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Holographic QCD phase diagram
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HIC

Origins of anisotropy

Primary anisotropy – longitudinal and 2 transversal directions
Multiplicity dependencies ALICE M(s) → s0.155(4)

Aref’eva, Golubtsova, JHEP (2014) M(s) → s1/(ω+2) ↑ ω = 4.5

Secondary anisotropy (in strong magnetic field, eB → 5↑ 10 m2
ε

mε – pion mass)

• Origins  of anisotropy 
      

•  Longitudinal and 2 transversal directions 

• Full anisotropy (in strong magnetic) 
field)

• Holographic anisotropic phenomenological 
model and phase transitions
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Figure 4. ORIGINAL The subsystem orientation is defined by the Euler angles, �, ✓, 

in respect to the coordinate system related with the HIC , (parallepiped-MIAN.nb)
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Figure 4. The entangling subsystem is taken as a green slab. Rotating the green slab on

the Euler angles (�, ✓, ) we get the pink slab that is oriented along the axes (x1, x2, x3)

associated with the HIC geometry and shown in Fig.5.
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Figure 5. The orientation of the coordinate system (x1, x2, x3) in respect to colliding ions.

xi are spatial coordinates in (2.1), aij(�, ✓, ) are entries of the rotation matrix

M(�, ✓, ) =

0

@
a11(�, ✓, ) a12(�, ✓, ) a13(�, ✓, )

a21(�, ✓, ) a22(�, ✓, ) a23(�, ✓, )

a31(�, ✓, ) a32(�, ✓, ) a33(�, ✓, )
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Heavy ion collisions: largest known magnitude ~ 1018 Gauss 
Peripheral HIC

Peripheral HIC
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String tension
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(a) no BH (b) small BH (c) large BH

Figure 1. Three configurations for open strings in a black hole. There is no black hole in case (a),
open strings are always connected with their two ends on the AdS boundary. In the small black hole
case (b), open strings can not exceed a certain distance from the boundary and are still connected
with their two ends on the AdS boundary. In the large black hole case (c), the open strings with
their two ends far away enough will break to two open strings with their two ends attaching the
AdS boundary and the black hole horizon, respectively.

In section 4, by combining the background phase structure and the open string breaking

effect, we obtain the phase diagram for confinement-deconfinement transition. We further

study the meson melting process in the deconfinement phase. We conclude our result in

section 4.

2 Einstein-Maxwell-scalar system

In this section, we review the black hole solution and its phase structure obtained in [20].

2.1 Background

We consider a 5-dimensional Einstein-Maxwell-scalar system with probe matters. The

action of the system has two parts, the background part and the matter part,

S = Sb + Sm. (2.1)

In Einstein frame, the background action includes a gravity field gµν , a Maxwell field Aµ

and a neutral scalar field φ, while the matter action includes a massless gauge fields AV
µ ,

which we will treat as probe, describing the degrees of freedom of vector mesons on the

4d boundary,

Sb =
1

16πG5

∫
d5x

√
−g

[
R− f (φ)

4
F 2 − 1

2
∂µφ∂

µφ− V (φ)

]
, (2.2)

Sm = − 1

16πG5

∫
d5x

√
−g

f (φ)

4
F 2
V , (2.3)

where G5 is the coupling constant for the gauge field strength Fµν= ∂µAν − ∂νAµ, f (φ) is

the gauge kinetic function associated to the Maxwell field Aµ and V (φ) is the potential of

the scalar field φ.

– 3 –

Cornell potential

V (r) = →
4

3

ωs

r
+ εsr + C

Aref’eva et al.

Phys.Rev.D 110 126009 (2024)

TMP 221 2132 (2024)

arXiv:2503.07521 [hep-th] (2025) Yang, Yuan JHEP 2015, 1-22 (2015)
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Figure 11. String tension v.s. temperature at µ = 0.5, 0.678, 0.714GeV. (a) The string tension
decreases with temperature growing in the confinement phase, and suddenly drops to zero at T = Tµ.
The region closes to the transition temperatures is enlarged in (b).

The integrals (3.23) and (3.24) can be approximated by only consider the leading terms of

fr (w) and fr (w) near z0 = zm. This leads to

r (z0) ≃ 4z0

[
−2z0g (z0)

σ′ (z0)

σ (z0)

]− 1
2

, (3.29)

V (z0) ≃ 4z0σ (z0)

[
−2z0g (z0)

σ′ (z0)

σ (z0)

]− 1
2

= σ (z0) r (z0) . (3.30)

From the above expression, we obtain the expected linear potential V = σsr at long distance

with the string tension,

σs =
dV

dr

∣∣∣∣
z0=zm

=
dV/dz0
dr/dz0

∣∣∣∣
z0=zm

=
σ′ (z0) r (z0) + σ (z0) r′ (z0)

r′ (z0)

∣∣∣∣
z0=zm

= σ (zm) . (3.31)

The temperature dependence of the string tension for various chemical potentials is plotted

in figure 11. We see that the string tension decreases when the temperature increases. At

the confinement-deconfinement transformation temperature Tµ, the system transform to

the deconfinement phase and the string tension suddenly drops to zero as we expected [38].

