vector and axial vector modes plus the pseudoscalar and scalar fluctua-
tions. We will study them first in the UV (r — 0), and then in the IR (r — c0) region.

G.1.1 UV

In order to solve the fluctuation equations in the r — 0 limit we need to read the UV
expansions of the potentials and background fields from sections 4.1 and D.1. We collect
them here written in a form that will be useful for the asymptotic analysis of the equations:

A(r) ~ —log(r/f) +

910g(
log A(r) = ®(r) ~ log <9V1 log(A > (G.1)
7(r) ~ £ (mgr (—log(Ar)) ™" + o r’(—log(A7))?) , (G.2)
Vio(A) ~Wo (1 + W1 A) (G.3)
Vy(A) = 2Vio(\) ~ % (1+Vi)), K(A) ~ Ko (G.A4)
w(A) ~ wo (1 +wy\) ’283 N 2§2(1+m>
a(\) ~ag (14 a1\ (G.5)
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where
i

We first consider the vector and axial vector modes described by eq. (3.4). Near the

p:—g <1+”1> . (G.6)

boundary (r — 0) the equation of motion for the vector fluctuations reads:

r

1 ! 2 212 .
9V; log?(rA) ﬂ Yy +m? [1+0 (r*log*(rA)) | v = 0.

log®(rA)
(G.7)
The solution of the above equation close to the boundary is given by

1 4(Vy — 4wy — 2W-
Yy (r) =a (1 - 577127“2 log(rA) + - ) + cor? (1 A 19V1 1zjg1(rA) D ) (G-8)

The equation for the axial vectors involves an additional mass term with respect to the
one for the vectors. Near the boundary (r — 0) it takes the form:

1 1 I: 4(V1 — 4w1 — 2W1) ( 1 >] ’
=1+ +O( g
v r 9V log?(rA) log®(rA) va

KO 92,4, 2 1 2 210452 _
- 4w—%mq€ log™*P(rA) [1 +0 (k)g(rl\))] Ya+m?[1+0 (r’log*(rA))] a=0.
(G.9)
The UV asymptotic solution is then
254
balr) = e {1 ~om log(rA) + 21 o Ty 2og% 1 (rA) 4 -
10 w§ (1+27) (G.10)
4(‘/1 — 4U)1 - 2W1)
2
1— e
rort (1= i)

As for the non-singlet pseudoscalar fluctuations, their equation of motion is eq. (A.26).
When solving it asymptotically in the UV we have to distinguish two cases: zero, and
nonzero quark mass m,. First, when the quark mass is nonzero (m, # 0) the fluctuation
equation takes the asymptotic form:

i 1 2p 1 i
o [ o © (om )|

KIO 2 p4 —2 1 n 2 2 2 ~
- 417(2) mg " log™ " (rA) [1 +0 (log(r/\))] Yp+m® [1+ 0 (r’log*(rA))] vp =0,
(G.11)
and therefore the wavefunction as r — 0 is
~ 2 264
Yp = (1 - %72 + %72 log 27 (rA) + - )
w
' (G.12)
Ko m?2 04

+ o log=2TL(rA) (1 + r2log 2P (rA) + - - ) .

2
q
2
Wy
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When m, = 0, the asymptotic equation reads:

w3 % — %p ( 1 )
N ol——
Py log(rA) * log?(rA)

+m? [1 + 0 (1"2 logQ(TA))] vp =0,

Up+ O (r?) ¥p

(G.13)

and then the asymptotic wavefunction for the pseudoscalars when m, = 0 is given by

2

Up = e (1+TZT2+~-> + ¢ (r*log* (rA) + - - +) (G.14)

Finally, the equation of motion for the non-singlet scalar fluctuations is eq. (A.35),
which in the » — 0 limit becomes:

b= [0 (g5 5 [ - e
— 240 —— + 21—
Vs r log?(rA) Vs r? log(rA) vs (G.15)
+ m? [1 + O (r2 logQ(rA))] s =0,
where ps; = % (% — "% — ) The UV asymptotic wavefunction is then
s =1 <r log ™ 2P* (rA) +-- > + ¢ (7"3 log 2P (rA) +-- ) . (G.16)

G.1.2 IR

We shall now determine the asymptotic form of the wavefunction for the non-singlet modes
in the IR region (r — o0). We will consider two different scenarios corresponding to
backgrounds generated by type I and type II potentials respectively (see section 4.5).

