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1 Introduction

Current lattice QCD simulations of the bulk thermodynamics are limited by the sign prob-
lem in the p — T plane [1]. Of particular interest is the faith of confinement and the
spontaneous breaking of chiral symmetry across the transition plane, and the nature of



such transitions. While some of these questions are starting to be answered quantita-
tively along the p = 0 line, they remain very speculative for p # 0 [2]. In particular,
the possible occurrence of a critical point in the p — T plane is still very elusive. While
much is understood about the space-like structure of QCD at p = 0, such as the screen-
ing masses, hadronic wave-functions and flavor susceptibilities both numerically [3—-5] and
analytically [6-9], not much can be said about the time-like structure of the QCD matter
in the u — T plane given the limitations of the present lattice algorithms. An exception is
the real-time analysis of QCD in hot 2 + 1 dimensions [9]. Complex Langevin techniques
may provide the alternative needed to address these fundamental physics questions from
first principles but they are currently limited to algorithm testing [10].

Guided by the strictures of the spontaneous breaking of chiral symmetry at low energy,
a number of phenomenological models have been suggested to model QCD with matter.
Of particular interest are the instanton liquid (IL) model [11-13] and many variations of
the Nambu-Jona-Lasinio (NJL) model [13] . Both of which yield an effective Lagrangian of
relativistic quarks interacting through chirally symmetric four-point interactions. The main
drawback of these models is the lack of color confinement. As a result, these models overlook
the confining interactions that may affect the nature and properties of the transition in the
p—T plane. Extensions of the NJL models [14, 15] and IL models [16] to include the effects
of confinement by the introduction of the Polyakov line as an effective field that couples to
the constituent quarks have shown quantitative changes in the nature of the transition, as
well as excitation spectra.

In the past decade, holographic QCD has proven to be a useful model for address-
ing QCD for large number of colors N, and t’ Hooft coupling A = ¢g?N, based on the
gauge/gravity duality observed in string theory. The duality states that in the double limit
N, > X\ > 1 certain supersymmetric gauge theories are equivalent to a one-dimensional
higher gravity theory coupled to some bulk fields that are dual to gauge invariant oper-
ators of the boundary quantum field theory. Although the correspondence is established
for type IIB superstring theory in AdSsxSs and N/ = 4 super Yang-Mills theory [17], it is
usually assumed that it holds for a more general class of strongly-coupled quantum field
theories. In the double limit N, > A > 1 the string theory reduces to a weakly coupled
classical supergravity. Some of the most famous models for a top-down holographic dual
of QCD with a small number of flavors or Ny < N, include the probe D3/D7 model and
the Witten-Sakai-Sugimoto model (WSS). In the probe D3/D7 model chiral symmetry
breaking is successfully described but it can only be an abelian U(1) symmetry [18, 19].
In the WSS model chiral symmetry is non-abelian and its breaking is realized through the
geometry of the flavor branes inside the D4 background [20, 21]. A different approach is
the bottom-up construction of gravitational models that mimic the IR behavior of QCD.
The initial effort in this direction is the hard wall model which successfully describes some
basic features of the mesonic sector of QCD [22, 23].

A more comprehensive bottom-up dual model of 4d Yang-Mills is the improved holo-
graphic model pursued by Kiritsis and others (ihQCD). The action of ihQCD is the
Einstein-dilaton action, with the bulk dilaton to interpolate between strong and weak-
coupling, [24-27]. The model compares favorably to lattice results at zero and finite tem-



perature [28-30]. Flavor degrees of freedom can be described in this context by the low
energy fields of Ny brane-antibrane pairs [31-35]. Those include a bulk tachyon field that
describes the spontaneous breaking of chiral symmetry. The back-reaction of the flavor
onto color is considered by taking the Veneziano limit (N, s — oo, v = Ny/N. = fixed),
which was introduced in [36, 37]. A holographic model (V-QCD) describing this limit of
the theory was constructed as a fusion of the ihQCD action and the flavor brane-antibrane
effective action [38]. For a wide class of dilaton and tachyon potentials the model produces
a phase diagram which resembles the structure of the QCD phase diagram in the Veneziano
limit [39]. WSS has also been studied in the limit of backreacting flavor [40, 41]. The
V-QCD holographic model was also studied at finite temperature and chemical potential
in [42, 43], reviling a rich structure in the phase diagram. For zero chemicall potential the
phase diagram has been constructed in the 7' — z plane for different choices of the dilaton
and tachyon potentials. In case of finite chemical potential the study was restricted to
x = 1 and the class of dilaton and tachyon potentials which were used is the phenomeno-
logically most relevant. The chemical potential was introduced in an ihQCD-like model in
the probe limit in [44].

The spectrum of V-QCD includes mesons and glueballs which are discrete and gapped
in the confined phase, [45-47]. The present work considers the deconfined phase of the
model both at zero and finite chemical potential. The vacuum state and the phase di-
agram were studied in detail in [43], where the charged black hole solutions with scalar
hair were constructed numerically, [48]. Here, we would like to probe the time-like struc-
ture of V-QCD in order to unravel its transport properties and excitation spectra both
of which are of much interest for comparison with future lattice simulations as well as
collider experiments. In particular, we calculate the quasi-normal modes of the flavored
vector and axial-vector mesons, then we compute the corresponding retarded correlators
and the transport coefficients following standard holographic prescriptions, [49-53]. The
conductivity is be expressed in terms of the background fields calculated on the horizon.
Vector meson spectrum at finite temperature and chemical potential has been studied in
several holographic models in the probe limit. In the D3/D7 model vector mesons have
been studied in non-zero baryon and/or isospin chemical potential, [55-57] and [58], for
WSS see [59]-[61]. We also calculate the diffusion constant of the longitudinal mode of
vector mesons following, [53, 62]. Einstein relation for diffusion constant and charge sus-
ceptibility is also verified in the present model. The validity of Einstein relation has also
been shown in the probe D3/D7 model at finite chemical potential in [63].

In section 2, we detail the key features of the V-QCD model. In section 3, we charac-
terize some aspects of its phase diagram in the p — T plane with a first order de-confining
transition followed by a second order chiral transition. In section 4, we present the quadratic
action of the different towers of meson excitations, as well as their equations of motion.
The pertinent vector and axial-vector spectral functions are detailed in section 5. The nu-
merical analysis of the spectral functions and their quasi-normal low-lying modes are given
in section 6. In section 7, we explicitly present the bulk flavor conductivities, we derive the
vector diffusion constant and the susceptibility. We also compare to the thermodynamic
calculation of the susceptibility of [43]. Our conclusions and future recommendations fol-



low in section 8. In the appendices, we summarize the Shrodinger algorithm used for the
quasi-normal mode analysis, and detail the expressions for the mode analysis. We present
the details on the expansion of the DBI action for all different excitations.

