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Abstract: We study the rotation effects of the hot and dense QCD matter in a non-
perturbative regime by the gauge/gravity duality. We use the gravitational model that is
designated to match the state-of-the-art lattice data on the thermal properties of (2+1)-
flavor QCD and predict the location of the critical endpoint and the first-order phase
transition line at large baryon chemical potential without rotation. After introducing the
angular velocity via a local Lorentz boost, we investigate the thermodynamic quantities for
the system under rotation in a self-consistent way. We find that the critical temperature
and baryon chemical potential associated with the QCD phase transition decrease as the
angular velocity increases. Moreover, some interesting phenomena are observed near the
critical endpoint. We then construct the 3-dimensional phase diagram of the QCD matter
in terms of temperature, baryon chemical potential, and angular velocity. As a parallel
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investigation, we also consider the gravitational model of SU(3) pure gluon system, for which
the 2-dimensional phase diagram associated with temperature and angular velocity has been
predicted. The corresponding thermodynamic quantities with rotation are investigated.
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1 Introduction

Understanding the phase structure of QCD matter is an interesting and fundamental
challenge of high-energy physics. In particular, exploring the transition of the quark-gluon
system is one of the main goals of the heavy ion collision experiments at the Relativistic
Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC). To provide significant
assistance to the experiments, many non-perturbative approaches have been proposed to
study the QCD phase diagram under various conditions, such as the Lattice QCD [1, 2], the
Nambu-Jona Lasinio (NJL) model [3], and the hadron resonance gas model [4]. Due to the
famous sign problem, the state-of-the-art lattice QCD simulation can only provide reliable
physical information at zero chemical potential. Although one can extrapolate lattice
data to small chemical potential, the relevant results are still lacking. An alternative non-
perturbative approach is to apply the gauge/gravity duality [5–8] to construct holographic
QCD models to describe QCD matters in terms of top-down approaches [9–12] and bottom-
up approaches [13, 14].

Several attempts were made to apply holographic QCD models [15–22] to understand
the QCD phase diagram at finite temperature T and baryon chemical potential µB. The
phases of the Sakai-Sugimoto model were studied in [23]. The theory is in a confined phase
at low temperatures and there is a second-order phase transition at finite µB to a phase of
nuclear matter. The system defines and chiral symmetry is restored at high temperatures.
The chiral symmetry is broken for all µB at intermediate temperatures. There exists a
second-order phase transition in the intermediate temperature range between the vacuum
and nuclear matter phases, while in QCD, it is a first-order transition. The T − µB phase
diagram in the VQCD model was given in [18]. While a deconfining transition and a
chiral transition were realized, there is no critical endpoint (CEP). A hybrid model was
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considered recently in [24] by combining the VQCD model, QCD perturbation theory, chiral
effective theory, and statistical modeling. At both low and high temperatures, there is
always a first-order phase transition, although the strength of the first-order transition
becomes weaker with increasing temperature. Therefore, there is no CEP in the T − µB
phase diagram. Nevertheless, the authors interpreted the weak transition as the signal
of crossover. Moreover, in all the above studies, the phase diagram is only in qualitative
agreement with QCD. In particular, the equation of state does not match the lattice QCD
data quantitatively.

Recently, the rotational effect of quark matter has attracted much attention. A large
angular momentum is generated in decentralized heavy ion collisions [25–30]. Although most
of the angular momentum is carried by the so-called “spectators”, a significant fraction is still
carried by the so-called “participants” [29]. Star collaboration estimates the angular velocity
of the quark-gluon-plasma (QGP) fireball to be ω ≈ (9± 1)× 1021s−1 [31]. Such a large
angular velocity leads to interesting phenomena, such as the chiral vortical effect [32–34],
the polarization effect [35], and the effect of rotation on the chiral phase transition [3, 36],
deconfinement phase transition [37–42] and other physical quantities [43–45].

The phase structure and thermodynamic properties of quark matter can change to an
extreme degree upon rotation. The rotation effect on the chiral phase transition of quark
matter has been studied in the literature using effective field theories. It has been shown
that a nonzero angular velocity could suppress the chiral condensation in the NJL model [3].
Moreover, there exists a nontrivial critical endpoint in the T − ω plane for the chiral phase
transition. A mixed inhomogeneous phase was discussed in [41], and the authors claimed
that the mixed phase separates the confinement and deconfinement regions. By applying the
hadron resonance gas model [4], it was found that the deconfinement temperature decreases
with rotation. In addition, the effect of inverse magneto-rotational catalysis was found
when considering the phase structure of rotating hot and magnetized quark matter [46].
In holography, the rotation effect has been considered in some cases. For example, the
authors of [39] studied the phase transition of deconfinement under rotation in a pure
gluon and 2-flavor systems using the potential reconstruction approach in holographic QCD
literature [17, 47, 48].1 It was found that the phase transition in the T − ω plane is always
a crossover for the 2-flavor system with a small chemical potential µB . However, for a pure
gluon system, the transition is first-order at vanishing chemical potential, and a CEP exists
as chemical potential increases. Moreover, using the Tolman-Ehrenfest formula adapted for
rotation, the author of [41] suggested a kinematic relation between the phase transition
temperature and the rotational velocity ω, i.e. Tc(ω)/Tc(0) =