IR — Potentials I The asymptotics of the background fields are presented in ap-
pendix D.2. For the type I potentials the IR (r — 0o) asymptotic form of the background
fields is given by

V,(\) ~ 5o AY3/log A (1 - 101:;1A> : Vio(A) ~ veA?, a()\) ~ ac,
K\) ~ Ko A3 w(A) ~ A" (log \) "™ (A — oo),
(G.17)
and
7(r) ~ T exp [C’I%} ; (r —00). (G.18)

We will set here R = 1 for notational simplicity so that dimensionful quantities are given in
units of 1/R. As before let us start with the vector fluctuations, whose equation of motion
takes the following form in the IR:

, 1 2017“ 1
W — prt [1+O<ﬁ>]¢{, +m2py© [1 +0 (73)] Yy =0, (G-19)

T
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2A

where p; = 2aCTgCI, P = 2Kkc€ 073)‘60127'5. The solution in the r — oo limit is

—2Ctr
. —m2E2 %62CIT72C[T' —2Cyr m222 € !
Yy =cr - e 1+ 0 (e )] +er™ i |14+0 2

(G.20)

The extra mass term present in the equation of motion for the axial vector fluctuations (see
eq. (3.4)) is subleading in the IR region, and therefore the asymptotic (r — oo) solution
for the axial vector wavefunction is also eq. (G.20).

In the IR limit, the pseudoscalar equation (A.26) becomes (the term proportional to
the quark mass is subleading in the IR):

~ r 1 N 2017‘ N
1%’; +p1€201 |:1+O(T12)]w% + m2p2€ |:1 + O <1>:| wP — O’ (G21)

r r2

with solution

. 2p2 _ P1 2CpT _ __opy —2Cyr
'¢P _ Clrm e 2¢; © 1" —2Cr [1 +0 (6—2017")] + eor meel |:1 + 0 (62):| . (GQQ)
r

For the scalar fluctuations, in the IR eq. (A.35) reduces to
. plezclr[wo(%)]qb{g N pam? eQCIr[HO(}Q)]d}S +p3€201T[1+O(T%)]¢S _0. (G23)
r

4
where p3 = 4ace§>‘601702. The asymptotic solution is

2P2 P3

" 657’ [1 +0 (6—2011”)] )
(G.24)

_m2P2 Pl 2Cr_

g =cyr T P1LeC (2123 ) (140 (e7297)] + cor

IR — Potentials II We now study the asymptotics for backgrounds corresponding to
type II potentials. The IR asymptotics of the background fields are:

V,(A) ~ g A3/Tog A (1 + lovng , o Vio(\) ~ e\, a(X) ~ a3,
K(A) ~ Ko A3 w(A) ~ A" (log \) "¢ ; (A —00), (G.25)
and

T(r) ~ m; (r —o0). (G-26)

Again we set R = 1, and start with the vectors whose equation of motion becomes:
" 2 r? 1 / 2 1
lbv—pﬂ“@ 1+0 ﬁ ¢V+m 1+0 7“72 Yy =0, (G27)

where p; = 2ace%0\/ 7. The solution in the IR reads:

2 w2
i3

wv — Cl e_e 2pqr [l—i_O('r%)] + 02 e%rer2 |:1+O<T%>:| (G28)
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which is also the IR asymptotic wavefunction of the axial vector fluctuations (as before
the additional mass term present in the equation of the axial vector modes is subleading
in the IR).
The pseudoscalar equation in the IR region r — oo reduces to

1 2 r? 1 o 2 1 7

Yp+piree” |1+ 0 2 Yvp+m |1+0 ) Yp =0, (G-29)
with solution . ,

dp=cre s (140 ()] tepe 2T [”0(%)], (G.30)

Finally, the equation of motion for the scalar modes takes the following IR asymptotic form:

W — pr2e” [1+0< >}¢S+ [1+0< >Ms+pzre Ys =0, (G.31)

2)¢ . .
%. Its solution is

—r2
e
tro (%)

G.2 Singlet flavor fluctuations

where po =

ey [HO(H)] (G.32)

P2
17/)5 =ciret

We will now analyze the asymptotic behavior of the fluctuations in the singlet flavor sector.
We will only consider the case of the singlet scalar modes, since it is for these that we
computed numerically the mass spectrum in section 5.

G.2.1 Scalar fluctuations
The scalar singlet fluctuations are described by the system of coupled equations (A.100)—
(A.101). We will solve this system first in the UV (r — 0) and then in the IR (r — oo) limit.