2 V-QCD

Current holographic approaches to the QCD problem with light quarks are carried in the
context of the probe approximation whereby the light quarks are inserted as spectator D-
branes in the limit where Ny < N.. The Veneziano limit consists of addressing the double
limit Ny . — oo but fixed A\ = ¢*?N.and z = N #/Nc in the context of holographic models
or V-QCD. In the vacuum V-QCD exhibits chiral symmetry breaking for = < 4, restores
chiral symmetry for 4 < z < 5.5, [38]. Beyond the Banks-Casher point or x > 5.5, [39], the
theory becomes QED-like.
The bulk action describing the system

S=58,+8r+ 5. (2.1)

Sy is the gluon action which is the same as the ihQCD action, [24-27]. S is the brane-
antibrane action which was introduced in [31], and was proposed as a low energy effective
action for the holographic meson sector in [32-35]. The last part, S,, is the action of the
CP-odd sector which contains the coupling of the flavor-singlet mesons to the axion, which
comes from the closed string sector, [32-35, 45-47]. The full form of the the first two parts
of the action will be presented below. Since, we currently do not study the flavor-singlet
CP-odd excitations and the vacuum state is CP-even the last term is not discussed further.
To study the excitation spectrum we expand the above equations to quadratic order around
the vacuum solution.

2.1 The glue sector

To describe the IR physics of large N, pure 4-dimensional Yang-Mills holographically we use
a two-derivative effective action with bulk fields that correspond to the lowest dimension
operators of the field theory. This are the metric, the dilaton and the axion field. The
metric is dual to the energy-momentum operator of the boundary theory, the dilaton is
dual to TrF? and the axion to TrF A F. As it is mentioned above, the axion part of the
action will not be studied here. The following gluonic action was proposed in [24-27]

Sy = M3N3/d5x V=g (R - 3(832)2 + Vg(A)) : (2.2)

M? =1/(167G5N?) is the 5-dimensional Plank mass and A = e? is the exponential of the
bulk dilaton with the corresponding potential Vj. A is interpreted as the holographic t’
Hooft coupling. The Ansatz for the finite temperature vacuum solution is

d 2
ds? = 240 (—f(r) dt* + da3 + f(i)) , A= A(r), (2.3)



where the conformal factor €24 is identified as the energy scale in field theory and f(r) is
the black hole factor. The boundary of the bulk space-time is taken to be at » = 0 and the
field-asymptotics are modified from the usual AdS asymptotics such that they reproduce
the perturbative running of t’ Hooft coupling. Hence in the UV,

J4 4 1
AN1n<T>+910g(/X’F)+7)\NlOg([\T)+’T—>07 (24)

where £, is the AdS radius and A is the UV scale of the theory. The dilaton potential is
such that it reproduces the perturbative running of t’ Hooft coupling in the UV. Even if
QCD in the UV is not expected to have a dual description in terms of a gravity theory, since
it is weakly coupled, the UV asymptotics of our model provide the correct UV-boundary
conditions for the IR description of the system. The requirement of confinement, gapped
and discrete glueball spectrum as well as linear Regge trajectories fix the IR behavior of
the potential to V(\) ~ A4/3y/In X. Considering a simple interpolation of the asymptotic
forms of the potential in the two regions we have

_ 127, 88 4619A2 /1 + In(1 + \)
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(2.5)

where (y is the AdS radius in case of no backreacting flavors, see eq. (2.8).

2.2 The flavor sector

The flavor sector is described by generalizing Sen’s action which was introduced on flat
spacetime in [31]. This form of the action is used as an effective holographic action of the
low energy meson sector of QCD, [32-35],

1
Sy = —2M3Nc’]1"r/d4xdr <Vf()\,TTT)\/—detAL—i—Vf()\,TTT)\/—detAR) . (2.6)

where Ay g are

k(AT
ALMNZQMN+W()\7T)FJE4LJ)\/+ (2 )

k(AT
ARuN = guN +w(/\7T)F]Ef]2/ + ( 5 )

DyT = 0y T +iTAY, —i AR T, (2.7
M M

(DMT)!(DNT) + (DNT) (DuT)]

(DU (DT + (DNT)(DuT)]

where gpsn is the induced metric on the brane-antibrane pair. We also defined the covariant
derivative appearing in Az r. The fields Ay, Ag as well as T" are Ny x Ny matrices in
the flavor space and are dual to the lowest dimension operators of the mesonic sector of
the field theory. Ay g are dual to the left and right flavor currents, respectively. And
the bifundametnal scalar T is dual to the quark mass operator. The Plank mass, which
appears as an overall factor in front of both Sy and Sy, is fixed by requiring the pressure
of the system to approach the large temperature and zero chemical potential limit of free



non-interacting fermions and bosons. This fixes (M/)? = (1 + 7Tx/4) /4572, [42], and the
AdS radius in the presence of backreacting flavors is

3= <1 + 7;) . (2.8)
The boundary theory is taken to have fermions of the same mass, so the tachyon field
is proportional to the unit matrix in flavor space, T = 7(r)ly,, where 7(r) is real. In
addition, we consider finite baryon density in the vacuum by introducing a nonzero time
component in the singlet-flavor vector combination of the left and right gauge fields.

The tachyon potential near the boundary has an analytic expansion that matches
the UV running of t° Hooft coupling and the anomalous dimension of the quark mass
operator, [38]. The tachyon field in the boundary is

7(r) = mgr(—log Ar)™7 + <(jq>r3(— log Ar)7, (2.9)

where the power ~ is matched to the coefficients of the anomalous dimension of gg. In the
IR, the tachyon field diverges and the tachyon potential vanishes as it is argued in [31].
As it is shown in [32-35] brane - antibrane condensation in confining backgrounds leads to
chiral symmetry breaking. The form of the tachyon potential that we use is

Vi TTT) = Vig(A)e *NTTT (2.10)

This is the string theory tachyon potential where the constants have been allowed to depend
on the dilaton A. The rest of the potentials x(\) and w(\) are taken to be independent of
T and have an analytic expansion close to the boundary in terms of A. Chiral symmetry
breaking, thermodynamics and the meson spectra constrain their IR asymptotics. The
function w(A, 7) is taken

w(\, 7) = L4K(N), (2.11)

where L4 is a dimension full quantity which is found to be L4 ~ £y, [43]. The potentials
Vio(A), k(A) and a(X) are given by

12 [ 42 8 02
= |4 14+ — (115 —1142x¢ |2
=g [zg +27< g xf)

1 2
— [ 4619— — 4619 + 17142 — 9222 | \?
—|—729< 2 + x T > } )

1+ 1n(1 4 \)]/? 3
K(A) = il _1_[Z:’IEI—1152£716;L +)]§))\]4/3 a(X) = =— . (2.12)

It should be noticed that the potentials in IR are remarkably close to the non-critical string
theory values on flat space-time, except form the logarithmic corrections, see [45-47].

3 The finite density vacuum

The boundary theory is taken to have Ny/N. = 1, massless quarks and finite baryon
density. Consequently, in the flavor sector, only the tachyon and the flavor singlet vector



field are non-zero in the vacuum. Such vacua were studied in [43] and the phase diagram
of the model was extensively discussed.

We briefly review how to include the background chemical potential in the model along
the lines of [43]. The vacuum action action reads

Sy = —M3N0Nf/d4a:dr X (3.1)

x <vf(x,r)e5f‘<7"> \/1 +e72A0) f(r) k(A7) T(r)2 — e~4A() £ H(A,T)mg(r)) :

The equation of motion of Ay can be integrated once with constant of integration n and
solve for Aj.