√
1− ω2`2. Nevertheless,

some recent lattice QCD simulations [1, 37] have yielded the opposite behavior for a pure
gluon system. The deconfinement phase transition temperature increases with angular
velocity Tc(ω)/Tc(0) = 1 + C2 ω

2 with C2 a positive constant. The such discrepancy might
suggest the existence of other unknown physical relations.

In this work, we would like to apply the holographic approach to study the rotational
effects in the 2 + 1 flavor QCD matter and the pure SU(3) gauge theory. The Einstein-
Maxwell dilaton (EMD) model has been used in several papers [13, 15, 16] to study the
QCD phase structure (see [53] for a recent review). We will adopt the holographic models

1One can also refer to more recent developments on this approach [22, 49–52].
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for the 2+1 flavor QCD matter, and the pure SU(3) gauge theory recently introduced in [54]
and [55], respectively. Both models are fixed by quantitatively matching the state-of-the-art
lattice data. Moreover, the 2+1 flavor model provides a reasonable CEP in the T−µB plane,
thus could be used to study the behavior of CEP under rotation. We will apply a Lorentz
boost to mimic the rotating QCD matter. We also provide self-consistent thermodynamic
relations under rotation and introduce the corresponding thermodynamic quantities, e.g.,
entropy, temperature, pressure, etc. Finally, we will investigate how rotation changes the
QCD phase diagram.

The rest of this manuscript is organized as follows. In section 2, we will introduce
the holographic model and construct the rotating metric. In section 3, we will define the
thermodynamic quantities using holographic renormalization. The computation of the
Polyakov loop is provided in section 4. In section 5, we present our numerical results of the
rotation effect. We end with a summary and discussion in section 6.

2 Holographic QCD model

We set up a 5-dimensional holographic QCD model in EMD gravitational system. The
action takes the following form [54, 55]:

SM = 1
2κ2

N

∫
d5x
√
−g[R− 1

2∇µφ∇
µφ− Z(φ)

4 FµνF
µν − V (φ)] , (2.1)

where the potential and kinetic functions read

V (φ) = −12 cosh [c1φ] +
(

6c2
1 −

3
2

)
φ2 + c2φ

6, (2.2)

Z(φ) = 1
1 + c3

sech[c4φ
3] + c3

1 + c3
e−c5φ. (2.3)

The action includes three fields: a metric field gµν that corresponds to spacetime geometry, a
dilaton field φ encoding the running of the gauge coupling, and a vector field Aµ introducing
a finite chemical potential and baryon density. Note that for pure SU(3) gauge theory,
there is no quark degree of freedom, so we close the gauge field Aµ by setting Z(φ) = 0.
The parameters for pure gauge theory and 2 + 1 flavor models could be fixed by fitting the
lattice QCD data at zero net-baryon density [56–60].

We choose the background without rotation as

ds2 = −e−η(r)f(r)dt2 + dr2

f(r) + r2(dx2
1 + dx2

2 + dx2
3),

φ = φ(r), At = At(r), (2.4)

where r is the holographic radial coordinate and η(r) is the warp factor. Here r → ∞
corresponds to the AdS boundary, and the horizon of the black hole is located at r = rh
where f(rh) = 0. The Hawking temperature and entropy density can be calculated as

T = 1
4πf

′(rh)e−η(rh)/2, s = 2π
κ2
N

r3
h. (2.5)
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model c1 c2 c3 c4 c5 κ2
N φs(GeV) b

pure SU(3) 0.735 0 2π(4.88) 1.523 -0.36458

2+1 flavor 0.710 0.0037 1.935 0.085 30 2π(1.68) 1.085 -0.27341

Table 1. Parameters for the pure SU(3) gauge theory and 2 + 1 flavor models [54, 55] by matching
the lattice simulation.

