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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/(ν+2) ⇒ ν = 4.5

Secondary anisotropy (in strong magnetic field, eB ∼ 5− 10 m2
π

mπ – 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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(ḡ22ḡ33 � ḡ2
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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
@
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1
A (3.4)

– 11 –

�

⇠1

⇠2

x1

x2

⇠3

x3

N
 

✓

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)

The determinant of the induced metric is [[CHECK FORMULA!!!!!!]]

det g =

✓
L2bs(z)

z2

◆3 ✓
g1g2g3 +

z02

g
(ḡ22ḡ33 � ḡ2
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23 = (g1a

2
21 + g2a

2
22 + g3a

2
23)(g1a

2
31 + g2a

2
32 + g3a

2
33) (3.15)

� (g1a21a31 + g2a22a32 + g3a23a33)
2

= (a21a23 � a22a31)
2g1g2 + (a31a32 � a21a33)

2g1g3 + (a23a32 � a22a33)
2g2g3

– 10 –

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.

x1

x2

x3

1-st ion

magnetic field

2-nd ion

collision line

b

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(�, ✓,  )

1
A (3.4)

– 11 –

Heavy ion collisions: largest known magnitude ~ 1018 Gauss 
Peripheral HIC

Peripheral HIC
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String tension
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Figure 7. Separate distance r between quark and antiquark v.s. z0 at µ = 0.5GeV.

Small black hole

z = 0

z = zH

z = zm

z = ∞

(a)

z = 0

z = zH

Large black hole

z = ∞

rM

(b)

Figure 8. (a) For a small black hole, open strings can not exceed the dynamical wall at z = zm
and are always in the U-shape. (b) For a large black hole, an open string will break to two straight
strings if the distance between its two ends is larger than zM .

distance between the quark and antiquark is larger than rM , there is no stable U-shape

solution for open strings so that the open string of U-shape will break to two straight open

strings connecting the boundary at z = 0 and the horizon at z = zH as showed in (b) of

figure 8.

In summary, for a small black hole, open strings are always in the U-shape; while for

a large black hole, an open string is in the U-shape for short separate distance r < rM and

is in the straight shape for long separate distance r > rM . Thus when a large black hole

shrinks to a small one, we expect that a dynamical wall will appear when the black hole

horizon equal to a critical value zHµ for each chemical potential µ, showed in figure 9.

Since each horizon is associated to a temperatures for black holes, we define the trans-

formation temperature Tµ corresponding to the critical black hole horizon zHµ, at which

the dynamical wall appears/disappears, for each chemical potential µ. The dependence of

Tµ on µ is plotted in figure 10.

When there is dynamical wall, open strings are always in the U-shape. This means

that quarks and antiquarks are always connected by an open string to form a bound state,

– 11 –

Cornell potential

V (r) = − 4

3

αs

r
+ σsr + C

Aref’eva et al.
Phys.Rev.D 110 126009 (2024)

TMP 221 2132 (2024)
arXiv:2503.07521 [hep-th] (2025) Yang, Yuan JHEP 12, 161 (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(ϕ)

4
F 2
(0) −

f1(ϕ)

4
F 2
(1) −

fB(ϕ)

4
F 2
(B) −

1

2
∂Mϕ∂Mϕ− V (ϕ)

]

ds2 =
L2

z2
b(z)

− g(z) dt2 + dx2 +

(
z

L

)2− 2
ν

dy21 + ecBz2

(
z

L

)2− 2
ν

dy22 +
dz2

g(z)


A(1)µ = At(z)δ0µ 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)z
4

g(z) = ecBz2

1− I1(z)

I1(zh)
+

µ2
(
2Rgg + cB(q3 − 1)

)
I2(z)

L2

(
1− e(Rgg+

cB(q3−1)
2

)z2
h

)2

(
1− I1(z)

I1(zh)

I2(zh)

I2(z)

)
I1(z) =

∫ z

0
e(Rgg−

3cB
2

)ξ2+3(p−cBq3)ξ
4
ξ1+

2
ν dξ

I2(z) =

∫ z

0
e(Rgg+

cB
2

(
q3
2

−2))ξ2+3(p−cBq3)ξ
4
ξ1+

2
ν dξ

T =

∣∣∣∣∣∣− e(Rgg−
cB
2

)z2h+3(p−cBq3)z
4
h z

1+ 2
ν

h

4π 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

)z2
h

)2


∣∣∣∣∣∣∣∣∣

s =
1

4

(
L

zh

)1+ 2
ν

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 [Cϑ] = e−Sϑ,t n⃗: nx = cosϑ, ny1
= sinϑ, ny2

= 0

A

t

B

xϑ

z

ϑ
xx B

A

y

z

1

ℓ x – collision axes

Two special cases: ℓ → ∞ S ∼ σDW ℓ

ϑ = 0 WL (longitudinal) ↙
ϑ = π/2 WT (transversal) the string tension

σDW =
b(z)e

√
2
3ϕ(z,z0)

z2

√
g(z)

(
z2−

2
ν sin2(ϑ) + cos2(ϑ)

)∣∣∣
z=zDW

,
∂σ

∂z

∣∣∣∣∣
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)z
4-term

ϕ(z, z0) =

∫ z

z0

√
2

νξ

[
2(ν − 1) +

(
6Rggν + (2− 3ν)cB

)
νξ2 +

(
4

3
R2

gg − c2B + 60(p− cB q3)

)
ν2ξ4 +

+ 16Rgg(p− cB q3)ν
2ξ6 + 48(p− cB q3)

2ν2ξ8

]1/2
dξ, z0 ̸= 0

WLx1 : − 4

3
Rggz − 8(p− cBq3)z

3 +

√
2

3
ϕ′(z) +

g′

2g
− 2

z

∣∣∣
z=zDWx1

= 0

WLx2 : − 4

3
Rggz − 8(p− cBq3)z

3 +

√
2

3
ϕ′(z) +

g′

2g
− ν + 1

νz

∣∣∣
z=zDWx2

= 0

WLx3 : − 4

3
Rggz − 8(p− cBq3)z

3 +

√
2

3
ϕ′(z) +

g′

2g
− ν + 1

νz
+ cBz

∣∣∣
z=zDWx3

= 0

σDW =
e−

2Rggz
2

3
−2(p−cBq3z4)

z1+
1
ν

e
√

2
3
ϕ(z,z0)

√
g(z)
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String tension σ(µ, T ), no magnetic field cB = 0
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String tension σ(µ, T ), cB = − 0.1
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String tension σ(T, µ = const) curves, cB = − 0.1
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String tension σ(µ, T ), cB = − 0.5
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String tension σ(T, µ = const) curves, cB = − 0.5
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Conclusion

String tension for temporal Wilson loop is considered within
HQCD model for heavy quarks with magnetic field.
Different magnetic anisotropy parameter values in primary
isotropic medium are considered.
There exists an unstable branch “above” the 1-st order phase
transition.
String tension weakens in stronger magnetic field q3.
String tension weakens with magnetic anisotropy parameter
absolute value |cB|.
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What’s next?

Anisotropy ν = 4.5 should be considered.
Cornell potential calculations.
Fit and agree with other results.

To be continued. . .

Thank you
for your attention
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