The behaviors of the heavy quark potential at short distance and long distance agrees

with the form of the Cornell potential,

V (r) = −κ

r
+ σsr + C, (3.32)

which has been measured in great detail in lattice simulations

Next, we would like to look at the r dependence of the heavy quark potential by

evaluating the integral in eq. (3.16), which is divergent due to its integrand blows up at

z = 0. We simply regularize the integral by subtracting the divergent part of the integrand,

VR = C (z0) + 2

∫ z0

0
dz

[
σ (z)√
g (z)

[
1− σ2 (z0)

σ2 (z)

]− 1
2

− 1

z2
[
1 + 2A′ (0) z

]
]
, (3.33)
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Holographic model of anisotropic plasma

in magnetic field at nonzero chemical potential

I.Aref’eva, KR’18; IA, KR, P.Slepov’21

S =

∫
d5x

↓
↔g

[
R ↔

f0(ε)

4
F 2
(0) ↔

f1(ε)

4
F 2
(1) ↔

fB(ε)

4
F 2
(B) ↔

1

2
ϑMεϑMε ↔ V (ε)

]

ds2 =
L2

z2
b(z)



↔ g(z) dt2 + dx2 +

(
z

L

)2→ 2
ω

dy2
1 + ecBz2

(
z

L

)2→ 2
ω

dy2
2 +

dz2

g(z)





A(1)µ = At(z)ϖ0µ At(0) = µ F(1) = dy1 ↗ dy2 F(B) = dx ↗ dy1

b(z) = e2A(z) ↘ quarks mass “Bottom-up approach”

Heavy quarks (c, b)
A(z) = ↔ cz2/4 Andreev, Zakharov’06

A(z) = ↔ cz2/4 + p(cB)z4 IA, Hajilou, Rannu, Slepov’ 23

Light quarks (u, d, s)
A(z) = ↔ a ln(bz2 + 1) Li, Yang, Yuan’17

A(z) = ↔ a ln((bz2 + 1)(dz4 + 1)) Zhu, Chen, Zhou, Zhang, Huang’25
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Solution for “heavy” quarks for (p → cBq3)z4

g(z) = ecBz2




1 ↔

I1(z)

I1(zh)
+

µ2
(
2Rgg + cB(q3 ↔ 1)

)
I2(z)

L2

(
1 ↔ e(Rgg+

cB(q3→1)
2 )z2h

)2

(
1 ↔

I1(z)

I1(zh)

I2(zh)

I2(z)

)




I1(z) =

∫ z

0
e(Rgg→

3cB
2 )ϑ2+3(p→cBq3)ϑ

4
ϱ1+

2
ω dϱ

I2(z) =

∫ z

0
e(Rgg+

cB
2 (

q3
2 →2))ϑ2+3(p→cBq3)ϑ

4
ϱ1+

2
ω dϱ

T =


↔

e(Rgg→
cB
2 )z2h+3(p→cBq3)z

4
h z

1+ 2
ω

h

4ς I1(zh)
≃

≃




1 ↔

µ2
(
2Rgg + cB(q3 ↔ 1)

)(
e(Rgg+

cB(q3→1)
2 )z2h I1(zh) ↔ I2(zh)

)

L2

(
1 ↔ e(Rgg+

cB(q3→1)
2 )z2h

)2







s =
1

4

(
L

zh

)1+ 2
ω

e→(Rgg→
cB
2 )z2h→3(p→cBq3)z

4
h

Aref’eva et al. Eur.Phys.J.C 83 12 (2023) arXiv:2305.06345 [hep-th]
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Temporal Wilson loop

W [Cω] = e→Sε,t ϑn: nx = cos ϖ, ny1 = sin ϖ, ny2 = 0

A

t

B

xϑ

z

ϑx
x B

A

y

z

1

ϱ x – collision axes

Two special cases: ϱ ↑ ↓ S ↔ εDW ϱ

ϖ = 0 WL (longitudinal) ↗
ϖ = ς/2 WT (transversal) the string tension

εDW =
b(z)e

↘
2
3ε(z,z0)

z2

√
g(z)

(
z2→

2
ω sin2(ϖ) + cos2(ϖ)

)∣∣∣
z=zDW

,
φε

φz

∣∣∣∣∣
z=zDW

= 0

Aref’eva, K.R., Slepov PLB 792 (2019) 470 arXiv:1808.05596 [hep-th]
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Temporal Wilson Loops for (p → cBq3)z4
-term