Substituting (2.4) into the action (2.1), we can obtain the equations of motion. We solve
these fully backreacted equations of motion to obtain the hairy black holes. Then we
obtain the related thermodynamic quantities using holographic renormalization. One can
consult [54, 55] for more technical details.

We stress that our current models aim to capture the most essential characteristics
of realistic QCD and confront the lattice QCD data at a quantitative level. In particular,
the non-perturbative effects and flavor dynamics are effectively adopted into the model
parameters by matching with up-to-date lattice QCD data. We found the CEP in the
holographic 2+1 flavor model qualitatively consistent with the consensus expectation for
the QCD phase diagram [54]. In the holographic 2+1 flavor system, we also studied the
chiral condensation at vanishing baryon density, which is in quantitative agreement with
lattice QCD simulation [54]. For a pure gluon system, the center symmetry is an exact
symmetry. We also calculated the gluon condensation and Polykov loop with respect to the
temperature. Both are in good agreement with the lattice QCD data [55].

All model parameters are summarized in table 1. Here κ2
N is the effective Newton

constant, and φs is the source of the dual scalar operator in the boundary field theory,
which essentially breaks the conformal symmetry and fixes the energy scale of the system.
The parameter b is from the holographic renormalization and is necessary to satisfy the
lattice QCD simulation at µB = 0. We compare various thermodynamic quantities from
our holographic setup [54, 55] with lattice simulation in figure 1. One can see that the
temperature dependence of all those quantities agree well with lattice results for the 2 + 1
flavor [58] and pure gluon [60] systems.

To introduce the rotation effect, we split the 3-dimensional space into two parts as
M3 = R× Σ2. Then the metric becomes to

ds2 = −f(r)e−η(r)dt2 + dr2

f(r) + r2`2dθ2 + r2dσ2 , (2.6)

where dσ2 denotes the line element of Σ2. We assume the system that has an angular
velocity ω with a fixed radius `, and consider the following local Lorentz boost [39, 61–65]

t→ 1√
1− ω2`2

(t̂+ ω`2θ̂), θ → 1√
1− ω2`2

(θ̂ + ωt̂) . (2.7)

Since one can not violate the bound of the light velocity, the metric is well-defined for
ω2`2 < 1. The corresponding metric can be written as

dŝ2 = gµνdx̂
µdx̂ν = −N(r)dt̂2 + dr2

f(r) +R(r)(dθ̂ +Q(r)dt̂)2 + r2dσ2 , (2.8)
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Figure 1. The temperature dependence of entropy density s, pressure P , and trace anomaly I for
the 2+1 flavor (left) and pure gluon (right) systems. Our holographic results (solid curves) [54, 55]
quantitatively match the state-of-the-art lattice data [58, 60].

where

N(r) = r2f(r)
(
1− ω2`2

)
r2eη(r) − ω2`2f(r)

,

R(r) = r2`2 − ω2`4f(r)e−η(r)

1− ω2`2
, (2.9)

Q(r) =
ω
(
f(r)− r2eη(r)

)
ω2`2f(r)− r2eη(r) .

This dual gravity background provides a first approximation to rotating nuclear matter.
The null generator of the horizon is ξ = ∂t̂ − ω∂θ̂ with ω the angular velocity. Then the
baryon chemical potential is given by µ̂B = Aµξ

µ|r=∞ −Aµξµ|r=rh .
The resulting Hawking temperature and entropy density are given by

T̂ =T
√

1−ω2`2 = 1
4πf

′(rh)e−η(rh)/2
√

1−ω2`2, ŝ= s√
1−ω2`2

= 2π
κ2
N

r3
h

1√
1−ω2`2

,

(2.10)
where T and s are, respectively, the Hawking temperature and entropy density in the static
frame (2.5).

3 Thermodynamics

In this section, we will analyze the related thermodynamic quantities. Firstly, the free
energy density of the system can be defined as

Ω̂ = − T̂
V̂

(SM + Ŝ∂)on−shell , (3.1)

with SM the action in the bulk and Ŝ∂ the boundary term. In this work, we choose the
same form of boundary term as in [54]

Ŝ∂ = 1
2κ2

N

∫
r→∞

d4x

√
−ĥ
[
2K̂ − 6− 1

2φ
2 − 6c4

1 − 1
12 φ4 ln[r]− bφ4 + 1

4FρλF
ρλ ln[r]

]
, (3.2)
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where ĥµν is the induced metric at the boundary, K̂µν is the extrinsic curvature defined by
the outward pointing normal vector to the boundary, and K̂ is its trace. Then it can be
derived directly from the equations of motion that2

Ω̂ = − 1
2κ2

N

(
−fυ + φsφυ + 3− 48b− 8c4

1
48 φ4

s

)
, (3.3)

with φs, φv and fv the UV expansion coefficients of φ(r) and f(r).

