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Non-central collisions create rotation
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Noncentral collisions
generate magnetic field and angular momentum

Strong magnetic field

D. Kharzeev, L. McLerran, and H. Warringa, Nucl.Phys.A803, 227 (2008);  
McLerran and Skokov, Nucl. Phys. A929, 184 (2014) 

et early times of the collision

Electromagnetism at work: Classical mechanics at work

Large orbital angular momentum

Z.-T. Liang and X.-N. Wang, PRL94, 102301 (2005); 
S. Voloshin, nucl-th/0410089 (2004)

the effects of magnetic fields may be small (under discussion)

strong vorticity

How to measure the vorticity?
the vorticity could be probed via quark’s spin polarization

The mechanism:  

1) orbital angular momentum  
of the rotating quark-gluon plasma  
is transferred to the particle spin

The mechanism is similar to  
the Barnett effect (found in 1915)
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McLerran and Skokov, Nucl. Phys. A929, 184 (2014) 
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Electromagnetism at work: Classical mechanics at work

Large orbital angular momentum

Z.-T. Liang and X.-N. Wang, PRL94, 102301 (2005); 
S. Voloshin, nucl-th/0410089 (2004)

the effects of magnetic fields may be small (under discussion)

strong vorticity

Z.-T. Liang and X.-N. Wang, PRL94, 102301 (2005); 
S. Voloshin, nucl-th/0410089 (2004)

• Non-central HICs generate large orbital angular momentum 
• Part of it transferred to QGP, giving rise to strong vorticity

Impact parameter 
b ≠ 0

Large orbital 
angular momentum Shear flow Vorticity in 

QGP

L = r × p ∼ 106ℏ
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✦  Vorticity polarizes quark spins (Barnett effect)

✦  Quark spin inherited by hyperons

✦  Measure global  and  polarizationΛ Λ̄

✦  Extract polarization from the decay 
angular distribution
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 PRC76 024915 (2007)Λ

 PRC76 024915 (2007)Λ

STAR, Nature 548, 62 (2017)

S. J. Barnett, Phys. Rev. 6, 239 (1915)

hyperon polarization

Experimental bridge from HIC vorticity to QCD under rotation

Experimental evidence of vorticity

Most vortical fluid ever observed: 
ω ∼ 1022s−1



How does rotation affect QCD matter?
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Angular velocity as a new thermodynamic parameter in the presence of rotation

Rotation couples directly to total angular momentum

Hamiltonian:

Chen, Fukushima, Huang, Mameda, PRD 93, 104052 (2016)

A new axis for the QCD phase diagram

μB

T

Ω

Confinement?

Chiral symmetry?

This work:  confinement / color screening  →  static Q-Q̄ interactions
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Hrot = H � ⌦ · J

B



A first-principles route to the rotating frame
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✦  Rotating matter in inertial frame <—>  Static matter in a co-rotating frame
A. Yamamoto and Y. Hirono, PRL. 111, 081601 (2013)

Rotation = External gravity background

rest frame rotating frame 

rotation  =  curved space  =  external gravity 

Ω 

−Ω 

Rotation & gravity 

Rotating frame

Rotating matter

✦  Constructing rotating frame in Euclidean space A. Yamamoto, PRD 90, 054510 (2014)

Change of line 
element with rotation:
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ds2 = dX2 + dY 2 + dZ2 + d⌧2
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ds2 = dx2 + dy2 + dz2 +
�
1 + ⌦2

Ir
2
�
d⌧2 + 2⌦I (x dy � y dx) d⌧

<latexit sha1_base64="lmnAe+O+6h6J1gSU0IZK+VNa3ck="></latexit>

X = x cos(⌦I⌧)� y sin(⌦I⌧)

Y = x sin(⌦I⌧) + y cos(⌦I⌧)

Z = z

homogeneous inhomogeneous 

boundary s.t.  

magnetic field rotation 

Rotation & gravity 

infinite volume 

How to measure the vorticity?
the vorticity could be probed via quark’s spin polarization

The mechanism:  

1) orbital angular momentum  
of the rotating quark-gluon plasma  
is transferred to the particle spin

The mechanism is similar to  
the Barnett effect (found in 1915)
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r2 = x2 + y2
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⌦ = i⌦I



Lattice simulations with imaginary rotation
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<latexit sha1_base64="l1DfskHGO3FcDzNtQq6GuI5QTW4="></latexit>

SYM =
1

2g2YM

Z
d4x gµ↵g⌫� Tr[Fµ⌫F↵� ]
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0
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I(x
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0
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1
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✦  Rotation appears through the spacetime metric

✦  Action remains the same form but with modified spacetime metric

✦  Lattice discretization of the rotating-frame Yang--Mills action
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c. Symmetric quark–antiquark pair across the rotation axis in the xy-plane:

F
⇤
xy(rxy) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(~rxy/2, z)L̃
†(�~rxy/2, z)

+
. (9)

This definition describes the free energy between a symmetric quark–antiquark pair in the transverse (xy) plane,
positioned symmetrically about the rotation axis, separated by a distance rxy. This symmetric geometry places
the two static sources at the same distance from the rotation axis and is therefore useful for separating, at least
qualitatively, radial-position e↵ects from separation e↵ects.