UV. The UV asymptotic forms of the background fields can be read from sections 4.1
and D.1, and is summarized in egs. (G.1)—(G.6). Then, the functions (A.102)—(A.104) take
the following UV form:

3 2 8K 1

b o rlog(Ar)’ O 3Wo 0% r(log(Ar))?’ (G-33)
1 2p _ 3 2p
n(mg #0) r rlog(Ar)’ nlmg = 0) ~ s log(Ar)’ (G-34)
p~ —rmy 2p (—log(Ar)) K —xzo?r (—log(Ar))Qp 9K +---, (G.35)
2
t~1400?%);  with K= Wol™(r + W) (G.36)

3V1 ’

where in (G.35) we have omitted a term ~ mgor3. The functions N; and Ny take the
following form in the UV:

Ni(mg #0) ~ny (—log(Ar))™ ,  Ni(mg=0)~nyrt(=log(Ar))* ,  (G.37)
2W K
- 2y 2 (1 - 2L, M )
ny =xm” Wy ( 3V, + 3, (G.38)
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2W- 3K
~ 2 2 1 1
= 1420t o .
ny =3xo”- Wyt < + v + V1> , (G.39)
no 8 K1
Ny~ —— " =—(1+—]). G.40
2 r2(log(Ar))2’ =3 ( + Wl) ( )

Therefore, in the UV the system (A.100)-(A.101) reduces to

"+ % <—3 S - > ¢+ m?¢=al?[m] Kr(—log(Ar) =] &'+

log(Ar)
+ [ (< log(Am) ] (€ =) (mg #0), (G.41)
"+ % <—3 - log(2A r)) C+m?=al? [02 K5 (—log(A 1"))2"] ¢
+ [t (<log(Ar)*] (€=C);  (mg=0), (G.42)
1" } 1 2p / . n2 m2
e < ! logmr)) o (r?(logmr))? * ) ‘
- ! ;¢ + - C; (mq #0), (G.43)

~27W, r(log(Ar))

" 1 2p / n2 2
Sy (3 * 1og<Ar>> o <r2<10g<Ar>>2 o > ‘
8K 1 no

=~y rloa(Ar)2 S T 2oa(A )2 S

r2(log(Ar))?

(mg =0). (G.44)

Neglecting the mixing terms in (G.41)—(G.44) we obtain the following solutions as r — 0:

¢~ Bi(14 O(r)) + Bar(log(Ar))? (1 + O((log(A7r))™)), (G.45)
&(my #0) ~ E1(1+ O(r)) + Eyr* (—log(A7))* (1+ O((log(A 7)) ™), (G.46)
E(mg=0)~ Fy 2 (=log(Ar)) "2 (14 O((log(Ar)) ™) + F(1 4+ O(r)) . (G.47)

For the massless quark case it is consistent to take the subdominant normalizable solutions
with By = Ey = F} = 0, since the mixing terms in (G.41)—(G.44) are clearly subleading.
However, when m, # 0, even when taking the subdominant solution for ¢ (E; = 0), the
mixing terms in (G.41) are not subleading. A consistent solution for ¢ is then:

¢~ Byrt (log(A r))2 (1+ O((log(A 'r))_l)) — % (21’ 0 mg K+ nl) r log(Ar), (G.48)

as r — 0, where the second term is the one sourced by &.
According to these UV asymptotics the operators dual to ¢ and £ have dimension
A =4 and A = 3 respectively.

IR — Potentials I We now move on to the analysis of the IR behavior of the flavor
singlet scalar modes. We will first consider the scenario given by the type I potentials. The
asymptotic form of the background fields is presented in appendix D.2 (see also eqs. (G.17)—
(G.18) above).
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In the IR limit the functions determining the system (A.100)—(A.101) are given by

3 02 ~ 2
k~ —6r+ By +0(r73), p~e % 7 , qn~ %\/%OTO e (G.49)
T
o CPRDOT o CPReT0T) L (G.50)
3v6 12v6
CF ke o 7§ (Ae 4 201 4 6) €217
Ny ~ e e Ny ~ I’*cvoTol(Q\;éJr vt )er ; (r — o0),
(G.51)

where, as for the non-singlet case, we are setting R = 1. Assuming that the exponential
suppression of p(r) and Ni(r) in the IR kills the mixing in (A.100) we can solve for ¢ in
the IR:

2

m_ 2
6

m_
6

CmO1r s (L4+ 0 2) +Coe® r 2% (1+ 00 2),  (r— o0). (G.52)

We now write the IR form of eq. (A.101):

02 2 ~ !/ 1
g 4 FeCrT0 % oy _§+i(AC+2m+6+mz)5

\/6 3 12r
1, Aet2v14+61 ]
ts¢ -y ¢ =0 (G.53)

When looking for a regular solution we shall take (tg with C'> = 0 and neglect the second
derivative term. We then obtain:

m? — 3(6 + 2v1 + ) m?