φ(r) = φs
r

+ φv
r3 + · · · , f(r) = r2 + · · ·+ fv

r2 + · · · . (3.4)

The baryon density ρ̂B and the angular momentum J can be obtained from the relation

dΩ̂ = −ŝdT̂ − ρ̂Bdµ̂B − Jdω , (3.5)

with T̂ and ŝ given in (2.10). One can easily check that ∂Ω̂/∂T̂ = −ŝ for fixed µ̂B and ω.
The gauge field Âµ reads

Âµ = 1√
1− ω2`2

Atδ
t
µ + ω`2√

1− ω2`2
Atδ

θ
µ . (3.6)

Then the baryon chemical potential can be written as

µ̂B = µB
√

1− ω2`2 , (3.7)

with µB the chemical potential in the rest frame. Moreover, the baryon charge density is
given by ρ̂B = ρB/

√
1− ω2`2. The energy-momentum tensor of the dual field theory can

be calculated as

T̂µν = lim
r→∞

2√
−ĝ

δ(Ŝ + Ŝ∂)on−shell
δĝµν

= 1
2κ2

N

lim
r→∞

r2
[
2(K̂ĥµν − K̂µν − 3ĥµν)−

(
1
2φ

2 + 6c4
1 − 1
12 φ4 ln[r] + bφ4

)
ĥµν

−
(
FµρF

ρ
ν −

1
4 ĥµνFρλF

ρλ
)

ln[r]
]
. (3.8)

We choose the coordinates on the boundary as xµ = (t, `θ, x, y) where (x, y) denotes
the coordinates on the surface Σ2 and `θ corresponds to the direction of the local Lorentz
boost. Then the non-vanishing components are given by

ε̂ := T̂00 = ε+ ω2`2P

1− ω2`2
,

P̂1 := T̂11 = 1
`2
T̂θθ = P + ω2`2ε

1− ω2`2
, (3.9)

P̂2 := T̂22 = P ,

P̂3 := T̂33 = P ,

2Note that although the metric (2.8) takes a different form from the one in the static frame (2.6), the
equations of motion remain unchanged. This is also why we can fix the boundary term in the same form
within the static frame, as shown in (3.2).
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and

T̂θt = ω`2(ε+ P )
1− ω2`2

, (3.10)

where ε and P are the energy density and pressure in the static frame (see [54, 66] for
more details).

The angular momentum is related to T̂θt, i.e.

J = ω`2(ε+ P )
1− ω2`2

. (3.11)

As a double check, one has the following thermodynamic relation

Ω̂ = ε̂− T̂ ŝ− µ̂B ρ̂B − ωJ = −P . (3.12)

Moreover, the trace anomaly reads

Î = −T̂µµ = −Tµµ = I = ε− 3P , (3.13)

which is the same as the case without rotation.
Besides the equation of state (EOS), the transport coefficients can also provide useful

information for the QCD matter. The squared speed of sound can be calculated as3

ĉ2
s = dP

dε̂

∣∣∣
µ̂B ,ω

. (3.14)

The specific heat and the second-order baryon susceptibility are given by

Ĉv = dε̂

dT̂

∣∣∣
µ̂B ,ω

, χ̂B2 = 1
T̂ 2

∂ ρ̂B
∂ µ̂B

∣∣∣
T̂ ,ω

= − 1
T̂ 2

∂2 Ω̂
∂ µ̂2

B

∣∣∣
T̂ ,ω

, (3.15)

respectively.

4 Polyakov loop

A good order parameter for the confinement phase transition in pure gauge theory is the
Polyakov loop operator 〈P̂〉, which is finite in the deconfined phase and becomes vanishing
in the confined phase for pure gluon. Although it is not a suitable order parameter in the
presence of massive quarks, the behavior of 〈P̂〉 could also characterize some features of
QCD matter. Therefore, we will also study the rotating effect on the Polyakov loop.

With the geometric background (2.8), one can calculate the expectation value of the
Polyakov loop operator directly according to the holographic dictionary [67]. It is convenient
to redefine the holographic coordinate r to be z = 1/r so that z = 0 and z = zh correspond
to the boundary and horizon of bulk spacetime, respectively. We also take the redefinition
of fields: f(r) = F (z)/z2, η(r) = Σ(z), φ(r) = Φ(z). Then the metric in the string
frame becomes

ds2
string = e

√
2
3 Φ(z)dŝ2

= e
√

2
3 Φ(z)

(
−Ñ(z)dt̂2 + dz2

z2F (z) + R̃(z)(dθ̂ + Q̃(z)dt̂)2 + z−2dσ2
)
, (4.1)

3In the absence of chemical potential and rotation, one has a simple relation ĉ2
s = ∂ ln T̂ /∂ ln ŝ from (3.14).