To isolate rotation e↵ects, we define the free energy di↵erence

�Fs(· · · ) = Fs(· · · )
��
⌦I=0

� Fs(· · · )
��
⌦I 6=0

, s = z, xy, xy
⇤
. (10)

With this convention, a positive value of �Fs indicates that imaginary rotation lowers the corresponding free energy.
We use these di↵erences below to characterize the rotation-induced response at fixed temperature and geometry.

To determine Tc at ⌦I = 0, we calculate the Polyakov loop

L =
1

(N� + 1)2N�
Tr
X

~x

N⌧�1Y

⌧=0

U4(~x, ⌧) , (11)

and its susceptibility

� = (N� + 1)2N�(h|L|2i � h|L|i2) . (12)

The critical temperature Tc is determined from the peak position of the Polyakov-loop susceptibility, obtained by
fitting the data near the maximum with a Gaussian ansatz. In this paper, Tc always refers to the critical temperature
at ⌦I = 0.

III. LATTICE SETUP

We use the framework formulated in [6]. In the non-inertial frame rotating with the system, SU(3) gluodynamics
can be formulated in a curved spacetime (or, equivalently, in an external gravitational background) described by the
following Euclidean metric for rotation about the z axis,

gµ⌫ =

0

B@

1 0 0 y⌦I

0 1 0 �x⌦I

0 0 1 0
y⌦I �x⌦I 0 1 + r

2⌦2
I

1

CA , (13)

where r =
p

x2 + y2 is the distance from the rotation axis. We have used an imaginary angular velocity ⌦I = �i⌦
to avoid the sign problem. Note that the spatial submatrix of this metric is I3⇥3, so distances such as rz and rxy are
measured as usual. With this metric, the standard Wilson action becomes

SG =�

X

x

n
(1 + r

2⌦2
I)(1�

1

Nc
ReTrUxy) + (1 + y

2⌦2
I)(1�

1

Nc
ReTrUxz) + (1 + x

2⌦2
I)(1�

1

Nc
ReTrUyz)

+ 3� 1

Nc
ReTr(Ux⌧ + Uy⌧ + Uz⌧ )�

1

Nc
ReTr

⇥
y⌦I(V xy⌧ + V xz⌧ )� x⌦I(V yx⌧ + V yz⌧ ) + xy⌦2

IV xzy

⇤o
,

(14)

The clover-type average of plaquettes is defined as

Uµ⌫ =
1

4

 
µ

⌫

!
. (15)
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Nt � T/Tc
⌦I [MeV]

0 10 15 20 25 30 40

64 6.5 ⇠ 0
PBC:9

OBC:1
- - 1 - 1 2

8

6.1 1.02 100 20 20 20 30 20

-

6.12 1.05 100 20 20 20 30 20

6.14 1.09 100 40 20 20 30 20

6.17 1.14 100 20 20 40 30 20

6.2 1.19 100 20 40 40 32 40

6.3 1.38 100 20 40 10 24 40

TABLE I. Lattice setup and statistics used in this paper. The numbers of configurations are given in units of 1000. Gauge
field configurations were generated using a heat bath algorithm combined with two over-relaxation steps. Neighboring saved
configurations are separated by 20 update sweeps to reduce autocorrelation e↵ects.

Similarly, the chair-type average entering the action is defined as

V µ⌫⇢ =
1

8

 

µ

⇢

⌫

�
µ

⇢

⌫
!
. (16)

We impose periodic boundary conditions (PBC) in the Euclidean time ⌧ and along the rotation axis z. In the
transverse x–y plane, periodic boundary conditions are not compatible with the velocity profile of a rigidly rotating
system and are therefore not appropriate for the rotating-frame setup. We have examined the two transverse boundary
prescriptions commonly used in rotating lattice studies, namely Dirichlet and open boundary conditions. Dirichlet
boundary conditions amount to fixing all boundary links to the unit matrix, Uµ(x) = . This explicitly breaks the
Z3 center symmetry and pins the Polyakov loop to Tr = 3 at the boundary. For the Wilson loops and Polyakov-
loop correlators considered here, such fixed boundary links lead to large unphysical contributions when the loops
or correlators approach the boundary. We find this e↵ect to be particularly severe at T ' 0. Therefore, Dirichlet
boundary conditions are used only as a diagnostic check, while all results presented below are obtained with open
boundary conditions (OBC) in the transverse directions.