1 2
o Dy i (mPH6+20140) _ . G.54
&~ Dy e g T s w AR Gl (G-54)

On the other hand, the leading (divergent) solution for ¢ in the IR is given by:

2 ~
¢~ Dy exp <CI 7(;0\/% e 6201T> (€727 4 O(e™1n)) | (r = o0). (G.55)

IR — Potentials II One can read the corresponding asymptotic form of the background
fields in appendix D.2 (see also egs. (G.25)—(G.26)). For the type II potentials the functions
appearing in the system (A.100)—(A.101) take the following form in the IR:

3
b —br 5o+ 007) p~ e (—ac X072 g~ —qor?e”,  (G.56)
ne g’ t~140(r7), Ni ~ exp (—ao 72

(G.57)
48+/6

Na~qore’”, with qo = \Cac et (r — 00), (G.58)

Ke Vo

where again we have set R = 1. Assuming that the exponential suppression of p(r) and
Ni(r) in the IR kills the mixing in (A.100) the solution for ¢ in the IR is again (G.52). On
the other hand, equation (A.101) now reads:

& +m*E—qor’e” (5/ +¢ + %(c - 5)) - (G-59)
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Proceeding as before we find a dominant solution diverging exponentially and a subdom-
inant one which results from solving (G.59) after discarding the first two terms. The
result is:

24+/6a,

Ke Vo

6 2 2
m—;1n6 re (r = o00), (G.60)

§~D2exp< eg)‘cerzr> +Dyr—Cy

where (] is the constant appearing in (G.52).

H Numerical methods

We shall discuss here the most involved steps of the numerical computations, which were
done to derive the results of sections 5 and 6.

H.1 Computing the flavor singlet scalar spectrum

The starting point of the numerical analysis for the flavor singlet scalars is the coupled pair
of equations (A.100) and (A.101). Following [4], we first make the coordinate transforma-
tion from r to A, because this helps to resolve the UV behavior of the various functions.
For z# dependence we insert the usual plane wave Ansatz such that —0O is replaced by the
square of the four momentum ¢2. We first solve the background as explained in [4] and
evaluate the coefficients of the fluctuation equation on the background. The A dependence
of the fluctuation wave functions is then obtained by solving the resulting coupled ordi-
nary differential equations by shooting from the IR. We require normalizability in the IR,
and choose the starting values at an IR cutoff according to the asymptotic expansions of
appendix G.

The scalar meson (and glueball) masses are found as follows. We choose a basis for the
IR normalizable solutions by setting D; = +C; or D; = £C} in (G.52), (G.54), and (G.60)
(and by setting Co = Dy = Dy = 0). We denote the solutions obtained by using the
boundary conditions with plus [minus] signs by ((1,&1) [(C2,&2)], respectively. Notice that
these solutions will not be UV normalizable, in general. We then study the determinant

G &
G2 &

evaluated at an UV cutoff Ayy as ¢? is varied. The value of the determinant is dominated

(H.1)

A=Auyv

by the non-normalizable term of the solutions in the UV, and approximately at its nodes the
two solutions become linearly dependent asymptotically in the UV. One can form a linear
combination where the non-normalizable terms cancel, which is Therefore normalizable

both in the IR and in the UV. Therefore, the nodes of the determinant mark the values of

the meson masses, ¢ = —m2.

Notice that the dependence of the coefficients of the fluctuation equations (A.102)-
(A.106) on the background is complicated. Consequently, numerical evaluation of the
coefficients is rather time consuming, which slows down the analysis of the fluctuation

equations. Therefore we have tabulated the values of the coefficients for each background,
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and used interpolation from the tabulated values when solving the fluctuation equations.
Since the coefficients are independent of ¢2, the tabulation procedure needs to be done only
once for each background. This method speeds up the scans over ¢? considerably.

It is important to check that the UV and IR cutoffs are far enough so that the values
of the masses are not sensitive to small changes in their values. This can be particularly
tricky for small x. — x, as the system develops separate UV and IR scales, which both
need to be included in the range of solutions. One also needs to check that the grid used
when tabulating the coefficients of the fluctuation equations is dense enough, and that the
numerical precision of the background solutions is sufficient, in order to obtain reliable
solutions to the fluctuation equations.