2A() -
24y = -G fae (3.2)
K(A, ) Q(r)
where we have also introduced the dimensionless factor
) ” 1 3.3
OO =\ e T o
which depends on the charge density n, defined by scaling out £4 by writing
n
= —. (3.4)
£3
L% sets the unit of charge in n. We have also introduced the factor
G(r) = /1 + e 2400, ) F(r) (0,7 (r))?, (3.5)

Whenever the bulk fields have been determined from Einstein’s equations and from the A
and 7 equations, Ay(r) can be computed by integrating (3.2):

Ao(r)=p+ /07" dr Ao(r). (3.6)

The usual regularity condition for the gauge field on the horizon Ay(rp) = 0 fixes the
chemical potential

= - /Orh dr Ag(r), (3.7)

To construct the phase diagram of the theory one has to solve Einstein’s equations for
A(r), f(r), A(r) and the tachyon equation for 7(r) with certain boundary conditions guar-
anteeing correct AdS asymptotics. Since, the equations of motion are integrated by starting
from the IR one should demand that A(r — 0) and A(r — 0) are such that all the back-
ground solutions (for any T and p) have the same UV scale Ayy. Moreover, the black hole
factor should always be normalized f(r — 0) — 1 and 7(r) should be such that m, = 0. In
general, the solutions that are found are either black hole space-times or thermal gas met-
rics with no horizon. By computing the pressure, the dominant vacuum is found and the
phase diagram is constructed. The above process is extensively discussed in [43]. In [48],
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Figure 1. The phase diagram in the 7" — ;1 plane for massless V-QCD with Ny = N.. There is a
first order confinement-deconfinement transition from thermal gas to black hole background and a
second order chiral transition after which chiral symmetry is restored.

the mathematica packages for the numerical solution of the background equations of mo-
tion are published and it is noticed that due to an error in the input of the numerics, the
phase diagram, for the choice of potentials (2.12), changes from the one reported in [43].
In the current phase diagram there is no critical point and the chiral transition is second
order for the whole range of temperatures.

Hence, a first order confinement-deconfinement phase transition takes place and a
second order chiral phase transition at higher temperature. For low T and u the theory
is confined and chiral symmetry is broken (green region in figure 1). Holographically,
it corresponds to a thermal gas metric of the form of (2.3) with f(r) = 0. In this case
temperature is introduced trivially by compactifing the time circle. As T and p increase the
system undergoes a first order transition to a deconfined but chirally symmetric phase (blue
region). This is a balck hole metric where the tachyon is non-zero. The second order chiral
transition is at higher 7" and p and in the rest of the phase diagram there is a deconfined
chirally symmetric plasma, corresponding to 7 = 0 solutions. The deconfinement transition
at ;= 0is T, = 0.141A and the chiral transition at T\ = 0.148A.

4 The excitation equations

In the present work, we focus to the study of the flavored mesons. These non-singlet
excitations come only the DBI action Sy. We shall consider the following flavor fluctuations
of the tachyon and gauge fields:

T = (7 4 s7%) 0" (4.1)
where t* are the generators of SU(Nf) group. We use the vector and axial combinations
of the left and right gauge fields
AL+ AR AM:Aﬁ—AJ\]Z

2 ’ 2
The associated field strengths will be Visn, Aprv. We choose the gauge A, =V, = 0.

Vi = (4.2)



The fields in the bulk are Fourier transformed. Any field is written as

4
Vu(t,x,r) = / (;lﬂl;4e_iwt+ika#(r,w,k). (4.3)
Therefore we derive the quadratic actions for the vector, axial vector, pseudoscalar and
scalar sectors in the appendices B, C and D. We also present the singlet vector mesons
which couple to the metric perturbation corresponding to the heat current. The mixing
term is due to finite baryon density. The singlet axial-vector field has an extra term in
its equation of motion compared to the non-singlet one, coming from the CP-odd action,
see [45-47]. The singlet scalar fluctuations include the scalar part of the metric and the
dilaton and the tachyon. Those are all coupled and give rise to mixed glueball and ¢ meson
states. Finally, the singlet pseudoscalar fluctuations include the axion field the longitudinal
part of the axial-vector and the phase of the tachyon.

4.1 Vector mesons
The quadratic action for the vector mesons in the V.. = 0 gauge is
1 -
Sy = —5 M°N.Tr /d%: drVi(\ 1) L4 k(A 7)2Q G(r) e x

i (4.4)
VioVP + f0,Vi0, V' — Q(r)*0, V0, V°| |

% 1 63(7")2 -V 1 G(r)?

2.Q(r)2 " 2 f(r)?

where V;; = 0;V; — 0;V;, and the trace is over the flavor indices. The functions G(r) and
Q(r) are defined in (3.5) and (3.3), respectively. Without loss of generality, we may take

only k3 = k, non-zero. Then, the two decoupled equations for the transverse Vf‘ and the
longitudinal gauge invariant field Ey = kVy + wV3 are

— 0, <€A(T) /(1) Q) V(A7) k(A )2 0, v;i(r)>

G(r)
eA(r)G(T) 2 (r2 Q(T’)Q 2\l B
+WVJ0(A,T) k(A T) (k ) w )VZ (r) =0, (4.5)
)k, 7)2eAMQ(r)3 w? )(r)?
Er(r)" — | 0,1og Vid7) ()é(r)) Qr)” T Q{ ) 0, log (D?f((r)) Er(r)
_G<7")2 W2 — k2 (r) ") =
F(r)2 < k Q(r)2> Ep(r)=0. (4.6)

For k = 0, the equations of V+ and Ej reduce to the same equation

1
Vi) (A T)2eAGQ f1

O (Vi) KOAT2 A GTLQ f Oy ) + Wiy =0, (47)

the vector field in the bulk is written as Vf = V3 = ¢y, where ¢ = 1,2 denotes the
transverse coordinates. Eq. (4.7) can be transferred to Schrodinger form as shown in



appendix A. The Schrédinger functions for the vector meson equation are C3(r) = M (r) =
0 and

Ci(r) = Vi(A, 1) L s(A,7)2 0 f(r) G(r) 1 Q(r) 8
Ca(r) = Vi(A,7) L4 w(A, 7)) f(r) 71 G(r) Q(r) . '
Further defining
= M(r
= () = (L) = LirOn) VD) QA () = 1 =0,
(4.9)
the Schrodinger potential for the flavor non-singlet vectors reads
1 d2E\/(u)
= — 4+ H . 4.1
W= 5w de TV (4.10)
Here the Schrodinger coordinate u is defined by
du  [Cy(r) _ G(r) (4.11)

dr — \[ Ci(r) — f(r)

and the boundary condition that u — 0 in the UV. G is defined in (3.5). The definition of
the coordinate u will be the same for all non-singlet meson towers, but the potential will
generally change.

4.2 Axial vector and pseudoscalar mesons

Axial-vector and pseudoscalar mesons mix at finite temperature. The coupled system
equations is written in appendix C. Here, we present the excitation equations for k = 0,
the fluctuation equation of the transverse modes A;- reads
1
Vi(A7) 5(A,7)2 A0 G(r) Q(r) f(r)
47(r)% 240 f(r)
Q(r)2L4K(\,7)

There is now an additional bulk mass term, compared to the vector excitation equation,

0 (Vi) )20 G Q) £ 9rea(r))

Pa(r) + w? Ya(r)=0. (4.12)

which depends on the background tachyon field. This comes from the covariant deriva-
tive, (2.7). This term is responsible for the splitting of the vectors and axial vectors in the
chirally broken phase.