The OBC prescription used in this work is implemented directly in the gauge action. We include only elementary
plaquettes and chair loops that are fully contained inside the lattice volume; plaquettes or chair loops that would
extend beyond the transverse boundary are omitted. Boundary links are not fixed, in contrast to the Dirichlet case,
but are dynamical links with fewer action terms attached to them. Following Ref. [8], this construction can be
interpreted as attaching the simulated volume to a classical zero-temperature Yang–Mills background outside the
lattice boundary. In the present work, however, its practical role is to reduce boundary artifacts in static-source
observables.

Our simulations are carried out in the quenched approximation on Nx⇥Ny⇥Nz⇥N⌧ = (N�+1)⇥(N�+1)⇥N�⇥N⌧

lattices at several values of the gauge coupling �. We take N� = 64 throughout. For the low-temperature ensembles
we use N⌧ = 64, while for the finite-temperature ensembles we use N⌧ = 8. The extra lattice slice in each of the
transverse directions, i.e. Nx = Ny = N� + 1, accounts for the open boundaries imposed in x and y. The rotation
axis is chosen to pass through the geometric center of the lattice and to be perpendicular to the x–y plane. We label
the transverse coordinates as x, y 2 {�R, . . . , 0, . . . ,+R} with R = N�/2. The simulation parameters and ensemble
statistics are summarized in Table I.

For the low-temperature ensembles, we fix the gauge coupling to � = 6.5, corresponding to a lattice spacing
a = 0.042 fm. For N⌧ = 64 this gives T = 1/(aN⌧ ) = 73.5 MeV 1. The finite-temperature ensembles are generated at
the values of � listed in Table I. The parameter ⌦I controls the (imaginary) angular velocity and sets the maximum
linear velocity at the corners of the x–y plane. At zero temperature, ⌦I = 40 MeV corresponds to vmax ' 0.385 c,
where c denotes the speed of light. At finite temperature, due to the larger lattice spacing, a set of slightly smaller
⌦I are used. The maximum linear velocity occurs at � = 6.1, ⌦I = 30 MeV, which is 0.512 c.

1 Since this temperature is far below the deconfinement temperature, we refer to these ensembles as the T ' 0 ensembles in what follows.
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Previous lattice study on confinement under ΩI
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V.V. Braguta, M.N. Chernodub, and A.A. Roenko, PLB 855, 138783 (2024)

• The rotating plasma becomes radially inhomogeneous 
• Radial coexistence of confining-like and deconfining-like regions 
• Increasing  shrinks the confining coreΩI

Next: a closer look at static Q-Q̄ interactions under rotation



Probes of QQ̄-interactions
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 Wilson loopT ≃ 0 :  Polyakov loop correlatorT > 0 :
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F (r) = �T ln
⌦
L(x)L†(y)

↵

Static potential V(r) Free energy F(r)

Static Q-Q̄ observables directly probe how 
rotation modifies confinement and screening

 and  equivalent at , 
but  requires less computations 
V(r) F(r) T = 0

V(r)
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FIG. 1. Schematic illustration of the three static-source geometries considered in this work. The quantities Vz, Vxy, and V ⇤
xy

denote the static potentials extracted from Wilson loops at T ' 0, while Fz, Fxy, and F ⇤
xy denote the corresponding color-

averaged free energies extracted from Polyakov-loop correlators at finite temperature.

For the T ' 0 Wilson-loop analysis, we average this loop
over the coordinates x, y, z and ⌧ to improve statistics.
Possible residual dependence on the radial distance Rxy

is checked a posteriori through the comparison with the
transverse geometries shown below. This is illustrated in
the left panel of Figure 1.

b. One quark on the rotation axis and one o↵-axis in

the xy-plane: The Wilson loop Wxy(n, n⌧ ) follows the
loop path

Lxy : (0, 0, z, ⌧) !
⇢
(±n, 0, z, ⌧)

(0,±n, z, ⌧)
!

⇢
(±n, 0, z, ⌧ + n⌧ )

(0,±n, z, ⌧ + n⌧ )

! (0, 0, z, ⌧ + n⌧ ) !(0, 0, z, ⌧),
(4)

averaged over the temporal and longitudinal spatial coor-
dinates (⌧ and z). This is illustrated in the middle panel
of Figure 1.

c. Symmetric quark–antiquark pair across the rota-

tion axis in the xy-plane: The symmetric transverse
Wilson loop W

⇤
xy(n = 2k, n⌧ ) is constructed from the

two contours L⇤
x and L⇤

y,

L⇤
x : (�k, 0, z, ⌧) ! (k, 0, z, ⌧) ! (k, 0, z, ⌧ + n⌧ )

! (�k, 0, z, ⌧ + n⌧ ) ! (�k, 0, z, ⌧),

L⇤
y : (0,�k, z, ⌧) ! (0, k, z, ⌧) ! (0, k, z, ⌧ + n⌧ )

! (0,�k, z, ⌧ + n⌧ ) ! (0,�k, z, ⌧).