H.2 Computing the S-parameter
The S-parameter can in principle computed in a straightforward manner by applying the

definition of section 6:

? (H'Q)

r=e¢, q=0

d
S =dr— [F(My — HA)]qZO =

NNy d 3r¢v(7’) 8T¢A(r)
o -5 (22

3m  dg? r r

with the numerically evaluated vector and axial fluctuation wave functions ¢y and 4.
However, this often produces imprecise or unreliable results due to issues with numerical
precision, in particular when x. — z is small: on one hand, the S-parameter arises from the
normalizable parts of the wave functions which are highly suppressed in the UV. On the
other hand, the formula (H.2) has corrections which are only suppressed by logarithms of
r, and the cutoff € needs to be exponentially close to the boundary in order to suppress
these. We present here one possible method?” to overcome such issues and to obtain S at
high precision. Analogous methods can be used to compute fr or S’ in (6.7) reliably.

We first introduce some notation. We will take the quark mass to be zero. Let
w‘(/IR) (A, ¢%) and Q/JSR) (A, ¢%) be the “standard” numerical solutions, which are obtained by
matching with the normalizable asymptotics in the IR, shooting from the IR towards the
UV, and normalized by @Z)SR) (Auv,¢?) =1= @bgR) (Auv, ¢?) at the UV cutoff. Notice that
w‘(}R) (A,0) =1 for all A. We also denote by zb{(/UV)(A, ¢?) and @‘UV) (A, ¢%) the analogous
solutions which are normalizable in the UV instead, matched with the UV expansions of
the normalizable modes in (G.8), (G.9), and obtained by shooting from the UV towards
the IR. We do not need to normalize them at this point.

We will need one more set of solutions: the ones corresponding to the subleading
terms in the UV-non-normalizable solutions for the wave functions. Therefore we write
Yyv,4 = 1401y 4. Inserting this in the fluctuation equations (A.12) and (A.20) we find that

S (r) 4 9, 1og C1 (1) 8, (r) — ¢*G(r)*> ~ 0
S (r) + 0, log C1(r) 694 (1) + G*(r)Ha(r) — ¢*G(r)? ~ 0, (H.3)

where we approximated that dvy 4 are small. The functions appearing in the coefficients
are defined in (A.9), (A.13), and (A.22). We denote by ¢y, 4(A, ¢°) the solutions of (H.3),

2TWe present here a solution which is rather straightforward, but technically involved. Another possibility
could be to use the formalism of appendix J.
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matched to the subleading terms of the non-normalizable modes in (G.8), (G.9), and shot
from the UV towards the IR. Notice that these solutions necessarily also contain terms
proportional to the normalizable modes in (G.8) and (G.9), because the normalizable modes
dominate when we shoot towards the IR.

We now discuss the actual calculation. First, we choose a (small) value ¢2, and con-
struct the vector wave function w‘(/IR) (A, ¢%), for all coordinate values between the cutoffs.
The high precision UV solution is then given by the combination

1+ 69y (A, ) + Cvpl™ (4, ¢2) (H.4)

where Cy needs to be determined by matching to the “standard” solution T,ZJSR) (A, ¢%) in
the region where the two last terms of (H.4) are much smaller than one, but not too small,
so that they can be extracted from 1,/18R) (A, ¢%) as well. In practice we study the ratio

DI (A, ¢2) =1 = 6y (A, ¢?)
PV (4, ¢2)

as a function of A. It takes a very precisely constant value in the UV region (up to a value

(H.5)

of A where numerical noise sets in), and this value is identified as Cy .

We repeat a similar procedure for the axial wave function. There is, however, compli-
cation as the axial sector couples to the Goldstone mode, which induces extra contributions
at ¢ = 0. Therefore, it is convenient to subtract the ¢ = 0 solutions and match?®

SVA(A, %) — a(A,0) + Cav' PV (A, ¢?) (H.6)

IR IR
to ¥y (4, ¢%) — 147 (4,0).