B 47(r)? e2A(r) flr)
B = Grcintnn (419)
In the case of k = 0, 6 mixes with Ag

1LY k(N )2 e 2A0) C;((?; wdrAg+ 26\ 1) T(r)2 8,0 = 0 (4.14)

AN

0, (eagg”gvf@, ) LY k(N T)? &Ao)
(") &

Vi) k) () D ROGE) b e — 0. (as)

f

f(r)

~10 -



The two equations (4.14) and (4.15) are combined to

Vi(A 1) (A7) ()2 A0 Q(r)? G(r) ! f(r) %

1
Vi(A, 1) 7(r)2 k(A7) €40 Q(r) G(r) £(r)
A7 (1)2 24 f(r)
4r(r) Ej k(A7) Q(r)2

Xar ) a7‘7[}P

bp+w?ihp =0, (4.16)

where ¢p = —%Vf@\, ) LY k(A 7)% 0, Ap.

4.3 Singlet vector mesons

The transverse singlet vector mesons V; are mixed to leading order in x with the met-
ric excitation hy due to the background charge desity. Vector fluctuations in charged
Reissner-Nordstrom have been studied in order to describe charge transport in finite den-
sity condensed matter systems, [64, 65]. Here, we derive the equations of motion of the
U(1) vector excitation. Without loss of generality we may consider only the i = 3 compo-
nents to be non-zero. The coupling of the two excitations comes from the DBI action. We
expand the action to quadratic order

Sy = — M3 NC']I‘r/d4a: der()\,T)\/—det(g)\/det(5%+gMRhRN+£?4ﬁ(A,T)QMRVRN)

= — %M?’ N.Tr / d*z drVi(\, 7)y/—det(G) (gsMNhMN — L5\, T)GAMN Vi
B L4Kx (A, T)? [

1
5 Gs™¥Ver Gs™N Vivar + Ga™5 Vier GAT N Vivr — = (gAMNVMN)Q]

2
1

1
5 [QSMS hsr GsT™N hnar + Ga™® hsr GATN hvar — B (gSMNhMN)2]

—2L%K(\, 7)GAM P hsrGs™ VNM> : (4.17)
The matrix G = A = Ap, defined in eq. (2.7), calculated at the background solution. It
is further decomposed in its symmetric and antisymmetric parts G = Gs + G 4, its explicit
form is presented in appendix B. We consider the case of one non-zero field component,

i =3, ky, = (—w,0,0,0). Then,

Sy = — %M?’ N.Tr /d% drvi(\, 1) L4k, 7)?QG et <f(a7«V3)2

. 4.18)
G? G? nGe 34 (
— —(00V3)* + 5P — 2 ~h arv>.
7OVt e T A o o g
Linearizing Einstein equations, the fluctuation equation of hgz reads
1
- 5& <e_2A(r)h03(t, r)) +ane 3Vt r) =0 (4.19)

- 11 -



The equation of the gauge field excitation reads

AT F(r) Q(r
—0, <vf(A, ) K, r)zé(r))Q( ) Oy vg)

2 G (r)Q(r)
f(r)

where we have used £4 = 1. Combining equations (4.19) and (4.20) it is found

+Vi(A,7) k(A7) WiV — 70, (e_QAhog) =0, (4.20)

Doty —20i?e 301 =0, (4.21)

Hence, the vector excitation obtains an effective bulk-mass term which turns out to be
particularly important for the computation of holographic electric conductivity, [64, 65].
5 The spectral function
The retarded correlator is defined as
bR _ 0 0 b
Gh = —ib(x” —y ) ([T (2), Jy(y)]) (5.1)

where a, b are the SU(NNy) indices. The correlator of the vector and transverse axial-vector

current are proportional to P, = 1., — k‘é’;", GabR P, J1%(k?). In the thermal states

that we consider Lorentz symmetry is broken and only rotational symmetry is left. Then,

the projector is splitted in transverse and longitudinal parts with respect to the spatial
momentum k, P, = PITV + P/fl, and the Green’s function reads

GOF = PLIP (k) + PLIIT (k) . (5.2)

We are interested in the transverse part of the correlator for vector and axial-vector fluc-
tuations. We Fourier decompose the vector field, choose k, = (—w,0,0,0, k) and use the
variable F;, = wV3+kVp. Using the equations of motion (4.5) and (4.6), we find from (4.4)
the on-shell action

_ MB3N.Ny 5% d*k [Vi(\,7) LY R\, 7)2Q f et
Sv=7 2N} / (277)4[ . G (5:3)
a(— b )0 T
(EERERECREC) |y v o () )|
Q2 r=e

where V;(k,r) = ¢y (r) VE(k)t* and Er(k,r) = ¢¥gp(r) £4(k)t*. Taking the second derivative
with respect to the sources V; we find the transverse part of the retarded two-point function

ab R yab 5 kik;
G (w, k) = m i T 32 r(w, k). (5.4)
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II7 is calculated from the bulk on-shell action and is normalized in order to be the same
as as in the singlet case. It is found directly from (5.3)

Vi T) LY RN T Q f e

Iy = —M3N.N; o

Im (iﬁvaﬂbv) 9 (55)

r=¢

where 1y is the solution of (4.7) with infalling boundary condition on the horizon and
Yy (€) = 1 at the boundary. The spectral density is defined as

p=—2ImGE = —6Imll;, (5.6)

with the spatial indices being contracted.The spectral density can be calculated using the

membrane paradigm by redefining a variable proportional to the canonical momentum of
the field V-

Vi) LA RATEQ f et Dy

The new variable satisfies the following first order equation
c’—@ ¢ — + V1) LY RO T2 Q el (1—’“2f> =0. (5.8)
I\ Vi 7) LY k(AN T)2Q e Si AmE w? Q2

The incoming regularity condition on the horizon for ¢y translates to {'(r,) = 0, hence
=i Vi(An ) L4 K (An, 1) Qe (5.9)

And the spectral density in terms of ( is
pi}“’) = 6M>N.N;Im((e) . (5.10)

In the numerical computation of p, we use the first order equation, (5.8), since the numerical
errors close to the boundary are reduced significantly.

6 Numerical results

In this section, the numerical results for the meson spectrum and spectral densities are
presented. The temperature and chemical potential dependence of the lowest quasinormal
mode of vector and axial-vector mesons for zero spatial momentum has been studied. We
found the modes in three different lines of the phase diagram, see figure (2).