We should stress that this relation is not valid at finite µ̂B and ω.

– 7 –



J
H
E
P
0
4
(
2
0
2
3
)
1
1
5

with

Ñ(z) = F (z)(1− ω2`2)
z2(eΣ(z) − ω2`2F (z))

,

R̃(z) = `2 − e−Σ(z)`4ω2F (z)
z2(1− ω2`2) , (4.2)

Q̃(z) = ω(eΣ(z) − F (z))
eΣ(z) − ω2`2F (z)

.

And the Nambu-Goto action of the classic string shows

SNG = − 1
2πα′

∫
d2ξ
√

det[gMN (∂aXM )(∂bXN )] , (4.3)

where α′ is the effective string tension. We choose the boundary of the string at x3 = ±λ/2.
Then the reduced metric on the string world sheet reads

gab = e
√

2
3 Φ(z)

P̃ (z)2R̃(z)− Ñ(z) 0

0 z′(x3)2

z2F (z) + 1
z2

 , (4.4)

with the boundary conditions of z(x3)

z(±λ2 ) = 0 or equivalently z(0) = z0, z′(0) = 0 . (4.5)

The on-shell renormalized free energy for the Polyakov loop operator is given by

F̂ren = 1
πα′z0

−1 +
∫ 1

0

dv

v2

e− 1
2 Σ(vz0)+

√
2
3 Φ(vz0)

√
F (vz0)− eΣ(vz0)`2ω2√

F (vz0)
√

1− ω2`2
√

1− τ(v)
− 1


 (4.6)

with v = z/z0 and

τ(v) = v4e−Σ(z0)+Σ(vz0)+2
√

2
3 (Φ(z0)−Φ(vz0) eΣ(z0)ω2`2 − F (z0)

eΣ(vz0)ω2`2 − F (vz0)
. (4.7)

Then one obtains the Polyakov loop operator

〈P̂〉 = e−
F̂ren|L→∞

2T̂ , (4.8)

where L =
∫ λ

2
−λ2

dx3 = 2
∫ z0

0
dz

z′(x3) is the inter-quark distance.

5 Rotation effects on QCD matter

In this section, we will study how the rotation effects are presented in detail in the
thermodynamic quantities and QCD phase diagram. We shall first focus on the 2+1 flavor
model for which, as µB increases, the crossover is sharpened into a first-order line at the
CEP located at (Tc = 105MeV, µB = 555MeV) in the T − µB phase diagram without
rotation [54]. Then, we will show the case for the pure gluon system.
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Figure 2. Entropy density ŝ, energy density ε̂, specific heat Ĉv and baryon susceptibility χ̂B
2 as a

function of normalized temperature T̂ /T̂c at µ̂B = 0 for 2+1 flavor model. These quantities are all
enhanced by increasing the angular velocity.

5.1 Thermodynamic quantities

In this section, we would like to show the behaviors of different thermodynamic quantities,
which are helpful in understanding the phase structure of QCD matter.

The EOS with respect to the rotation velocity is presented in figure 2 at vanishing
chemical potential. One finds that both the entropy density ŝ and the energy density ε̂
increase as the angular velocity is increased and tend to be constants at the high-temperature
limit. We also show the specific heat Ĉv and the baryon susceptibility χ̂B2 for different ω.
One finds that both are increased by increasing the angular velocity. In particular, all these
quantities are dramatically enhanced by rotation. For an example, the energy density ε̂/T̂ 4

is enhanced almost 490% from ω` = 0 to ω` = 0.6 in the large T limit.
Figure 3 shows the behavior of squared speed of sound ĉ2

s at µ̂B = 0MeV (left panel)
and µ̂B = 500MeV (right panel) for different ω. At vanishing chemical potential, there is a
smooth crossover for which a good probe characterizing the drastic change of degrees of
freedom between the QGP and the hadron resonances gas is the minimum speed of sound.
Thus we define the pseudo-transition temperature T̂c as the minimum of ĉ2

s in this case. It
is clear that the speed of sound will approach a constant at a large temperature but will
be suppressed by increasing the angular velocity, in sharp contrast to the enhancement
in figure 2. A similar feature can be found in the right panel at µ̂B = 500MeV. The new

