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Strongly interacting matter from holographic QCD model
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Abstract. We introduce the 5-dimension dynamical holographic QCD model, which is
constructed in the graviton-dilaton-scalar framework with the dilaton background ﬁeld Φ
and the scalar ﬁeld X responsible for the gluodynamics and chiral dynamics, respectively.
We review our results on the hadron spectra including the glueball and light meson spectra, QCD phase transitions and transport properties in the framework of the dynamical
holographic QCD model.

1 Introduction
Quantum chromodynamics (QCD) is the fundamental theory of strong interaction. In the infrared (IR)
regime, it remains as an outstanding challenge of solving nonperturbative QCD physics, e.g. the chiral
symmetry breaking and color conﬁnement. The anti-de Sitter/conformal ﬁeld theory (AdS/CFT) correspondence or gauge/gravity duality [1–3] provides a novel method to tackle the problem of strongly
coupled gauge theories, and has been widely used in investigating hadron physics, strongly coupled
quark gluon plasma and condensed matter physics. In general, holography maps a D-dimensional
quantum ﬁeld theory (QFT) to a quantum gravity in (D + 1)-dimensions, and the gravitational description becomes classical when the QFT is strongly-coupled. The extra dimension can be regarded
as an energy scale or renormalization group (RG) ﬂow in the QFT [4].
In this talk, I give a brief review on the dynamical holographic QCD (DhQCD) model recently
developed in our group. The DhQCD model is constructed in the graviton-dilaton-scalar framework,
and it resembles the renormalization group from ultraviolet (UV) to infrared (IR). The dilaton background ﬁeld Φ(z) and the scalar ﬁeld X(z) are dual to the gluon operator and the quark operator at
the UV boundary, and in the IR region, the dilaton background ﬁeld and scalar ﬁeld are responsible for nonperturbative gluodynamics and chiral dynamics, respectively. The metric structure at IR
is automatically deformed by the nonperturbative gluon condensation and chiral condensation in the
vacuum. I also give a summary of our results on hadron spectra, QCD phase transitions, equation of
state and transport properties in the framework of DhQCD model.
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2 The glueball spectra and meson spectra
The detailed description of DhQCD model can be found in Ref.[5]. The pure gluon part of QCD is
modelled by the 5D graviton-dilaton coupled action:



1
√
d5 x g s e−2Φ R s + 4∂ M Φ∂ M Φ − VGs (Φ) ,
SG =
(1)
16πG5
with G5 the 5D Newton constant, g s , Φ and VGs the 5D metric, and the dilaton ﬁeld and dilaton
potential in the string frame, respectively. The metric takes the following form
g sMN = b2s (z)(dz2 + ημν dxμ dxν ), b s (z) ≡ eAs (z) ,

(2)

2 z2 as in [6].
and is automatically deformed by the dilaton background Φ(z) = μG
The glueball spectra are excitations from the pure gluon background, i.e. the deformed AdS5
background solved from the graviton-dilaton coupled system. In order to distinguish even and odd
parity, we introduce the positive and negative coupling between the dilaton ﬁeld and glueballs, respectively. With this setup, we have the 5D actions for the scalar, vector and tensor glueballs G (x, z)
taking the following form:

1
√
SG = −
d5 x g s e−pΦ (∂ M G ∂ M G + MG2 ,5 (z)G 2 )
(3)
2

1
1
√
d5 x g s e−pΦ ( F MN F MN + MV2 ,5 (z)V 2 ),
SV = −
(4)
2
2

1
√
d5 x g s e−pΦ (∇L h MN ∇L h MN − 2∇L hLM ∇N hN M
ST = −
2
2
+2∇ M h MN ∇N h − ∇ M h∇ M h + Mh,5
(z)(h MN h MN − h2 )),
(5)

where M52 (z) = M52 e−2Φ/3 , p = 1 for even parity and p = −1 for odd parity. The equation of motion for
any glueball A can be brought into Schroedinger-like equation


−An + VA An = m2A ,n An ,

(6)

with the 5D eﬀective Schroedinger potential


VA







cA − pΦ
(cA s − pΦ )2
2
2
= s
+
+ e2A s − 3 Φ MA
,5 ,
2
4

(7)

2
where c = 1 for 1-form and c = 3 for 0-form and 2-form, and MA
,5 the 5-dimension mass.
The ﬁnal results for two-gluon and three-gluon glueball spectra in the DhQCD model is shown in
Fig. 1(a). With the only one parameter μG = 1GeV, which is ﬁxed by the Regge slope of the scalar
glueball spectra, we can produce almost all glueballs spectra agree well with lattice data [7], except
three trigluon glueball states 0−− , 0+− and 2+− , whose masses are 1.5 GeV lighter than lattice results.
We add light ﬂavors in terms of meson ﬁelds on the gluodynamical background. The total 5D
action for the graviton-dilaton-scalar system takes the form of

S = SG +

Nf
S KKS S ,
Nc

with

2

(8)
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SG =
S KKS S =




1
√
d5 x g s e−2Φ R + 4∂ M Φ∂ M Φ − VG (Φ) ,
16πG5

1
√
− d5 x g s e−Φ T r(|DX|2 + VX (X + X, Φ) + 2 (F L2 + FR2 )).
4g5

(9)
(10)

The meson spectra produced from this model is summarized in Fig. 1(b). It is observed that in the
graviton-dilaton-scalar system, the generated meson spectra agree well with experimental data.
m2 n GeV2 
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Figure 1. The glueball spectra (a) and light meson spectra (b) in the DhQCD model.

