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In a QCD-like strongly coupled gauge theory at large Nc , using the AdS/CFT correspondence, we find that 
heavy quark deconfinement is accompanied by a coherent condensation of higher meson resonances. 
This is revealed in non-equilibrium deconfinement transitions triggered by static, as well as quenched 
electric fields even below the Schwinger limit. There, we observe a “turbulent” energy flow to higher 
meson modes, which finally results in the quark deconfinement. Our observation is consistent with seeing 
deconfinement as a condensation of long QCD strings.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Quark confinement is one of the most fundamental and chal-
lenging problems in elementary particle physics, left unsolved. Al-
though quantum chromodynamics (QCD) is the fundamental field 
theory describing quarks and gluons, their clear understanding is 
limited to the deconfined phase at high energy or high tempera-
ture limits due to the asymptotic freedom. We may benefit from 
employing a more natural description of the zero temperature 
hadron vacuum. A dual viewpoint of quark confinement in terms 
of the “fundamental” degrees of freedom at zero temperature – 
mesons, is a plausible option.

The mesons appear in families: they are categorized by their 
spin/flavor quantum numbers, as well as a resonant excitation level 
n giving a resonance tower such as ρ(770), ρ(1450), ρ(1700),

ρ(1900), . . . . In this Letter we find a novel behavior of the higher 
meson resonances, i.e., mesons with large n. In the confined phase, 
when the deconfined phase is approached, we observe conden-
sation of higher mesons. In this state, macroscopic number of the 
higher meson resonances, with a characteristic distribution, are 
excited. The condensed mesons have the same quantum number 
as the vacuum. The analysis is done via the anti-de Sitter space 
(AdS)/conformal field theory (CFT) correspondence [1–3], one of 
the most reliable tools to study strongly-coupled gauge theories. 
By shifting our viewpoint from quark–gluon to meson degrees of 
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freedom, we gain a simple and universal understanding of the con-
finement/deconfinement transition, with a bonus of solving mys-
teries in black holes physics through the AdS/CFT.

The system we study is the N = 2 supersymmetric SU(Nc)

QCD which allows the simplest AdS/CFT treatment [4]. The de-
confinement transition is induced by external electric fields. In 
static fields, the confined phase becomes unstable in electric fields 
stronger than the Schwinger limit E = ESch beyond which quarks 
are liberated from the confining force. We find that this instability 
is accompanied by the condensation of higher mesons. A striking 
feature is revealed for the case of an electric field quench: The 
kick from the quench triggers a domino-like energy transfer from 
low to high resonant meson modes. This leads to a dynamical de-
confinement transition [5] even below the Schwinger limit. The 
transfer we find resembles that of turbulence in classical hydro-
dynamics as higher modes participate; thus we call it a “turbulent 
meson condensation” and suggest it being responsible for decon-
finement.

We remind that the N = 2 theory is a toy model: the meson 
sector is confined and has a discrete spectrum while the gluon 
sector is conformal and is always deconfined. It resembles heavy 
quarkonia in a gluon plasma. Generically, quark deconfinement and 
gluon deconfinement can happen separately, as is known through 
charmonium experiments in heavy ion collisions. Here, we concen-
trate on the deconfinement of heavy quarks and not the gluons. 
Note that the mesons with low spins in this theory are described 
by a confining potential [6] and an effective QCD string exists, 
whereby we define our “quark confinement”.
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The higher meson resonances are naturally interpreted as long 
QCD strings, therefore our finding is consistent with interpreting 
deconfinement as condensation of QCD strings [7] (see [8–11]). 
Under the condensation, a quark can propagate away from its 
partner antiquark by reconnecting the bond QCD string with the 
background condensed strings. The gravity dual of the deconfined 
phase is with a black hole, so given the relation with long fun-
damental strings [9], our result may shed light on the issue of 
quantum black holes; In particular, our time-dependent analysis 
gives a singularity formation on the flavor D-brane in AdS, a probe-
brane version of the Bizon–Rostworowski turbulent instability in 
AdS geometries [12].

2. Review: meson effective action from AdS/CFT

The effective field theory of mesons can be obtained for the 
N = 2 supersymmetric QCD in the large Nc , λ ≡ Nc g2

YM limits by 
the AdS/CFT correspondence [6,13]. The meson action is nothing 
but a D7-brane action in the AdS5 × S5 geometry:

S = −1

(2π)6 g2
YMl8s

∫
d8ξ

√
−det(gab[w] + 2π l2s Fab) ,

ds2 = r2

R2
ημνdxμdxν + R2

r2

[
dρ2 + ρ2d�2

3 + dw2 + dw̄2
]