6.1 Quasi-normal modes

We solve numerically the quadratic equation of vector and axial-vector mesons, eq. (4.7)
and (4.12). We require normalizability at the boundary, 1y /4(r — 0) = 0, and impose
infalling boundary condition on the horizon, ¥y /4(r — ) = (rp — r)~'a=T F(r), where
F(r) is an analytic function with a regular expansion on the horizon. We then determine
the discrete quasi-normal modes of the mesons. The frequencies are complex, hence it is
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Figure 2. The phase diagram in the T'— p plane with the three lines along which we have studied
the quasinormal mode spectrum and the spectral densities of the wave functions. The dots on the
lines denote the points where each line meets a transition curve. The three lines are y = 0 (blue),
uw =T, (black) and T = T, = 0.1412A (purple), where T, is the deconfinement temperature for
w=0.

necessary to scan the complex w-plane. We numerically shoot from the horizon to the
boundary and start with the infalling solution. It is stressed that in order to have stable
numerical results for the frequencies, we expand F(r) to quite high order around r = ry,.
We show in figures 3a-b the T" and p = 0 dependence of the real and imaginary parts of the
lowest vector (tho) and axial-vector (al) frequencies at zero momentum or k% = 0. In this
limit the longitudinal and transverse modes coincide. Recall that the longitudinal channel
admits also a hydro-dynamical diffusive mode related to global flavor charge conservation,
see section 7.2. We note that with the restoration of chiral symmetry, the vector and axial-
vector frequencies and width coincide as they should. The real part asymptotes about 27T
while the imaginary appears to change rapidly from —27; to level at —277, for T in the
range 1-2 T,.. For ;o = 0.15Ayy we show in figures 3c-d the same quasi-normal modes. The
real part is now seen to asymptote about 477 in the same range of temperatures.

In figures 3e-f we show the quasi-normal frequencies as a function of u/pu., where
pe = 0.209A, along the de-confining line T" = T, (purple line in figure 2). The quasi-
normal modes presented in this section are the analogue of the time-like poles in real time
correlators. They are to be contrasted with the space-like poles of Euclidean correlators
or screening masses widely studied on the lattice [3]. The screening masses are real and
asymptote 27T at high temperature. It is amusing to note that about the same asymp-
totics appear to emerge for the real part of the quasi-normal modes in our analysis in the
chirally restored phase. While the Euclidean G and retarded G correlators are tied by
analyticity e.g. Gg(wn, k) = GRr(iwy, k) at discrete Matsubara frequencies w,, = 2wnT,
the extraction of the time-like poles from Euclidean correlators is still challenging. Con-
versely, the limit w,, — 0 in the retarded correlator does not allow us to extract screening
masses by analytically continuing the quasi-normal mode equations. An exception is the
hydrodynamical diffusive mode (see below) whose dispersion relation w ~ —iDk? can be
extrapolated from the Euclidean screening masses [67].
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Figure 3. (a), (b): the real (wg) and imaginary (w;) part respectively of the lowest quasi-normal
frequency of vector and axial-vector mesons as a function of temperature at zero chemical potential
(blue line in figure 2). (c), (d): the lowest quasi-normal frequency of vector and axial-vector mesons
in terms of temperature at p = T, (black line in figure 2) . (e), (f): the lowest quasi-normal
frequency of vector and axial-vector mesons as a function of the chemical potential for T = T, .
w and p are measured in units of 2wpu.. . is the de-confinement transition chemical potential at
T = 0. The dots on the confinement-deconfinement transition in figure 2 are represented here by
the origin of the x-axis. The dots on the chiral transition line in figure 2, are represented here by
the points where the vectors and axial vectors meet.
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6.2 The spectral functions

We also calculate the spectral densities of the vector and axial-vector currents for different
temperatures and chemical potentials. We are interested in the transverse channel of the
correlator. We present the numerical results for py which was defined in (5.5). Similar
expression holds for p4. The spectral densities are calculated both for zero and and non-zero
spatial momentum, k. At p = 0 the vector spectral function in figure 4a is finite at w = 0
due to a finite flavor conductivity (see below) and rises almost continuously from the de-
confining but chirally broken phase at T' = T, through the chirally restored phase at higher
temperature. The small wiggle at about w/T,. = 6 is due to the broad rho meson noted
in the quasi-normal modes. Figure 4b is the corresponding flavor axial spectral function
with the broad alat about w/T, = 8. Figures 4b-c show the vector spectral function
again at u = 0 but T' = T, and T = 27, respectively for different momenta. Figures 4e-
f show the same for the axial spectral function. In both cases, the rho and al quasi-
normal modes are considerably diluted by a finite momentum. These spectral functions
are to be contrasted with the high temperature vector spectral functions extracted from
lattice simulations [68] (and references therein). We note that the vector spectral function
is continuously increasing in V-QCD in contrast to the extracted lattice vector spectral
function which is characterized by a bump at low w/T in [68] (see figure9). The same
lattice behavior can be reproduced with soft gluon condensates at high temperature [69].
The same results for ;1 = 0 and finite spatial momenta are displayed in figures 4. The rho
and al are now visible in Figs 4a-b. The behavior of the vector and axial-vector spectral
functions at the de-confining temperature 7, but finite p are shown in Figs 5a-b for for
zero spatial momentum. The effects of a finite spatial momentum are shown in figures 5c-f.
There are no curent lattice simulations of these spectral functions at finite p and k. It is
worth emphasizing that both the vector and axial-vector spectral functions at finite 7',
and varying w, k play a key role in the electro-magnetic emissivities of hadonic and partonic
matter at collider energies [69] (and references therein). The present holographic set-up
for V-QCD offers therefore valuable insights to these spectral functions especially at finite
w and k.

7 Flavor conductivity, susceptibility and diffusion

7.1 Conductivity

The bulk flavor conductivity can be extracted from the time-like limit w, & — 0 limit of the
p(w)

transverse vector and axial spectral functions as o = lim,,_q %. Solving (5.8) for k =0
and w = 0, with the boundary condition (5.9), we find

0 = M3N.NVi( Ay 1) L4 £y )2 Qp e (7.1)

The dependence on the chemical potential is explicit through the factor Q calculated on
the boundary and implicit through the background fields. The numerical calculation of o
is straightforward as soon as the background functions are known. In figure 7 we show the
result both the vector and axial flavor conductivities versus T'/T, with T, the deconfinement
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Figure 4. (a), (b): vector and Axial-vector spectral densities, respectively, at u = 0 for different
temperatures as a function of w for k = 0. (c), (d): vector spectral density at u = 0 for different
spatial momenta k as a function of w at T = T, and T = 2T, respectively. (e), (f): axial-vector
spectral density at u = 0 for different spatial momenta k as a function of w at T = T, and
T = 1.03T, respectively.The dimensional quantities are expressed in units of 7.
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Figure 5. (a), (b): vector and Axial-vector spectral densities, respectively, at u = 0.15 for different
temperatures as a function of w for k = 0. (c¢), (d): vector spectral density at u = 0.15 for different
spatial momenta k as a function of w at T' = 0.59T, and T = 2.3T,, respectively. (e), (f): axial-
vector spectral density at p = 0.15 for different spatial momenta k as a function of w at T' = 0.59T
and T = 0.817,, respectively.The dimensional quantities are expressed in units of 7.
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Figure 6. (a), (b): vector and Axial-vector spectral densities, respectively, at T = T for different
chemical potentials as a function of w for k = 0. (c), (d): vector spectral density at T' = T for
different spatial momenta k as a function of w at u = 0.1u. and g = ., respectively. (e), (f): axial-
vector spectral density at T' = T, for different spatial momenta k as a function of w at p = 0.1p,
and p = 0.33p, respectively. The dimensional quantities are expressed in units of p..
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Figure 7. Transport coeflicients of vector and axial-vector flavor currents divided by the tempera-
ture along the three lines of the phase diagram in figure 2. The first plot corresponds to p = 0 the
second to p = 0.15.
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Figure 8. Transport coefficients of vector and axial-vector flavor currents along the T' = T line of
the phase diagram in figure 2. We use p. as the energy unit in this plot.

transition temperature at p = 0. The numerical calculations are for N. = Ny = 3. In
figure 8 we show the behavior versus u/pu. with . the deconfinement transition chemical
potential at T" = 0. The electric vector and axial conductivities are found to rise quickly
across the transition region from a deconfined and strongly coupled phase to a strongly
coupled chirally restored phase, with both conductivities merging. At the deconfinement
transition or T' = T, the electric vector conductivity is amusingly comparable in magnitude
to the electric conductivity derived from hadronic models, [69], and rises quickly to agree
with the electric conductivity reported on the lattice at about T' =~ 1.5T,.. The rise is about
an order of magnitude. The variation of the flavor conductivities both vector and axial at
T =T, versus /i is slower.