The subleading terms of ¥y — ¥4 in the UV, which will determine the S-parameter
trough (H.2), are now included in

(A, %) = 3y (A, ) + Cvil V(4. ¢%) = [3a(A, %) — 5a(4,0) + Cav (4, )|

(H.7)
This is a big improvement with respect to the solutions wgi), because all terms here are
obtained by shooting from the UV and can be evaluated essentially arbitrary close to the
boundary (or arbitrary high values of A) with good precision.?? The subleading terms of
the non-normalizable modes in (G.8), (G.9) cancel up to highly suppressed contributions
due to the difference between the vector and axial wave functions in the definition of
U(A,q?).3° Therefore, it has the UV asymptotics of the normalizable modes:

T(A, ) = cao(q?) (2e24 [1 + % +0 <22>] , (HL.8)

Z8Notice that analogously subtracting ¢ = 0 contributions in the vector sector would give exactly the
matching discussed after (H.4), because due to wSR)(A,O) =1 and 69y (A4,0) = 0. In the matching of
the axial wave functions, we could also approximate 1/}&11R)(A7 0) ~ 1, but using the exact solution leads to
slightly better results.

2In the end the fact that wi}fX) is suppressed with respect to vy, 4 by —logr ~ A sets a limit on how
close to the boundary we can get. We have been using the cutoff value A = 300.

39Notice, however, that we cannot leave out the functions 09v,a in the definition, because they also
contain nontrivial contributions to the normalizable modes.
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where
Vi + 4wy + 2W7)

1%

with the coefficients defined in (G.1). Since W(A,¢?) can be evaluated very close to the
boundary, it is easy to find c2(¢?) by matching with the UV expansion.

¢, — -4 (H.9)

Finally, we can compute the S-parameter from the formula (H.2), which depends on
the wave functions through the combination

[0V () Bpi(r) oy oA o 1272 f2 o 127242
1 — = — 1 V(A T =2 T.
e, R r €7 fim ™ 04% (4, q7) + N.N; e2(a”) + N.N;
(H.10)
By construction, W(A,0) = 0 = c2(0). Therefore we find that
2N.N 2
5= 2NNy, 2@ (H.11)

3mr ¢=0 ¢

In practice, we cannot evaluate cz(g?) at arbitrarily small ¢ because some of the functions,
e.g., in the ratio (H.5) vanish at small ¢> and we will face issues with numerical precision.
Therefore, we pick a small value of ¢> where matching still works, evaluate co(q?) also

at the negative value —¢?

, and approximate the limit in (H.11) by the “averaged” ratio
(c2(q?) — ca(—¢?))/(2¢?). The precision of the interpolation to ¢ = 0 could be improved by

computing co at even larger set of values of 7>

I Spectrum in the limit * — x,

In this appendix we discuss in more detail how the spectrum behaves as x — z. from
below. We start by an argument [89] which explains why all mass ratios tend to con-
stants in this limit. The argument is sketched without proofs, and the details may be
checked numerically.

First recall from section 2.5 that as x — z., the walking behavior of the background
is linked to the IR fixed point at A = ., which is present when z. < z < 11/2. As
T — T, the coupling remains approximately constant with A ~ A\, for a large range of r,
but in the end, the IR fixed point is screened by the tachyon solution, which is nonzero but
exponentially suppressed in the UV. The idea is that the background can be divided into
two regions, the UV one having A < A,, and the IR one having A\ > \,, which will become
distinct in the limit z — x..

Also recall from section 2.5 that we can define the characteristic UV and IR scales Ayy
and Arg by using the UV and IR expansions of the background solutions, respectively. If we
take © — x. keeping rAyy fixed, we expect that the background approaches a nontrivial
limit, which has A < A,. The limiting functions are identified as the UV piece of the
background. Similarly, if we take © — z. keeping rAr fixed instead, the background
approaches a nontrivial limit with A > A,, which is the IR piece. We can define explicitly,
for example, the limiting functions of the coupling:

A(r) = Auv(r), xr—x. with rAyy fixed;
A(r) = Amr(r), x —x. with rApr fixed. (I.1)
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The convergence of the former and latter limits is pointwise in rAyy and in rAg, re-
spectively. The UV solution is the standard solution at x = z. with an IR fixed point:
Auv = Ay as 7 — oo. The IR solution diverges in the IR and satisfies A\ijg — A as 7 — 0.
The UV and IR solutions have essentially one characteristic scale each, given by Ayy and
AtR, respectively.

We can now understand why the ratios of any two masses and decay constants tend to
fixed values in the limit x — x.: these quantities are essentially functions of the IR piece of
the solution only, and therefore take fixed values in units of Ajg in this limit. It is indeed
easy to check that masses in the non-singlet flavor towers (except for the scalar case which
will be discussed below) depend on the IR dynamics only, because the fluctuation equations
can be cast into the Schrodinger from, see appendix B. The bottom of the potential is
located around r ~ Ale, and for r < Ale the potential diverges as V (r) ~ r~2. Therefore
the effect of any structure of the potential at r ~ A[_J\l, on the masses is highly suppressed
as © — x, and the limiting values of the masses can be calculated solely in terms of the
IR piece of the background at = = z..