(5)

The corresponding Wilson loops are averaged over the
two transverse orientations, as well as over z and ⌧ ; see
the right panel of Figure 1.

B. Finite Temperature Free Energies

At finite temperature, we employ Polyakov loop corre-
lators to calculate color-averaged free energies. We define

the Polyakov loop as

L̃(Rxy, z) =
1

3
Tr

N⌧�1Y

⌧=0

U4(x, y, z, ⌧), Rxy =
p

x2 + y2.

(6)
Analogously, we consider the same three spatial con-

figurations as at zero temperature, as illustrated in the
left, middle and right panels of Figure 1, respectively:

a. Along the rotation axis (z-direction):

Fz(Rxy, rz) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(Rxy, z)L̃
†(Rxy, z + rz)

+
.

(7)
This quantity describes the free energy of a quark–
antiquark pair separated along the rotation axis (z-
direction), with a fixed radial distance Rxy from the rota-
tion axis. Here, rz denotes the separation distance along
the rotation axis, and averaging is performed over spatial
slices in the z-direction.

b. One quark on-axis, one o↵-axis in the xy-plane:

Fxy(rxy) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(0, z)L̃†(rxy, z)

+
. (8)

This expression represents the free energy of a quark–
antiquark pair positioned in the transverse plane (xy-
plane), with one quark fixed at the rotation axis and the
other at a distance rxy away. The averaging is taken
along the longitudinal direction (z), e↵ectively isolating
transverse-plane rotational e↵ects.

c. Symmetric quark–antiquark pair across the rota-

tion axis in the xy-plane:

F
⇤
xy(rxy) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(~rxy/2, z)L̃
†(�~rxy/2, z)

+
.

(9)
This definition describes the free energy between a sym-
metric quark–antiquark pair in the transverse (xy) plane,
positioned symmetrically about the rotation axis, sepa-
rated by a distance rxy. This symmetric geometry places

Rotation breaks the usual geometric equivalence of static Q-Q̄ configurations

Orientation
Parallel or transverse to ?Ω

Separation
How far apart are Q and Q̄? 

Radial position
How far from the axis? 



Workflow on the lattice

QQbar under RotationsHai-Tao Shu 9

1. Background
Generate quenched SU(3) gauge configurations with rotation at ΩI

2. Boundaries
PBC in Euclidean time  and , OBC in  and τ z x y

3. Measurements
Wilson loops at , polyakov loop correlators at T ≃ 0 T > 0

4. Geometries
Longitudinal, on-axis transverse, and symmetric-transverse pairs

5. Boundary control
Identify a bulk region where boundary effects are negligible

6. Scan the response
Dependence on , temperature, separation and radiusΩI



Lattice setup
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6

Nt � T/Tc
⌦I [MeV]

0 10 15 20 25 30 40

64 6.5 ⇠ 0
PBC:9

OBC:1
- - 1 - 1 2

8

6.1 1.02 100 20 20 20 30 20

-

6.12 1.05 100 20 20 20 30 20

6.14 1.09 100 40 20 20 30 20

6.17 1.14 100 20 20 40 30 20

6.2 1.19 100 20 40 40 32 40

6.3 1.38 100 20 40 10 24 40

TABLE I. Lattice setup and statistics used in this paper. The numbers of configurations are given in units of 1000. Gauge
field configurations were generated using a heat bath algorithm combined with two over-relaxation steps. Neighboring saved
configurations are separated by 20 update sweeps to reduce autocorrelation e↵ects.

Similarly, the chair-type average entering the action is defined as

V µ⌫⇢ =
1

8

 

µ

⇢

⌫

�
µ

⇢

⌫
!
. (16)

We impose periodic boundary conditions (PBC) in the Euclidean time ⌧ and along the rotation axis z. In the
transverse x–y plane, periodic boundary conditions are not compatible with the velocity profile of a rigidly rotating
system and are therefore not appropriate for the rotating-frame setup. We have examined the two transverse boundary
prescriptions commonly used in rotating lattice studies, namely Dirichlet and open boundary conditions. Dirichlet
boundary conditions amount to fixing all boundary links to the unit matrix, Uµ(x) = . This explicitly breaks the
Z3 center symmetry and pins the Polyakov loop to Tr = 3 at the boundary. For the Wilson loops and Polyakov-
loop correlators considered here, such fixed boundary links lead to large unphysical contributions when the loops
or correlators approach the boundary. We find this e↵ect to be particularly severe at T ' 0. Therefore, Dirichlet
boundary conditions are used only as a diagnostic check, while all results presented below are obtained with open
boundary conditions (OBC) in the transverse directions.