The electric conductivity coincides with the flavor vector conductivity at p = 0. This
is the case since at p = 0 the equation of motion for the singlet and non-singlet excitations
coincide, see section 4.3. Moreover, the definition of the flavor conductivity is such that it
coincides with the singlet, section 5.

At non-zero chemical potential the electric conductivity (corresponding to the singlet
vector field) develops a delta function at w = 0, [64, 65]. The delta function cannot be seen
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from the numerical calculation of ¢ since it appears through the w — 0 limit of the real
part of the retarded Green function (Gr). In case of finite density, we have seen that the
equation of the vector fluctuation acquires an effective mass term due to the coupling to the
graviton, (4.21). This mass term, in contrast to the massless case (4.7), generates a non-
trivial solution of the equation of motion in the hydrodynamic limit w — 0. This fact leads
the real part of G to be finite in the zero omega limit and the real part of the conductivity
to diverge as 1/w, where we generalize the conductivity definition & = lim,,_,o Ggr/w. Then,
the conductivity that we calculated above is 0 = Im &. Note that there is an ¢ difference in
our definition of & with [64, 65]. Then, by the Kramer-Kroning relation, Im Gr/w ~ §(w).
At zero density Re Gr(w — 0) ~ 0, hence the conductivity is finite. The appearance
of the delta function in ¢ is a generic feature of charged black hole backgrounds and is
related to charge and momentum conservation of the vacuum state. The dual system
to a homogeneous charged black hole is an infinite size homogeneously charged medium.
Applying a constant electric field in such a system, an accelarated charge motion along
the field will be generated and this contributes the é(w) to the conductivity. It should be
noticed that such systems are not natural since re-scattering should destroy such a state
of an infinite homogeneously charged medium.

7.2 Diffusion

Another important bulk flavor transport parameter is the the flavor diffusion constant.
It follows from solving eq. (4.6) in the hydrodynamic limit w,k < T and making use
of the dispersion relation w = —iDk?. The result for D is in closed form in terms of the
background field. In order to expand around the hydrodynamic limit, we introduce a power
counting parameter , w — n°w, k — nk. Then, the solution can be written in the form of

Ep(r) = (rp—r) 5T F(r), (7.2)
where F'(r) is regular at the horizon. F(r) also admits a regular expansion in 7, F(r) =

Fo(r) +n?Fi(r) + ... .Then,

Ep(r) = Fy(r) + 12 (F1 (r) — iﬁm“’TFO(rQ T (7.3)

Expanding the (4.6) close to the horizon we find Fy(r) =1 — iQ(’;Q)w
h

(rp, — 7). Solving (4.6)
to zeroth order in 7 it is found

' G(r)
Fo(r) =1+ C/ dr = . 7.4
o) o Vi T RO A QP i
Matching the derivatives, Fj(rp,), we determine C' = —i %2 Vi) H(C)T,"T)%AQQ . Imposing
r=rp
the boundary condition on the boundary Fy(e) = 0 gives
Vel A 2,AN2 €
po (st 6o\ 4y
G S V(A7) (A, 7)2eAMQ(r)3

such that w = —iDk?, for small w and k.
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Figure 9. Diffusion constant D as a function of temperature. (a): D from T, to 27, at p = 0.
(b): D from T, to 20T, where T, is the chiral transition temperature at y = 0. Here T, = 0.95T,.
(¢):D versus p/p. at T =T,.. D versus T/T, for fixed p = T..

In figure 9a-b we show the flavor diffusion constant as a function of T'/T. at zero
chemical potential g = 0. It rises in the deconfined but chirally broken phase (a) and
decreases in the chirally restored phase (b). The same rise and decrease is seen as a
function of u/ . in figure 9c for fixed T'= T.. A slice of the flavor diffusion constant versus
temperature for fixed pu = T, is shown in figure 9d. The fall of the flavor diffusion constant
D in the chirally restored phase at high temperature reflects on the de-corellation of the
flavor momentum in the thermal but yet strongly coupled phase. The rise of D in the
chirally broken but deconfined phase implies strong momentum correlations in the mixed
phase prior to chiral restoration in this holographic model.

7.3 Susceptibility

The electric flavor conductivity and diffusion constant are tied by the Einstein-Kubo re-
lation, leading to the flavor susceptibility. The latter was analyzed in this model using
the bulk pressure in [43]. In large N., the non-singlet flavor diffusion constant dwarfs
the singlet one, leading to the general Einstein-Kubo relation for the flavor susceptibil-
ity xo = 0/3D. The free thermal flavor susceptibility is yor = N.T?/3 for each flavor
species. In figure 10 we show x2 versus temperature 7'/T), for ;1 = 0 in the chirally restored
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Figure 10. The normalized flavor susceptibility x2 versus T'//T. The results from thermodynam-
ics [43] (black dashed) agree with our results (red dashed).

phase. Our results in the hydrodynamical limit using the Einstein-Kubo formula matches
the flavor susceptibility obtained earlier in this model using the bulk pressure [43]. The
agreement provides an overall consistency check on our numerical analysis. The use of the
Einstein-Kubo relation together with our results for ¢ and D allow a determination of xo
throughout the phase diagram in our model.

8 Conclusions

A variant of improved holographic QCD in the Veneziano limit was used to probe the
time-like structure of the QCD phase diagram in the double limit of large V. but fixed
x = N¢/N.. The model exhibits a strongly coupled deconfined phase followed by a chirally
restoring phase. The transition region in the p — 7" plane is narrow at p = 0 but widens at
T =0, see figure 1. We recall that the quasi-normal modes dominate the time-like behavior
of the vector and axial-vector correlation functions. We observe that the quasi-normal
modes dissolve rapidly in the chirally broken phase with typically a real part wg ~ 27T
and an imaginary part wy &~ —277T.. The rise of the real part wr with high temperature
is similar to the rise of the electric screening masses with temperature reported by lattice
simulations above the deconfinement temperature [3-5]. They are readily understood from
the dimensional reduction of QCD [6-9].