– 9 –



J
H
E
P
0
4
(
2
0
2
3
)
1
1
5

0 1 2 3 4 5 6 7

0.10

0.15

0.20

0.25

0.30

0.35

0 1 2 3 4 5 6 7
-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.90 0.95 1.00 1.05 1.10
-0.05

0.00

0.05

0.10

0.15

Figure 3. The temperature dependence of ĉ2
s at different angular velocity ω. At µ̂B = 0MeV (left)

there is always crossover, while at µ̂B = 500MeV (right) the phase transition changes from crossover
to first-order by increasing ω.
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Figure 4. The free energy Ω̂ (left) and the Polyakov loop at different ω for µ̂B = 500MeV. The
phase transition becomes first-order when ω` > 0.44.

feature is that the smooth crossover becomes multivalued when ω` > 0.44, signaling a
first-order transition.

The temperature dependence of the free energy Ω̂ for different ω with µ̂B = 500MeV is
presented in the left panel of figure 4. While Ω̂ in the function of T̂ decreases smoothly for
ω` < 0.44, it becomes a swallowtail for ω` > 0.44, yielding a first-order phase transition.
The corresponding behavior of Polyakov loop 〈P̂〉 is given in the right panel of figure 4. The
Polyakov loop is not a good order parameter for the 2+1 flavor QCD system since the quark
degrees of freedom break the Z(Nc) symmetry. Nevertheless, it could be an effective order
parameter. One finds that 〈P̂〉 is non-vanishing in the low-temperature phase. It increases
rapidly near the pseudo-transition temperature in the crossover region when ω` < 0.44 and
becomes multi-valued in the first-order transition region when ω` > 0.44. Thus, one obtains
that the increase of angular velocity will trigger a first-order phase transition, consistent
with the sudden change of ĉ2

s in figure 3.
In figure 5, we show the behavior of angular momentum density J as a function of

angular velocity ω. It has been estimated that the size of QGP is about 4− 8 fm at RHIC
and is about 6− 11 fm at LHC [68]. Therefore, we set ` = 1GeV−1 as an estimation and
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Figure 5. The angular momentum J (left) and the dimensionless combination J/ω3 (right) as a
function of ω. The ω dependence of J/ω3 develops a peak structure as approaching a CEP from the
crossover region. We have taken ` = 1GeV−1.

the corresponding angular velocity is 0− 1GeV. We choose representative points on the
T̂ − µ̂B plane. The orange, red, blue, and green lines represent the points in the crossover
region, while the black line corresponds to the one for the first-order phase transition. One
can find that J is linear in small ω in both the hadronic and the QGP phases, which is
reminiscent of the classical formula J = ρm`

2ω with ρm the mass density. This behavior
can be understood using (3.11) from which the small ω expansion yields

J = (ε+ P )`2ω +O(ω3) . (5.1)

In the non-relativistic limit ε + P ≈ ρm, one immediately recovers the above classical
relation between J and ω. One also notes that the black line suddenly jumps at the
first-order transition point. An interesting feature arises if one considers the behavior of
dimensionless angular momentum density J/ω3 versus ω, see the right panel of figure 5. As
approaching the CEP from the crossover region, there is a peak structure developing near
the pseudo-transition point, as shown by the green line. In contrast, referring to the blue
and red lines of figure 5, one finds that the peak structure gradually vanishes when the
pseudo-transition is away from the CEP. It thus suggests that such peak structure could
be a representative signal of the CEP when increasing the angular velocity in experiments.

Comparing with the jump of J/ω3 in the first-order phase transition region, this peak
structure could disclose the location of CEP more effectively. The reasons are in two-fold.
First, it is usually not easy to observe the discontinuous change of a physical quantity in
experiments because the experimental data are often obtained with discrete points. In
contrast, a non-monotonic behavior can be easily observed. Second, the freezeout line may
not cross the first-order phase transition line but likely to pass through the region near
CEP in the crossover region [69]. Therefore, it might be difficult to directly measure the
change of physical quantities on the first-order phase transition line, but it is possible to
observe the behavior of physical quantities near the CEP.

5.2 Phase diagram under rotation

We show the phase diagram of 2+1 flavor QCD matter in terms of T̂ , µ̂B and ω in figure 6.
The black solid line denotes the location of CEP. For each angular velocity ω, the smooth
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Figure 6. The phase diagram of rotating QCD matter in our 2+1 flavor model. The orange
and green surfaces show the phase boundaries for the first-order phase transition and crossover,
respectively. The black line denotes the location of the CEP. The phase boundary for the first-order
phase is uniquely determined by the swallow tail behavior of free energy, while the case for the
crossover is obtained by the minimum of the squared speed of sound..

crossover between the hadronic phase of color-neutral bound states at low T̂ and small µ̂B ,
and the QGP at the high T̂ and large µ̂B changes into the first-order transition for higher
chemical potential. It is clear that both the phase transition temperature and chemical
potential decrease with increasing angular velocity, which agrees qualitatively with the
results of [3, 39, 40, 70, 71].