3 Thermodynamical and transport properties
In order to study strongly interacting matter at ﬁnite temperature, we introduce a black hole in the
5D gravity side and study the black hole thermodynamics. The metric ansatz at ﬁnite temperature in
string frame takes the form of


dz2
ds2S = e2A s − f (z)dt2 +
(11)
+ dxi dxi .
f (z)
With this metric ansatz, from the Einstein equations we derive the equations of motion:



2  4  
−A s + A s2 + Φ − A s Φ = 0,
3
3

f  (z) + 3As (z) − 2Φ (z) f  (z) = 0,

10
8  3A s (z)−2Φ
f (z)∂z Φ − e5As (z)− 3 Φ ∂Φ VGE = 0,
∂z e
3

3

(12)
(13)
(14)
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with VGE = e4Φ/3 VGs . The temperature of the solution is identiﬁed with the Hawking temperature
T=

e−3As (zh )+2Φ(zh )

4π

zh −3A (z )+2Φ(z )  .
e s
dz
0

(15)

For the pure gluon system, when the dilaton proﬁle takes the form of Φ = μG z2 , we can get the analytic
solution of the metric prefactor
μ4 z4
L
2 2 2
A s (z) = log( ) − log(0 F1 (5/4, G )) + μG
z ,
z
9
3

(16)

where L is the AdS radius.
We obtain the equation of state of the hot gluonic matter, and compare the trace anomaly  − 3p
with the pure SU(3) lattice data [8] in Fig.2 (a). It is observed that the thermodynamical quantities
in the quenched dynamical holographic QCD model can describe the pure gluon system quite well,
especially, the near T c sharp peak of the trace anomaly shows that we have encoded the correct IR
physics in the 5D model.
We also investigated the transport properties of the gluonic matter, e.g. the jet quenching parameter, the shear viscosity and bulk viscosity in the DhQCD model.
Jet quenching measures the energy loss rate of an energetic parton passing thorough the created
hot dense medium, and the jet quenching parameter is related to the adjoint light like Wilson loop by
the following AdS/CFT dictionary [10]
1
W Ad j [C] ≈ exp(− √ q̂L− L2 ).
4 2

(17)

The expectation value of Wilson loop is dual to the on-shell value of the string Nambu-Goto action
with proper string conﬁguration, and the q̂ can be obtained [9]
√ √
2 λ
q̂ =
.
(18)
−4A
1
s (νz )
πz3h 0 dν e z4 h 1− f2(νzh ) f (νzh )
h

In pure AdS background, q̂/T 3 is a constant for all temperatures. In Fig.2 (b), we show q̂/T 3 as a
function of the temperature in the DhQCD model. It is seen that there is a peak with the height around
40 at around T = 1.1T c , which coincides with the peak of the trace anomaly. This indicates that the
DhQCD model has encoded novel property of the deconﬁnement phase transition.
For a conformal system with AdS 5 background, the shear viscosity over entropy density is 1/4π an
the bulk viscosity is zero. However, for a system with phase transitions, it has been observed that the
shear viscosity over entropy density ratio η/s has a minimum in the phase transition region in systems
of water, helium, nitrogen [11]. It is expected that the same feature also shows up for nonconformal
QCD system. The lattice QCD shows that the temperature dependence of bulk viscosity over entropy
density [12] exhibits a peak around the phase transition. We derive the shear/bulk viscosity in the
DhQCD model, and the details can be found in [13].
The bulk viscosity can be extracted from the Kubo formula
ζ=

1
1
lim ImT xx (ω)T xx (0) ,
9 ω→0 ω

(19)

with T xx is the x − x component of the stress tensor. We have obtained the bulk viscosity from the
DhQCD model in [13], which is shown in Fig.2(c). It is found that the bulk viscosity over entropy

4
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Figure 2. (a) The trace anomaly
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black line) comparing with the pure SU(3) lattice data [8]; (b) The jet quenching parameter q/T
temperature T ; (c) Bulk viscosity over entropy density and (d) shear viscosity over entropy density as functions
of the temperature.

density shows a sharp peak near the transition temperature, and this feature is in agreement with lattice
results in [12].
For shear viscosity, any isotropic Einstein gravity system generates the universal result of η/s =
1/4π. In order to introduce temperature dependence of the shear viscosity, we have to introduce higher

5
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derivative corrections of the following form [14]

√
√ 

4
1
d5 x −g R − ∂μ Φ∂μ Φ − V(Φ) + βe 2/3γΦ Rμνλρ Rμνλρ .
S=
16πG5
3
The shear viscosity can be extracted through the Kubo formula
1
ImT xy (ω)T xy (0) .
ω→0 ω

η = lim

(20)

Up to the order of O(β), the shear viscosity over entropy density ratio results read



β √2/3Φh
1
1− e
η/s =
(1 − 2/3γzh Φ (zh )) ,
(21)
4π
c0


with c0 = −z5h ∂z (1 − z2 /z2h )2 e2A /(8 f (z)z2 ) |z=zh . Fig.2(d) shows the numerical result of η/s when
√
β = 0.01, γ = − 8/3, it is observed that there is a valley at around T = 1.1T c , which is almost the
same location of the peak position of q̂/T 3 and ζ/s.