The OBC prescription used in this work is implemented directly in the gauge action. We include only elementary
plaquettes and chair loops that are fully contained inside the lattice volume; plaquettes or chair loops that would
extend beyond the transverse boundary are omitted. Boundary links are not fixed, in contrast to the Dirichlet case,
but are dynamical links with fewer action terms attached to them. Following Ref. [8], this construction can be
interpreted as attaching the simulated volume to a classical zero-temperature Yang–Mills background outside the
lattice boundary. In the present work, however, its practical role is to reduce boundary artifacts in static-source
observables.

Our simulations are carried out in the quenched approximation on Nx⇥Ny⇥Nz⇥N⌧ = (N�+1)⇥(N�+1)⇥N�⇥N⌧

lattices at several values of the gauge coupling �. We take N� = 64 throughout. For the low-temperature ensembles
we use N⌧ = 64, while for the finite-temperature ensembles we use N⌧ = 8. The extra lattice slice in each of the
transverse directions, i.e. Nx = Ny = N� + 1, accounts for the open boundaries imposed in x and y. The rotation
axis is chosen to pass through the geometric center of the lattice and to be perpendicular to the x–y plane. We label
the transverse coordinates as x, y 2 {�R, . . . , 0, . . . ,+R} with R = N�/2. The simulation parameters and ensemble
statistics are summarized in Table I.

For the low-temperature ensembles, we fix the gauge coupling to � = 6.5, corresponding to a lattice spacing
a = 0.042 fm. For N⌧ = 64 this gives T = 1/(aN⌧ ) = 73.5 MeV 1. The finite-temperature ensembles are generated at
the values of � listed in Table I. The parameter ⌦I controls the (imaginary) angular velocity and sets the maximum
linear velocity at the corners of the x–y plane. At zero temperature, ⌦I = 40 MeV corresponds to vmax ' 0.385 c,
where c denotes the speed of light. At finite temperature, due to the larger lattice spacing, a set of slightly smaller
⌦I are used. The maximum linear velocity occurs at � = 6.1, ⌦I = 30 MeV, which is 0.512 c.

1 Since this temperature is far below the deconfinement temperature, we refer to these ensembles as the T ' 0 ensembles in what follows.

• No. of configurations in units of 1000 
• One lattice spacing for each temperature 
• Both zero and nonzero velocities at each temperature 
• Focus on vicinity of Tc



: no visible rotational effectV(T = 0)
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• Clear plateaus allow a stable extraction of the static potential 
• OBC and PBC results at  agree within errors —> boundary effects are mild  
• No significant dependence on  is resolved up to 40 MeV 
• , , and  agree within uncertainties —> no rotation-induced anisotropy

ΩI = 0
ΩI

Vz Vxy V*xy
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FIG. 1. Schematic illustration of the three static-source geometries considered in this work. The quantities Vz, Vxy, and V ⇤
xy

denote the static potentials extracted from Wilson loops at T ' 0, while Fz, Fxy, and F ⇤
xy denote the corresponding color-

averaged free energies extracted from Polyakov-loop correlators at finite temperature.

c. Symmetric quark–antiquark pair across the rotation axis in the xy-plane: The symmetric transverse Wilson
loop W

⇤
xy(n = 2k, n⌧ ) is constructed from the two contours L⇤

x and L⇤
y,

L⇤
x : (�k, 0, z, ⌧) ! (k, 0, z, ⌧) ! (k, 0, z, ⌧ + n⌧ )

! (�k, 0, z, ⌧ + n⌧ ) ! (�k, 0, z, ⌧),

L⇤
y : (0,�k, z, ⌧) ! (0, k, z, ⌧) ! (0, k, z, ⌧ + n⌧ )

! (0,�k, z, ⌧ + n⌧ ) ! (0,�k, z, ⌧).

(5)

The corresponding Wilson loops are averaged over the two transverse orientations, as well as over z and ⌧ ; see the
right panel of Figure 1.

B. Finite Temperature Free Energies

At finite temperature, we employ Polyakov loop correlators to calculate color-averaged free energies. We define the
Polyakov loop as

L̃(Rxy, z) =
1

3
Tr

N⌧�1Y

⌧=0

U4(x, y, z, ⌧), Rxy =
p

x2 + y2. (6)

Analogously, we consider the same three spatial configurations as at zero temperature, as illustrated in the left,
middle and right panels of Figure 1, respectively:

a. Along the rotation axis (z-direction):

Fz(Rxy, rz) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(Rxy, z)L̃
†(Rxy, z + rz)

+
. (7)

This quantity describes the free energy of a quark–antiquark pair separated along the rotation axis (z-direction), with
a fixed radial distance Rxy from the rotation axis. Here, rz denotes the separation distance along the rotation axis,
and averaging is performed over spatial slices in the z-direction.

b. One quark on-axis, one o↵-axis in the xy-plane:

Fxy(rxy) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(0, z)L̃†(rxy, z)

+
. (8)