, (1)

where r2 ≡ ρ2 + w2 + w̄2, Fab = ∂a Ab − ∂b Aa , and the AdS5 cur-
vature radius is R ≡ (2λ)1/4ls . For the following calculations, it is 
convenient to define a rescaled gauge potential aa ≡ 2π l2s R−2 Aa . 
The D7-brane worldvolume fields are w(xμ, ρ) and aa(xμ, ρ). 
(We set w̄(xμ, ρ) = 0 consistently because of U (1)-symmetry in 
(w, w̄)-plane.) We denote the location of the D7-brane at the 
asymptotic AdS boundary as w(xμ, ρ = ∞) = R2m. Here, the con-
stant m is related to the quark mass mq as mq = (λ/2π2)1/2m. 
A static solution of the D7-brane in the AdS5 × S5 geometry is 
given by w(xμ, ρ) = R2m and aa(xμ, ρ) = 0. Using the AdS/CFT 
dictionary, normalizable fluctuations around the static solutions of 
w and aa are interpreted as the infinite towers of scalar mesons 
ψ̄ψ and vector mesons ψ̄γμψ , respectively. (We omit the pseudo-
scalar mesons which are irrelevant to our discussion.) In this paper, 
we focus on the meson condensation induced by an electric field 
along the x-direction. Thus, we only consider fluctuations of w
and ax .

To derive the meson effective action, we use a coordinate z de-
fined by ρ = R2m

√
1 − z2/z (where z = 0 is the AdS boundary, and 

z = 1 is the D7-brane center that is closest to the Poincaré hori-
zon in the bulk AdS). The worldvolume is effectively in a finite box 
along the AdS radial direction, to give a confined discrete spectrum 
as we will see below. We expand the D7-brane action up to second 
order in the fluctuations χ ≡ (R−2 w − m, ax) as [6]

S =
∫

dtd3x

1∫

0

dz
1 − z2

2z
[χ̇2 − m2(1 − z2)χ ′ 2] +O(χ3),

where · ≡ ∂t and ′ ≡ ∂z . An irrelevant overall factor is neglected. 
The equation of motion for χ is

(
∂2

t +H
)
χ = 0 , H ≡ −m2 z

1 − z2

∂

∂z

(1 − z2)2

z

∂

∂z
. (2)

The eigenfunction of H is given by en(z) ≡√
2(2n + 3)(n + 1)(n + 2) z2 F (n + 3, −n, 2; z2), with the eigenvalue 

ω2
n = 4(n +1)(n +2)m2, for the meson level number n = 0, 1, 2, . . . . 

Here F is the Gaussian hypergeometric function. The inner product 
is defined as ( f , g) ≡ ∫ 1

0 dz z−1(1 − z2) f (z)g(z), where (en, em) =
δmn is satisfied. Note that an external electric field term, ax = −Et, 

Fig. 1. (Color online.) The shape of the probe D7-brane in static electric fields in the 
unit of R = m = 1. The lines correspond respectively to E/ESch = 0.5, 0.8, 0.95, 1
and the critical embedding from top to bottom.

satisfies Eq. (2) although it is non-normalizable. Expanding the 
scalar/vector fields as

χ = (0,−Et) +
∞∑

n=0

cn(t)en(z) , (3)

we find an infinite tower of meson fields cn(t) sharing the same 
quantum charge – higher meson resonances. Substituting Eq. (3)
back to Eq. (1), we obtain the meson effective action

S = 1

2

∫
d4x

∞∑
n=0

[
ċ2

n − ω2
n c2

n

]
+ interaction , (4)

where we have omitted a constant term and total derivative terms, 
while higher order nonlinear terms give rise to meson–meson in-
teractions. From the effective action, we obtain the energy εn ≡
1
2 (ċ2

n + ω2
n c2

n) stored in the n-th meson resonance, and the lin-
earized total energy ε = ∑∞

n=0 εn .

3. Higher meson condensation and deconfinement

The confined phase becomes unstable in strong static electric 
fields. Here, we examine this from the viewpoint of meson con-
densation. In Eq. (4), the meson couplings depend on the external 
electric field E nonlinearly. Mesons in a single flavor theory is neu-
tral under E , but it can polarize, and non-linear E may cause a 
meson condensation. We first solve the equations of motion ob-
tained from the full nonlinear D-brane action (1) with an external 
electric field, and then decompose the solution χ (t, z) as Eq. (3). 
In this way, we can study how the infinite tower of mesons cn(t)
behave towards the deconfinement transition.1

The static D7-brane solution in the presence of a constant elec-
tric field introduced by ax = −Et was obtained in Refs. [14–16]. 
Also, the Schwinger limit E = ESch = 0.5759 m2 beyond which the 
first order phase transition to deconfinement occurs was found 
[15,16]. Fig. 1 shows the shape of the D7-brane, which is the scalar 
field configuration w(ρ), for E/ESch = 0.5, 0.8, 0.95, 1 and the crit-
ical embedding. At the critical embedding which is a confine-
ment/deconfinement phase boundary although the solution itself 

1 We solve the full nonlinear DBI action with the electric field while expanding 
the solution by a linear eigenbasis at the E = 0 vacuum, which is possible since 
the eigenbasis provides a complete set of the mutually orthogonal base modes for 
normalizable deformations. Alternatively, one can start with the meson effective La-
grangian which is written only in terms of the eigenmodes at the E = 0 vacuum. 
Then turning on the electric field makes the mesons get condensed, giving the same 
result.
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