4 Chiral phase transition
For QCD phase transitions, most studies focus on conﬁnement/deconﬁnement phase transition. However, it is diﬃcult to realize the chiral phase transition of QCD in the framework of AdS/CFT from
both top-down and bottom-up approaches. We show how to correctly realize chiral symmetry breaking in the vacuum and restoration at ﬁnite temperature in the soft-wall holographic QCD models
[15, 16].
In this part, we focus on chiral symmetry breaking and restoration, therefore, we only take the
scalar part of the S U(N f )L × S U(N f )R 5D action, which takes the form of

√
S = − d5 x −ge−Φ T r(Dm X + Dm X + VX (|X|).
(22)
Where Φ is the dilaton ﬁeld, and the 5D mass of the complex scalar ﬁeld X can be determined as
M52 = −3 from the AdS/CFT dictionary. For simplicity, we do not consider the back-reaction of the
dilaton ﬁeld and scalar ﬁeld to the background geometry, and g is the AdS5 metric background.
If the scalar ﬁeld X gets a non-vanishing vacuum expectation value X0 , then S U(N f )L × S U(N f )R
is spontaneously broken. We consider the 2-ﬂavor case with mu = md and 3-ﬂavor case with mu =
md = m s , so we expect that the symmetry is broken to S U(N f ) and X0 = √χ(z) IN f . Here IN f is the
2N f

N f × N f identity matrix and χ(z) is only dependent on the ﬁfth coordinate z. Inserting the expectation
value of X, we obtain the the eﬀective action in terms of χ of the following form

√

1
S χ = − d5 x −ge−Φ ( gzz χ 2 + V(χ)),
(23)
2
with

3
(24)
V(χ) ≡ T r(VX (|X|)) = − χ2 + v3 χ3 + v4 χ4 .
2
The leading term of V(χ) is the mass term and it is ﬁxed to be − 32 χ2 , the quartic term v4 χ4 keeps
χ ↔ −χ symmetry, and the cubic term v3 χ3 is for the three-ﬂavor mixing term and vanishes for the
two-ﬂavor case. The equation of motion for χ can be derived as


f  e2As
χ + (3A s − Φ + )χ −
∂χ V(χ) = 0.
f
f






6

(25)
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In addition, we take the following form for the dilaton ﬁeld
Φ(z) = −μ1 z2 + (μ1 + μ0 )z2 tanh(μ2 z2 ),

(26)

which is negative in the UV and positive at IR.
The chiral phase transition is shown in Fig. 3 (a) and (b) for 2-ﬂavor and 3-ﬂavor cases, respectively. We have realized the spontaneous chiral symmetry breaking in the vacuum and its restoration
at ﬁnite temperature in the holographic QCD framework. The results are in good agreement with
lattice result: In the chiral limit, the phase transition is of second order for two-ﬂavor case and of
1st-order for three-ﬂavor case, and in the case of ﬁnite current quark mass, the phase transition turns
to crossover in both two-ﬂavor and three-ﬂavor cases.

(a)

(b)

Figure 3. The chiral condensate σ as a function of the temperature T in 2-ﬂavor case (a) and 3-ﬂavor case (b),
respectively.

5 Discussion and summary
In summary, we report our DhQCD model which is constructed in the graviton-dilaton-scalar framework, where the dilaton background ﬁeld and scalar ﬁeld are responsible for the gluodynamics and
chiral dynamics, respectively. The dynamical holographic model can resemble the renormalization
group from ultraviolet (UV) to infrared (IR), and the metric structure at IR is automatically deformed
by the nonperturbative gluon condensation and chiral condensation in the vacuum.
We review our results on hadron spectra, and the produced glueball spectra and the light-ﬂavor
meson spectra in the DhQCD model agree well with lattice data and experimental data. We also
show that for pure gluonic matter, the equation of state is in agreement with lattice result, and the
transport properties show temperature dependent behavior. Especially, we observe that the transport
properties can reﬂect the phase transition information, e.g. the ratio of the jet quenching parameter
over cubic temperature q̂/T 3 and the bulk viscosity over entropy density show a peak around the
critical temperature T c , and the shear viscosity over entropy density shows a valley around phase
transition, at which the trace anomaly ( − 3p)/T 4 also shows a peak.

7
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We also show that chiral phase transition can be successfully realized in the holographic QCD
framework. In summary, our dynamical holographic QCD model can describe hadron physics, QCD
phase transition, thermodynamical properties and transport properties quite successfully.
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