This expression represents the free energy of a quark–antiquark pair positioned in the transverse plane (xy-plane),
with one quark fixed at the rotation axis and the other at a distance rxy away. The averaging is taken along the
longitudinal direction (z), e↵ectively isolating transverse-plane rotational e↵ects.
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FIG. 1. Schematic illustration of the three static-source geometries considered in this work. The quantities Vz, Vxy, and V ⇤
xy

denote the static potentials extracted from Wilson loops at T ' 0, while Fz, Fxy, and F ⇤
xy denote the corresponding color-

averaged free energies extracted from Polyakov-loop correlators at finite temperature.

c. Symmetric quark–antiquark pair across the rotation axis in the xy-plane: The symmetric transverse Wilson
loop W

⇤
xy(n = 2k, n⌧ ) is constructed from the two contours L⇤

x and L⇤
y,

L⇤
x : (�k, 0, z, ⌧) ! (k, 0, z, ⌧) ! (k, 0, z, ⌧ + n⌧ )

! (�k, 0, z, ⌧ + n⌧ ) ! (�k, 0, z, ⌧),

L⇤
y : (0,�k, z, ⌧) ! (0, k, z, ⌧) ! (0, k, z, ⌧ + n⌧ )

! (0,�k, z, ⌧ + n⌧ ) ! (0,�k, z, ⌧).

(5)

The corresponding Wilson loops are averaged over the two transverse orientations, as well as over z and ⌧ ; see the
right panel of Figure 1.

B. Finite Temperature Free Energies

At finite temperature, we employ Polyakov loop correlators to calculate color-averaged free energies. We define the
Polyakov loop as

L̃(Rxy, z) =
1

3
Tr

N⌧�1Y

⌧=0

U4(x, y, z, ⌧), Rxy =
p

x2 + y2. (6)

Analogously, we consider the same three spatial configurations as at zero temperature, as illustrated in the left,
middle and right panels of Figure 1, respectively:

a. Along the rotation axis (z-direction):

Fz(Rxy, rz) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(Rxy, z)L̃
†(Rxy, z + rz)

+
. (7)

This quantity describes the free energy of a quark–antiquark pair separated along the rotation axis (z-direction), with
a fixed radial distance Rxy from the rotation axis. Here, rz denotes the separation distance along the rotation axis,
and averaging is performed over spatial slices in the z-direction.

b. One quark on-axis, one o↵-axis in the xy-plane:

Fxy(rxy) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(0, z)L̃†(rxy, z)

+
. (8)

This expression represents the free energy of a quark–antiquark pair positioned in the transverse plane (xy-plane),
with one quark fixed at the rotation axis and the other at a distance rxy away. The averaging is taken along the
longitudinal direction (z), e↵ectively isolating transverse-plane rotational e↵ects.
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FIG. 1. Schematic illustration of the three static-source geometries considered in this work. The quantities Vz, Vxy, and V ⇤
xy

denote the static potentials extracted from Wilson loops at T ' 0, while Fz, Fxy, and F ⇤
xy denote the corresponding color-

averaged free energies extracted from Polyakov-loop correlators at finite temperature.

c. Symmetric quark–antiquark pair across the rotation axis in the xy-plane: The symmetric transverse Wilson
loop W

⇤
xy(n = 2k, n⌧ ) is constructed from the two contours L⇤

x and L⇤
y,

L⇤
x : (�k, 0, z, ⌧) ! (k, 0, z, ⌧) ! (k, 0, z, ⌧ + n⌧ )

! (�k, 0, z, ⌧ + n⌧ ) ! (�k, 0, z, ⌧),

L⇤
y : (0,�k, z, ⌧) ! (0, k, z, ⌧) ! (0, k, z, ⌧ + n⌧ )

! (0,�k, z, ⌧ + n⌧ ) ! (0,�k, z, ⌧).

(5)

The corresponding Wilson loops are averaged over the two transverse orientations, as well as over z and ⌧ ; see the
right panel of Figure 1.

B. Finite Temperature Free Energies

At finite temperature, we employ Polyakov loop correlators to calculate color-averaged free energies. We define the
Polyakov loop as

L̃(Rxy, z) =
1

3
Tr

N⌧�1Y

⌧=0

U4(x, y, z, ⌧), Rxy =
p
x2 + y2. (6)

Analogously, we consider the same three spatial configurations as at zero temperature, as illustrated in the left,
middle and right panels of Figure 1, respectively:
a. Along the rotation axis (z-direction):

Fz(Rxy, rz) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(Rxy, z)L̃
†(Rxy, z + rz)

+
. (7)

This quantity describes the free energy of a quark–antiquark pair separated along the rotation axis (z-direction), with
a fixed radial distance Rxy from the rotation axis. Here, rz denotes the separation distance along the rotation axis,
and averaging is performed over spatial slices in the z-direction.
b. One quark on-axis, one o↵-axis in the xy-plane:

Fxy(rxy) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(0, z)L̃†(rxy, z)

+
. (8)

This expression represents the free energy of a quark–antiquark pair positioned in the transverse plane (xy-plane),
with one quark fixed at the rotation axis and the other at a distance rxy away. The averaging is taken along the
longitudinal direction (z), e↵ectively isolating transverse-plane rotational e↵ects.
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FIG. 1. Schematic illustration of the three static-source geometries considered in this work. The quantities Vz, Vxy, and V ⇤
xy

denote the static potentials extracted from Wilson loops at T ' 0, while Fz, Fxy, and F ⇤
xy denote the corresponding color-

averaged free energies extracted from Polyakov-loop correlators at finite temperature.

c. Symmetric quark–antiquark pair across the rotation axis in the xy-plane: The symmetric transverse Wilson
loop W

⇤
xy(n = 2k, n⌧ ) is constructed from the two contours L⇤

x and L⇤
y,

L⇤
x : (�k, 0, z, ⌧) ! (k, 0, z, ⌧) ! (k, 0, z, ⌧ + n⌧ )

! (�k, 0, z, ⌧ + n⌧ ) ! (�k, 0, z, ⌧),

L⇤
y : (0,�k, z, ⌧) ! (0, k, z, ⌧) ! (0, k, z, ⌧ + n⌧ )

! (0,�k, z, ⌧ + n⌧ ) ! (0,�k, z, ⌧).

(5)

The corresponding Wilson loops are averaged over the two transverse orientations, as well as over z and ⌧ ; see the
right panel of Figure 1.

B. Finite Temperature Free Energies

At finite temperature, we employ Polyakov loop correlators to calculate color-averaged free energies. We define the
Polyakov loop as

L̃(Rxy, z) =
1

3
Tr

N⌧�1Y

⌧=0

U4(x, y, z, ⌧), Rxy =
p

x2 + y2. (6)

Analogously, we consider the same three spatial configurations as at zero temperature, as illustrated in the left,
middle and right panels of Figure 1, respectively:

a. Along the rotation axis (z-direction):

Fz(Rxy, rz) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(Rxy, z)L̃
†(Rxy, z + rz)

+
. (7)

This quantity describes the free energy of a quark–antiquark pair separated along the rotation axis (z-direction), with
a fixed radial distance Rxy from the rotation axis. Here, rz denotes the separation distance along the rotation axis,
and averaging is performed over spatial slices in the z-direction.

b. One quark on-axis, one o↵-axis in the xy-plane:

Fxy(rxy) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(0, z)L̃†(rxy, z)

+
. (8)

This expression represents the free energy of a quark–antiquark pair positioned in the transverse plane (xy-plane),
with one quark fixed at the rotation axis and the other at a distance rxy away. The averaging is taken along the
longitudinal direction (z), e↵ectively isolating transverse-plane rotational e↵ects.
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Fz(Rxy, rz)

• At fixed ,  approaches a plateau at large     
• Without rotation, the plateau already shows a strong  dependence (OBC effects) 
• With rotation, plateau values change, and spread with  reduces 
• At , free energy is sensitive to both  and 
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the ⌦I = 0 PBC result for comparison. Within the statistical precision and the range of separations studied, we
resolve no significant dependence of the static potential on the imaginary angular velocity up to ⌦I = 40 MeV. The
potentials extracted from the three geometries, Wz, Wxy, and W

⇤
xy, also agree within errors. Thus, any rotation-

induced anisotropy of the T ' 0 static potential is below our present sensitivity. Finally, the agreement between the
OBC and PBC results at ⌦I = 0 indicates that open-boundary e↵ects are mild for the zero-temperature Wilson-loop
observables and source separations considered here.

V. RESULTS AT FINITE TEMPERATURE

We now turn to the finite-temperature ensembles (N⌧ = 8) and extract the color-averaged quark–antiquark free
energies from Polyakov-loop correlators, using the three geometries introduced in Sec. II B and shown in Figure 1.
Unlike the T ' 0 Wilson-loop potentials, these finite-temperature observables are spatially resolved in the transverse
plane. Since the open boundaries in the x and y directions break transverse translational invariance, they induce an
Rxy dependence even at ⌦I = 0. We therefore use axial–diagonal comparisons and bulk-region fits below to separate
the rotation-induced response from boundary e↵ects.

We present unrenormalized free energies throughout. This is su�cient for our purposes for two reasons. (i) At fixed
temperature, all correlators share the same additive renormalization constant, so relative comparisons at the same T

are meaningful. (ii) For rotation-induced changes we work with di↵erences between ⌦I 6= 0 and ⌦I = 0, for which
the additive constant cancels. In what follows we assume that this additive renormalization depends only on T (and
not on ⌦I or the transverse position); this assumption can be tested a posteriori by the consistency of the subtracted
observables in the bulk region.