ε(z, z0) =

∫ z

z0

↓
2

ωϱ

[
2(ω ↔ 1) +

(
6Rggω + (2 ↔ 3ω)cB

)
ωϱ2 +

(
4

3
R2

gg ↔ c2B + 60(p ↔ cB q3)

)
ω2ϱ4 +

+ 16Rgg(p ↔ cB q3)ω
2ϱ6 + 48(p ↔ cB q3)

2ω2ϱ8
]1/2

dϱ, z0 ⇐= 0

WLx1 : ↔
4

3
Rggz ↔ 8(p ↔ cBq3)z

3 +


2

3
ε↑(z) +

g↑

2g
↔

2

z


z=zDWx1

= 0

WLx2 : ↔
4

3
Rggz ↔ 8(p ↔ cBq3)z

3 +


2

3
ε↑(z) +

g↑

2g
↔

ω + 1

ωz


z=zDWx2

= 0

WLx3 : ↔
4

3
Rggz ↔ 8(p ↔ cBq3)z

3 +


2

3
ε↑(z) +

g↑

2g
↔

ω + 1

ωz
+ cBz


z=zDWx3

= 0

ωDW =
e↔ 2Rggz

2

3 ↔2(p↔cBq3z4)

z1+ 1
ω

e
↘

2
3ε(z,z0)

√
g(z)

z0 = C1e
↔zh/c2 + 0.1, C1 = 1, 1.5, 2, 3, . . . , C2 = 1, 2, 4, 8
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String tension ω(T, µ, z0)

Isoropic plasma ω = 1 No magnetic field cB = 0
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String tension ω(T, µ = const, z0) curves, cB = 0
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String tension ω(T, µ = const, z0) curves, cB = 0
µ = 0.1 µ = 0.4
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String tension ω(T, µ, z0) curves, cB = 0
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String tension ω(T, q3, z0) curves, cB = → 0.5

µ = 0.1
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String tension ω(T, q3, z0) curves, cB = → 0.5

µ = 0.1 µ = 0.4
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String tension ω(T, µ, z0) curves, cB = → 0.5

z0 = 2e→zh/c2 + 0.1, µ = 0.1
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String tension ω(T, µ, z0) curves, cB = → 0.5

z0 = 2e→zh/4 + 0.1, µ = 0.1

!"# !"$ !"% !"& '"!
! !! !

!"#

!"$

!"%

!"&

'"!

�� "! #!�� !

�� ! !"'

�� ! !"$

�� ! !"(

�� ! !"%$'%$%

�� ! !" ! ! ! " #$% "" ! ! #" #" ! &��! #$"% # #$!

!"# !"$ !"% !"& '"!
! !! !

!"#

!"$

!"%

!"&

'"!

�� "! #!�� !

�� ! !"'

�� ! !"$

�� ! !"%

�� ! !"(!)'%%

�� ! !" ! ! ! " #$% "" ! ! #$!" #" ! &��! #$"% # #$!

!"# !"$ !"% !"& '"!
! !! !

!"#

!"$

!"%

!"&

'"!

�� "! #!�� !

�� ! !"'

�� ! !"$(

�� ! !")

�� ! '"!'#($

�� ! !" ! ! ! " #$% "" ! ! !" #" ! &��! #$"% # #$!

!"# !"$ !"% !"& '"!
! !! !

!"#

!"$

!"%

!"&

'"!

�� "! #!�� !
�� ! !"'

�� ! !"(

�� ! '"

�� ! '"#!)')

�� ! !" ! ! ! " #$% "" ! ! &" #" ! &��! #$"% # #$!

K.A. Rannu HQCD for heavy quarks: string tension in magnetic field 01.07.2025 QFTHEP’270 15 / 17



Conclusion

String tension for temporal Wilson loop is considered within HQCD model
with magnetic field.
Scalar field boundary condition e!ects the absolute string tension values
and its’ temperature behavior.
Scalar field boundary condition z0 = 2e→zh/4 + 0.1 seems to be preferred.
String tension decreases near the critical temperature, i.e. at phase
transitions, but does not always tend to zero.
Magnetic field q3 and chemical potential µ display some non-monotonic
e!ects on the string tension.
Magnetic anisotropy parameter cB and scalar field boundary condition z0
are perspective instruments for model fitting.
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What’s next?

String tension magnetic properties depending on magnetic anisotropy cB
and magnetic field q3 require additional considerations and analysis.
Anisotropy ↼ = 4.5 should be considered.
Cornell potential calculations.
Fit and agree with other results.

To be continued. . .

Thank you

for your attention

K.A. Rannu HQCD for heavy quarks: string tension in magnetic field 01.07.2025 QFTHEP’270 17 / 17