For the decay constants the situation is slightly more involved, as their values are given
by the UV asymptotics of the wave functions of the fluctuation modes (see appendix F'). The
wave functions take their largest values in the region r ~ Al_Rl, and their shape in this region
determines their normalization up to highly suppressed contributions. Therefore the scale
of the coefficients of the UV asymptotics, and consequently that of the decay constants, is
fixed to Ajg. There is, however, some structure at r ~ AG%/ in the Schrodinger potential,
which may modify the values of these coefficients even as © — .. The resulting O (1)
correction term may be calculated explicitly for the vector and axial decay constants as
we now demonstrate. In the walking regime and in the UV, only the first terms in the
fluctuation equations (A.12) and (A.20) are relevant. Therefore, we find that

C1(1)0ry a(r) = const. (1.2)

where C is defined in (A.13). In the UV we have G(r) ~ 1 and Vy(\,7) >~ Vio(A). At
UV/IR fixed points the metric reads

A

e =~

N

Y
- WeT(A) , 5)

so that equating the values of the constant in (I.2) at the fixed points leads to

— Vf()()\ eff TwV/A
r=0 Vf()(

The decay constants depend on the fluctuation wave function through the factor on the

Orthyya(r)

r

(L4)

A=A«

left hand side, whereas its value at the IR fixed point, the last term on the right hand
side, only depends on the IR solutions in the limit  — x.. The correction from the UV
dynamics may therefore be found by inserting (I.4) in the definition of the decay constants.

Notice that the above arguments do not exclude the possibility of a light dilaton:
there could in principle be a scalar state the mass of which behaves as Aig in general, but
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becomes exactly zero as x — x.. And indeed there is something interesting happening in
the scalar sector. It is not difficult to check that the IR piece of the Schrédinger potential
for the non-singlet scalars at © = z. has the critical behavior [7]

Vs(r)~ g, (r—0). (15)

Therefore, the system is close to becoming unstable: if the coefficient was even slightly less
than —1/4, the scalar sector would have an infinite tower of tachyons as z — ..

We may elaborate on this by considering the region with < x. and z. —r < 1. We
find that (see (A.39) and (A.40) in appendix A.1)

3 _
Vs(r) ~ 2 (0< r<Agy)
15 1 - —

where A is the dimension of the chiral condensate at the fixed point A = A,. When x < z,
the BF bound is violated at the fixed point, so that A(4 — A) > 4 and the coefficient of
1/r? in (L.6) is smaller than —1/4. This means that there is an instability, if the range of
the approximation in (I1.6) (with walking) is long enough.

In order to check this explicitly, we can analyze the wave functions for the potential (I1.6)
a bit further. In order to see if there is an instability in the non-singlet scalar sector, it is
enough to check if the fluctuation wave function at zero mass has nodes. By recalling that
in terms of the mass of the tachyon and the IR AdS radius we have A(4 — A) = —m¥z (3,
and using the relation (2.20), we find that

15 I

SR CRESERS RS

(xc - -T) . (17)

Consequently, in the walking region, the Schrodinger wave function «(r) behaves as

a(r) o /7 sin (;m log 7 + ¢> , (L.8)

where ¢ is a constant. Recalling the ratio Ayv /A from (2.19), we observe that the length
of the walking region is half of the period of the sine function in (L.8), i.e., the region
has exactly the largest possible length which is still consistent with «(r) having no nodes.
However, since the length is exactly critical, unstable modes or a light dilaton cannot be
excluded by this argument, and numerics is needed to check the stability in the end.

One way to understand the above results is to notice that when r <« Ale, the back-
ground tachyon is much smaller than one, and therefore the tachyon and its zero-mass
fluctuations (singlet and non-singlet) solve the same equations.?! The “critical” scalar fluc-
tuations therefore just reflects similar behavior of the tachyon background, which is linked
to the BKT transition and Miransky scaling. Since the standard background tachyon does
not have nodes, the fluctuations should not have those either for r < AI_RI.