More precisely, in the T̂ − µ̂B plane, the position of CEP will slowly shift to the lower
left of T̂ − µ̂B plane as the angular velocity increases. In other words, increasing angular
velocity reduces the critical temperature T̂CEP and chemical potential (µ̂B)CEP. Moreover,
for a fixed baryon chemical potential µ̂B, there is also a nontrivial CEP on the T̂ − ω
plane when 0 < µ̂B < µC where µC = 558MeV is the baryon chemical potential of CEP
at ω = 0 [54]. For µ̂B > µC , the CEP on the T̂ − ω plane will vanish, for which only the
first-order phase transition exists.

The lattice QCD simulation [1] has suggested that the influence of rotation on fermions
and gluons should be opposite. In gluon-dynamics, the confinement-deconfinement phase
transition temperature increases with the angular velocity. Moreover, the phase transition
temperature T̂c is determined from the peak of the Polyakov loop susceptibility and the
ratio T̂c(ω)/T̂c(0) = 1 + C2 ω

2 with C2 is a positive constant. For the Nf = 2 Wilson
fermions, it was argued that rotating fermions attempt to decrease the phase transition
temperature. Unfortunately, the detailed behavior for the critical temperature as a function
of angular velocity was not presented [1]. In the present work, we find that the phase
transition temperature decreases with the increase of angular velocity. More precisely, when
ω is small, it follows that T̂c(ω)/T̂c(0) ≈ 1− c ω2 with c a positive constant. The value of c
depends on µ̂B, since µ̂B is also related to ω. In particular, at µ̂B = 0, one has

T̂c(ω) = T̂c(0)√
1− ω2`2

≈ (1− ω2`2

2 )T̂c(0) . (5.2)
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Figure 8. The phase boundaries determined by the inflection of Ĉv (red), the minimum of ĉ2
s (blue)

and the inflection of χ̂B
2 (green) in crossover region. Three plots correspond to ω` = 0, 0.3 and 0.5

from left to right.

The critical temperature as a function of ω2 for various values of µ̂B is shown in figure 7.
The dashed lines show the phase transition line in the crossover region, determined by the
minimum of ĉ2

s, while the solid lines are the first-order transition lines. The value of c
increases with the increase of µ̂B.

There is no unique way to determine the transition temperature in the literature for
smooth crossover. We have applied the minimum of ĉ2

s to define the pseudo-transition
temperature. Other quantities can be also used to characterize the drastic change in degrees
of freedom between the QGP and the hadron phase. In figure 8, we show the locations of
crossover determined by the inflection of Ĉv, the minimum of ĉ2

s and the inflection of χ̂B2 .
Although the different criteria give different results, they agree with each other qualitatively.

5.3 Pure gluon

Before ending this section, we would like to show the results for the pure gluon system
at vanishing chemical potential. It has been shown that there is a strong first-order
confinement/deconfinement phase transition at Tc = 276.5MeV [55] without rotation.

The phase diagram of the temperature and angular velocity is shown in figure 9. Since
the chemical potential is vanishing, the critical temperature as a function of ω can be
obtained analytically, i.e., T̂c(ω) = Tc

√
1− ω2`2 (the red curve in figure 9). Note that the

angular velocity is normalized so that the transition temperature will decrease to zero
as ω`→ 1.
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Figure 9. The T̂ − ω phase diagram of the pure gluon system. The critical temperature of the
first-order phase transition decreases as ω is increased.

Various thermodynamic quantities as a function of normalized temperature T̂ /T̂c are
presented in figure 10, including the entropy density ŝ, energy density ε̂, specific heat Ĉv
and squared speed of sound ĉ2

s. While ŝ/T̂ 3, ε̂/T̂ 4 and Ĉv/T̂ 3 are enhanced by increasing
ω, ĉ2

s is suppressed by the rotation. Figure 11 shows the behaviors of the free energy Ω̂ and
the Polyakov loop 〈P̂〉 with respect to ω. The sharp of Ω̂(T̂ ) does not change when varying
angular velocity ω. As ω increases, Ω̂ shifts to a lower temperature. As shown in the right
panel of figure 11, the Polyakov loop also shifts to a lower temperature with the increase of
ω. Note that the Polyakov loop is a good order parameter for the deconfinement for the
pure gluon system, and its expectation value vanishes at the low-temperature phase. A
first-order confinement/deconfinement is manifesting.