The detailed analysis of the vector and axial spectral functions across the transition
region reflects on these broad and low-lying quasi-normal modes showing that the strongly
coupled phase of V-QCD is about featureless across the transition region. Electromagnetic
emissivities of dileptons at current collider energies are very sensitive to the vector and
axial-vector spectral functions at and above the temperatures studied in this model. Our
results should help guide some of the model calculations in this strongly coupled phase of
the QCD phase diagram.
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The rapid rise of the electric conductivities across the transition region by almost
an order of magnitude may explain the puzzling discrepancy between current hadronic
results in the confined phase of QCD and the reported lattice results in the the de-confined
phase [69]. Indeed, our results for the vector electric conductivity o/T at T' = T, is
small and consistent in magnitude with the hadronic electric conductivity at about the
same temperature and zero u. At T =~ 1.5T, it is an order of magnitude larger and also
consistent with currently reported (quenched) lattice results. We recall that the vector
electric conductivity plays an important role setting up the time-scale for the decorrelation
of the magnetic field in the chiral magnetic effect [70] and its variant [71]. The bulk flavor
susceptibility derived from our time-like analysis with the help of the Einstein relation is
in total agreement with the one derived from thermodynamics using the bulk pressure [43].

The present framework and time-like analysis can be extended in a number of ways, to
address the important issues of lighter chiral excitations (scalar and pseudo-scalar) as well
U(1) correlations across the transition region to cite a few. We hope to report on these
issues next.
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A Schrodinger form

The Schrodinger formalism for a generic fluctuation in the bulk is briefly presented here.
The five-dimensional action for a field (2%, 7) is of the form

S = _%/C@ / d*zdr (C1(r)(0,9)? + Co(r)n* 8,90,¥ + C3(r) Vo, ¥ + M(r)¥?) , (A.1)

where an arbitrary constant is multiplying the action. Let us consider ¥ = e~%nlq)(r),
then w, takes discrete complex values as soon as the appropriate boundary conditions are
set. The boundary conditions are normalizability at the boundary ¥(r = ¢) = 0 and the
incoming wave at the horizon W (r — r3,) = (rj, — r) '3 (1+ cg)(rh —r)+ 022) (rp — )%+

O((rp, —)?)). The excitation equation is derived readily from from (A.1):

0y (C1(r)0rtbn (1)) + H (1)t (r) = withu(r) (A.2)

~ Co(r)

where the bulk “mass” term is
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We now define a new radial variable u, and a rescaled field « in terms of a function = as

Cy(r)

W=\

[1]

dr, a=Evy, (r) = (C1(r)Ca(r))1 . (A.4)

The Sturm-Liouville problem now takes the Schrodinger form:

d?a, (u)
du?

+ V(uw)an(u) = m2an(u), (A.5)

where the Schrodinger potential is

V(u) = + H(u). (A.6)

B Vector excitations

We expand the action to quadratic order in the vector fluctuation field. The quantities,
AR, in the square roots of the tachyon DBI action in the vacuum are

—€2A(T)f(7") 0 0 0 e~ A aG(r)

K(A,T) Q(T) V(A1)
0 e2Ar) 0 0 0
Aruny =AruN =0uN = 0 0 24 0
0 0 0 e240) 0
_ e~ A aG(r) e2A(r) 2
RO G Vs () 0 0 g6
(B.1)
The inverse matrix is
_ e—zA(r)Q(r)Q e—5A(r) ﬁ@(r)
7 0 0 0 SAemviom
0 240 0 0
GMN = 0 0 e 240 0 . (B.2)
0 0 0 e 240) 0
=540 7 O (r) e~ 240 £(r)Q(r)?
T kO,T) G(r) Vi(AT) 0 0 0 G(r)?
Using the expansion
1 1 1
Videt(I+X) =1+ ST - ZTrX2 + g(TrX)Q +0(X?), (B.3)

wheree X is a matrix, the action becomes

Sy = — M3N,Tr /d4x drV(A, T)\/—det(g)\/det(éf\v/[ + L4 5N, T)GMEVRN)

1
- 5M3 N.Tr / d*x drvi(\,7) —det(g)<—£im(x,7)gAMNvMN

Lyr\7)?

1
5 [QSMS Vsr Gs™N Vi +G4™M5 Vier GA™N Vivar — 3 (gAMNVMN)2:| ) .

(B.4)
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The linear term vanishes for the flavored excitations due to the trace over flavor indices.
The action is written in the V. = 0 gauge as

Sy = —% M3N,Tr /d4m drVy(\, 1) LY s\, 7)? QG (r) ™! eAlr)
2 2

2 G VY T3 e VeV SV - QU oV V0
(B.5)

where V;; = 0;V; — 0;V;, and the trace is over the flavor indices. The fluctuation equation

is written as
on [Vf()\,T) —det(g)ﬁ()\ﬂ')2 X

X (QQSMSQSTNVST + 265G A TN Vigr + gASTgAMNVST)} =0 (B.6)

The bulk field is Fourier expanded as V,,(¢,x,7) = [ d’k e~ Wik (1w k). Inthe V, =0

gauge, the fluctuation equations for the different Cofﬁ;)onents of the vector field read
A A ()2
0, (K'Vi) + C’fc((?) w0, Vy =0
A() O ()3
*87" <6G(C"2"§T)Vf()\’ 7—) "Q(A’ T)2 aTVO)
A(r) A
—l—e?((::))Gme()\, 7) (A7) (K*Vo + w(k'Vi)) = 0
A(r) )
&(e £<(2>)Q(T>vf(x,7)H(A,ﬂ?ar(w;))
OFe
v ?ég SOy 0, w(r) w0 (12Vo + w(k V) = 0
A(r) 9
—9, (e(];((:;))Q(T)Vf()\, 7) k(A 7)? Oy Vf)
AN G(r) 2 (12 _ QU S\ o
g Vs (1 - SRR it <o,

The first equation follows from the two equations of motion of Vy and k'V;. Without
loss of generality we may take only k3 = k as non zero. Then the two equations can be
diagonalized by the gauge invariant variable E;, = kVj + wV3. The equation of motion for
the longitudinal field Ep, is

) k(\, 7)2eAQ(r)3 w? )(r)?
- (arlog YNPGRS, Q) )EL(T), )
Y1)
Gr)?* (5 5 f(r) _
Ty <w ) Q(r)2> Erlr) =0
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The equation for the transverse components is the last one and is decoupled from the rest
For k = 0, the equations of V+(r) and Ef(r) reduce to the same equation
1

Vi) RN EA G (O Rt G Q f Oy ) + Wy =0, (B

the vector field in the bulk is written as V+ = Er, = ¢y. Eq. (B.8) can be transferred to

Schrédinger form as shown in appendix A. The Schrédinger functions for the vector meson
equation are Cs(r) = M(r) = 0 and

Ci(r) = Vi(\, 1) L4 k(N 7)2 e f(r) Gr) 7 Q(r)

~ (B.9)
Co(r) = Vi(A7) L4 k(A 7)2 A0 f(r) 71 G(r) Q(r).
Further defining

—_
—

Zy

(r) = (CL(r)Ca(r)/* = £ k(A7) \/V; (A7) Qlr) A0,

(B.10)
the Schrodinger potential for the flavor non-singlet vectors reads
1 d2EV (u)
% = ——= 4+ H . B.11
V(u) E.V('LL) du2 =+ V(u) ( )

Here the Schrodinger coordinate u is defined by

du  [Cy(r)  G(r)
&\ am T (042

and the boundary condition that v — 0 in the UV. G is defined in (3.5). Taking into

account the expansion of the background fields in the UV, egs. (2.4) (2.9), and close to the
horizon, [43], we find the u coordinate asymptotically

UV : uyy(r) ~r , Horizon : uper (r) = ——=In(ry, — 7). (B.13)
47T

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. The leading UV asymptotics of the potential

follow from the AdS form of the asymptotics close to the boundary

3
VUV(U) ~ T2 (B.14)

where higher order logarithmic corrections have been neglected. Close to the horizon =(r)
is analytic and the potential reads

,(Th) 6747rTu

o : (B.15)

where prime denotes the derivative of Z with to r. Z'(rp,)/Z(ry) is a negative finite number.