31This is nontrivial for the singlet scalars due to mixing of the glue and flavor fluctuation modes, but
may be checked by a straightforward calculation.
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In summary, the negative dip of (I.6) in the Schrodinger potentials of the scalars has
therefore just the critical width, so that is not clear without doing the numerics if there are
unstable states or possibly a light dilaton state. While we did the above analysis mostly for
flavor non-singlet scalars, for which the Schrédinger picture is well-defined, it is possible to
check that the behavior of the wave function is similar to (I.8) for the flavor singlet scalars.
In the end, numerical analysis reveals that the dilaton (as well as tachyonic states) are
absent from the spectrum. In fact, as seen from figure 8, the lightest flavor singlet meson
is heavier than its non-singlet counterpart, and it is also heavier than the spin-one states
for potentials II.

J IIy — II4 at large g2

Here we shall go through the discussion of section 6.2 in more detail. To start with, the
fluctuation equations for vectors and axial vectors are

021(7«)67" [C1(r)y(r)] = ¢y (r) =0
1, [CL ()W ()] — H(r)a(r) — ¢*da(r) =0, 1)

CQ(’I’) "

where the coefficients can be found in appendix A.1 (we denote again H = H4). Defining
¢ = (Ya —pv)/1a, the exact counterpart of (6.12) reads

1
Cy(r)

O [C1(r)d' (r)] + 20, log v a(r) ¢'(r) = (1 — ¢(r)H(r) . (J.2)

Assuming that ¢(r) is small (which can be checked from the result), we drop the term
proportional to ¢(r) on the right hand side. Defining

g(r) = C1(r)d/(r), (J.3)

we therefore find
g (r)+ 2G(r)2 O loga(r) g(r) ~ M(r), (J.4)

where G and M are given in egs. (A.9) and (A.21), respectively. This equation is solved by

o) = exp |2 [ ar 6010, og va(r)|

0

r 0

(J.5)
+ COIlSt.} .

So far we did not use the fact that ¢? is large. This is necessary to rule out the constant

X {— /oo dr' M(r'") exp [2 /7" dr" G*(r'") 8, log 4 (r")

piece in the wavy brackets of (J.5). When ¢ > Ajg, the IR-normalizable solution behaves
asPa(r) ~e 1 for 1/q < r < 1/A1g, so that 9, log14(r) ~ —q. We see that the constant
piece corresponds to the IR-non-normalizable solution for g(r), and must be exponentially
suppressed as ¢ — oco. Setting the constant to zero in (J.5) and by using the relation (J.3),
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we can verify that the qualitative properties of the solution match with (6.13): g(r) goes
to a constant as v — 0, and behaves as
1 H(r)

o0
g(r) ~ —equ/T M(r')e 2" ~ —2—qM(7") ~

(J.6)

for 1/q¢ < r < 1/Ar. We also see that indeed ¢(r) < 1 for r < 1/Ar even in the presence
of walking dynamics, so the approximation done above is valid.
Finally, we write down the result for Iy, — II4. By using the definition in (6.6),
NV,

0, (v () — Ya(r)
7 [a(q?) ~ Ty (¢*)] = ToF lim S04
_NcNf li g(T)

- 1271'2 Tl_I)I(l) T‘C1 (7”) (J7)
NcNf 9 r )
~ WW/U dr M(r) exp [2/0 dr' G*(r") 0, loga(r)|

where the coefficients are as defined in section 4. By its derivation, this result holds for
all ¢ > Ar also for small z. — x, i.e., when the coupling constant walks and Ayy > Ar.
Corrections to this formula can be computed iteratively by taking into account the extra
term which we dropped in (J.2). By using, e.g., (J.6), we see that the corrections are
suppressed by 1/¢° for ¢ > Ayv, and by 1/¢* in the regime governed by walking dynamics,
Auv > g > Ag.

We finish the discussion by simplifying (J.7) for ¢ > Ayy. In this regime, up to
logarithmically suppressed corrections, 1 4(r) = qrKi(qr), where K is the modified Bessel
function of the second kind, and we may also set G(r) = 1. Therefore,

oo r 2 r 2
7 [HA(QZ) —Hv(q2)] ~ ]fgi\gf/o dr (gr) ([:l(q ) H(r)

_ ]Lf:gf /OOO drr (K\(r)? H (;) .

(1.8)

Therefore, at leading order the result is completely explicit and matches with the standard
AdS one (see, e.g., [135, 136]), but the corrections are only logarithmically suppressed,
while (J.7) has power suppressed corrections.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License which permits any use, distribution and reproduction in any medium,
provided the original author(s) and source are credited.
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