We show the behavior of angular momentum density J as a function of angular velocity
ω in the left panel figure 12. For a fixed temperature below Tc, the angular momentum J has
a discontinuous jump at a particular value of ω, signaling the first-order transition shown
in figure 9. The case with T̂ > Tc increases smoothly as ω is increased. The dimensionless
angular momentum density J/ω3 as a function of ω is given in the right panel of figure 12.
One finds that J/ω3 decrease monotonically with the increase of ω in each case except the
discontinuity at the phase boundary. Since there is no CEP, one does not see the peak
structure shown in the right panel of figure 5.

6 Summary and discussion

We have considered the rotation effect on the phase structure of 2 + 1 flavor and pure gluon
systems. Without rotation, it has been shown that there is a first-order phase transition at
Tc = 276.5MeV, µB = 0MeV for pure gluon system, while for 2+1 flavor system, there is a
CEP located at (Tc = 105MeV, µB = 555MeV). The local Lorentz boost is introduced in
the bulk background as an approximate description of QCD matter under rotation.

We have obtained various thermodynamic quantities using holographic renormalization
in a self-consistent way. In particular, we can directly get an explicit expression for the
angular momentum J (3.11) and check the thermodynamic relation (3.12). We have found
that the T̂ scaled entropy density, energy density, specific heat, and baryon susceptibility
will be enhanced by angular velocity (see figures 2 and 10). At the same time, the speed
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are enhanced, while ĉ2
s is suppressed.

220 240 260 280 300
-10

-8

-6

-4

-2

0

100 150 200 250 300 350 400
0.0

0.2

0.4

0.6

0.8

1.0

Figure 11. The free energy Ω̂ (left) and the Polyakov loop 〈P̂〉 at different ω, suggesting a first-order
deconfinement phase transition.
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Figure 12. The angular momentum J (left) and J/ω3 (right) in function of ω for different
temperatures. We have taken ` = 1GeV−1.

of sound is suppressed under rotation, as shown in figure 3. Furthermore, the angular
momentum monotonically increases for both systems as the angular velocity ω increases. At
small ω, one has J = (ε+ P )`2ω which, in the non-relativistic lime, reduces to the classical
formula J = ρm`

2ω with ρm the mass density. Interestingly, as approaching the CEP from
the crossover region, the dimensionless angular momentum J/ω3 versus ω develops a peak
(see the right panel of figure 5). It suggests that such peak structure could be an effective
signal of the CEP when increasing the angular velocity in experiments. Understanding this
peak might be helpful to enable the experimental search for the CEP.

For the Nf = 2 + 1 system, the transition is always a crossover when µ̂B = 0. For finite
µ̂B, as shown in figure 4, the transition would turn to be first-order at large ω, yielding a
CEP between the first-order line and crossover region. The location of the CEP has been
shown to shift towards low temperature and small chemical potential as ω is increased. We
have constructed the phase diagram of 2+1 flavor QCD matter in terms of T̂ , µ̂B and ω, see
figure 6. The CEP will shrink quickly to the point (0, 0, 1) on the ω` axis as ω`→ 1. With
a fixed ω, the temperature of CEP will also decrease with µ̂B. For the pure gluon system
with µ̂B = 0, there is a first-order confinement/deconfinement phase transition as shown in
figure 11. The critical temperature as a function of ω is given as T̂c(ω) ∼ T̂c(0)

√
1− ω2`2

(see figure 9).
Dedicating to a precise characterization of QCD matter under rotation, particularly

the properties and differences of the QGP and hadronic phases along the first-order
phase transition in 2+1 flavor QCD matter, is an interesting direction for further study.
Although some interesting results have been obtained, the present study is just a preliminary
approximation of the rotation effect. It will be desirable to consider more realistic rotating
QCD matter for which the distribution of the rotating system would depend on the distance
to the rotating axis. Recently, the numerical simulation of Euclidean SU(3) Yang-Mills
plasma rotating with a high imaginary angular frequency suggested the emergence of a
spatially inhomogeneous confining-deconfining phase transition [72]. Holographic realization
of an inhomogeneous structure of QCD matter at rotation would be a very interesting step
forward. In this case, one must solve partial differential equations to get a more realistic
configuration. Moreover, the present research should be embedded in a more general and
multidimensional view of the QCD phase diagram, including magnetic field, isospin, etc.
We shall leave them to future work.
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