Vior. (1) ~ — (47TT)2

[} [1
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C Axial-vector & pseudoscalar mesons

Axial-vector and pseudoscalar mesons mix at finite temperature. The quadratic action for
those non-singlet mesons is

Sy= — %M?’ Nc/dA‘:Uder()\,T) —det(G)
X </~£()\, 7)7(r)2 GsMN (000 + 2A11) (ONO + 2AN)

LA k(N T)?
— LA\ T)GAMN Ay — A(27) [QSMS Ast Gs™ Ay

1
+ GAMS Agr GATN Ay — B (gAMNAMN)Q} )

The fluctuation equations are written as

om [:‘i()\, 7) 72 GsMN (N0 + 2AN)] =0
N [Vf()\a )V =det(G) L4 £(A,7)? (2 GsM5Gs™ Agr +2G4M9G4™N Agr (C.1)

- gASTgAMNAST)] F4VE(A,7) /—det(G) k(A ) 72 GsMN (On6 4 2Ay) = 0

In the A, = 0 gauge, the fluctuation equations in terms of the components of the gauge field

e3A0) £(r) Q(r 3AT) () G(r
O, (Vf(M) k(A7) () éf((r)) Qr)y, 9> V1) RO T) () %)) G(r)

2 e34r) f(r) Q(T) LAY 120) —
0 (2i(k'A;) — k) =0
(C.2)

(2iw Ag — w?0) + Vi(\,7) k(A7) 7(7)

P04 k(O 7)2 e 2A() i WQ(T)Z () ()2 _
L4 k(A T) (&(k Ap) + ) 8TA0>+2 ANT)T(r)* 0,0 =0 (C.3)

A(r)
_87' (ecTy(Cigr)svf()‘v T) ‘C% ’K';()‘? 7—)2 aTAO) + Vf(/\7 T) £j14 K()\’ T)

2 e Q(r) G(r)
N 7(r)
A0 Q) G(r) (240 —iwf) =0

(k2A0 + w(kiAi)) +2Vi(\, 1) KA, T) T(r)2 )f(r)

(C.4)

10 Q) )
f(r)

63A(r)

(wmﬁwwmm+zWQJMQJMVFémf”@we+my&»_o

A0 £(1) Q) ‘0"
-0 (LI O£ KL 8L 4)) <V, 7) £ (O 7)

A f(r) Q(r) MG (r)
—0r <G(T)Vf(A, ) LY k(N T)2 0, A}) + TV]«(A, ) LY k(N T)?

(k2 — (3((:))2 wz)AiL + 4Vi(\,7) k(A T) 72
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where we have Fourier expanded the fields A, (¢, x,r) = [ (gﬂl)ﬂ e-witikx A (). In case of
k; = 0, the excitation equation of the transverse modes reads
1
Vi(\ 1) k(A 7)2eAGQ

0 (Vi) KA 7)? e G Q £ Ora) (1)

L),
QPLie ) ATl

where AL (r) = 1(r). The Schrédinger functions are otherwise the same as for vectors
but now
M(r) =4V 7) k(A7) 7(r)? 340 G(r) Q(r) ™! (C8)

is nonzero. Therefore we find that
47(r)? e2A(r) f(r)
Q(r)2L4 k(N 7)

and the definition of u is as in (B.12). For k; = 0, § mixes with Ap. The coupled equa-

Ealr) =Ev(r),  Ha(r)=

, (C.9)

tions are
. 4 2 _—2A(r) Q(T)Q 2 _
1L k(N T) € F) wor Ao+ 26\, 7)7(r)* 0,0 =0 (C.10)
T
A Q(r)? 4,
3A(r (7“ )
+2Vi(A\, 1) k(A7) T(r )2 ) (249 —iwh) =0. (C.11)
We define the new variable in order to combine the two equations to one
. A(M) ()3
bp = eG(Cig”Vf(A,T) LA KN T)2 0, A, . (C.12)

Then the two equations (C.10) and (C.11) are combined to

V(A7) k(A7) 7(r)? 240 Q(r)? Gr) ! f(r)

1 .
Oy - Oy
: vfu DG G G fr) T
, O,
0 G g T =0 o

and the corresponding Schrodinger functions read

Ci(r) = V(A7) () 2N 1) e QM) TG T f (),

Colr) = Vy(A ) kO 1) () 26340 Q) 1 Gl 1) ©.14)
47(r 2 2A (r) r
M(r) = Ca(r) 54( o
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and C3(r) = 0. Therefore,

1 47(r)2e2A(r)
Hp(?") = 4( )

‘CA H(/\v T)

~

™) (i)

)2

EP(T) =

)y VT RO T) €40 Q)

/@\z

D Scalar mesons

The quadratic action is
S = _% M3N2Tr / d'x dr 34 Gl{vf(A, RN T) G20 f (02 +Q% - G2 Q2) (9,5)2

+Q 7 (2605 0,V T) + (14 G™Q? VR T) k(A7) ) 85

6_2A
b
4G?2Q r(\1)?

+4e* G2 k(N 7) (Q2 +Q*G? - 2G2> 0:-Vi(A,T) Ork(A, T)

[4 M Gk, 7)2 02V, (N, 7)

FVROLT) (5O TPQ 2 4 4 GAQP - 1)(1+ GP (@2 - 1))
— 42 F G2 RO T)(@ — 127 2) (0rn(N 7))

+2eM G2V (N, T)R(A, T) (Cf + Q%G - 2G2) 82k (), T)}ﬁ

- 2 N2 2 A2
VRO Q7 @9 + Vs S SE S el o)
where 5 = 9t = [ ng];le_th+iki$i¢S(r). The fluctuation equation therefore becomes
M- 1o,C o, ol
W+ 0, (log Oy (M)l — —27—¢pg + | 2—w? — —2-k2 | s = 0, (D-2)
Cl C Cl
where the Schrodinger functions read
Ci(r) = Vi 7 KOG T) MG Qf (G2 4 Q2= G2 QP) (D-3)
P (r) = Vi) (A ) A GTEQ f (D.4)
) 202 _ 2 _ A2
() = Via 1) r(rr) et 9 QG @ (D.5)

Cy(r) = FAGTIQ f 7 (2600, 7) 0, V50, 7) + (14 G Vi(A,7) k(A 7)) (D.6)

eA

T AGBOr(N 1)
+4e* G R(N, T) (QZ +Q?G? - 2G2> 0-Vi(N, T) Ork(A, T)

M(r) [4 M GAk(, 7)2 02V (N, 7)

+V(A 7) (H(A,TVQ“ P24 G202 - 1)(1+ G2 (Q% - 1))
— 42 [ G2 RO T(@Q 1027 2) (0rr(N 7))
+2eM GV (A, T)R(A, T) <Q2 +Q*G* - 2G2) 02k (N, 7)} _ (D.7)
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