A. Fz(Rxy, rz): boundary diagnostics and bulk fits

axial diagonal

y

xz

FIG. 4. Schematic of the two primary directions defined in Equation 18. The dashed blue lines (axial) denote paths along
the lattice axes, while the dashed red lines (diagonal) bisect the lattice coordinates. The black circle illustrates that the axial
directions encounter the lattice boundaries at a shorter distance than the diagonal directions. Consequently, finite-volume
(boundary) e↵ects manifest at a smaller physical correlation length along the axes than along the diagonals.

We begin with the longitudinal geometry Fz(Rxy, rz), Equation 7. With open boundaries in x and y, translational
invariance in the transverse plane is broken, and Fz(Rxy, rz) acquires an explicit dependence on Rxy already at ⌦I = 0.
This baseline Rxy dependence originates from boundary e↵ects and must be disentangled from the rotation-induced
response in the analysis below.

To identify the onset of boundary artifacts, we compare data with the same coordinate distance R from the rotation
axis along two directions in the x–y plane: transverse distance from the origin along two directions in the x–y plane:

axial : (0, 0) ! (0,±R), (±R, 0),

diagonal : (0, 0) ! (±R,±R),
(18)

as illustrated in Figure 4. Since diagonal directions probe regions that are farther from the transverse boundaries
than axis-aligned directions at the same nominal distance R, boundary e↵ects are expected to set in earlier along the
axial directions. The comparison between the two therefore provides a practical criterion for identifying a bulk region
with reduced boundary contamination.

The two-variable dependence of Fz(Rxy, rz) complicates a compact characterization of the rotation e↵ect. For
T > Tc, we therefore focus on the rz ! 1 limit, which is governed by the single-Polyakov-loop expectation value at

• Same , different boundary sensitivityRxy
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Consistent with the expected small-  expansion that predicts  dependenceΩI R2
xy
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• Both  and  increase with , but decrease with  
• Rotation response is strongest near 
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FIG. 1. Schematic illustration of the three static-source geometries considered in this work. The quantities Vz, Vxy, and V ⇤
xy

denote the static potentials extracted from Wilson loops at T ' 0, while Fz, Fxy, and F ⇤
xy denote the corresponding color-

averaged free energies extracted from Polyakov-loop correlators at finite temperature.

c. Symmetric quark–antiquark pair across the rotation axis in the xy-plane: The symmetric transverse Wilson
loop W

⇤
xy(n = 2k, n⌧ ) is constructed from the two contours L⇤

x and L⇤
y,

L⇤
x : (�k, 0, z, ⌧) ! (k, 0, z, ⌧) ! (k, 0, z, ⌧ + n⌧ )

! (�k, 0, z, ⌧ + n⌧ ) ! (�k, 0, z, ⌧),

L⇤
y : (0,�k, z, ⌧) ! (0, k, z, ⌧) ! (0, k, z, ⌧ + n⌧ )

! (0,�k, z, ⌧ + n⌧ ) ! (0,�k, z, ⌧).

(5)

The corresponding Wilson loops are averaged over the two transverse orientations, as well as over z and ⌧ ; see the
right panel of Figure 1.

B. Finite Temperature Free Energies

At finite temperature, we employ Polyakov loop correlators to calculate color-averaged free energies. We define the
Polyakov loop as

L̃(Rxy, z) =
1

3
Tr

N⌧�1Y

⌧=0

U4(x, y, z, ⌧), Rxy =
p

x2 + y2. (6)

Analogously, we consider the same three spatial configurations as at zero temperature, as illustrated in the left,
middle and right panels of Figure 1, respectively:

a. Along the rotation axis (z-direction):

Fz(Rxy, rz) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(Rxy, z)L̃
†(Rxy, z + rz)

+
. (7)

This quantity describes the free energy of a quark–antiquark pair separated along the rotation axis (z-direction), with
a fixed radial distance Rxy from the rotation axis. Here, rz denotes the separation distance along the rotation axis,
and averaging is performed over spatial slices in the z-direction.

b. One quark on-axis, one o↵-axis in the xy-plane:

Fxy(rxy) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(0, z)L̃†(rxy, z)

+
. (8)

This expression represents the free energy of a quark–antiquark pair positioned in the transverse plane (xy-plane),
with one quark fixed at the rotation axis and the other at a distance rxy away. The averaging is taken along the
longitudinal direction (z), e↵ectively isolating transverse-plane rotational e↵ects.
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• Effect strongest near , and weakens at higher  
• Same pattern as longitudinal channel 
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FIG. 1. Schematic illustration of the three static-source geometries considered in this work. The quantities Vz, Vxy, and V ⇤
xy

denote the static potentials extracted from Wilson loops at T ' 0, while Fz, Fxy, and F ⇤
xy denote the corresponding color-

averaged free energies extracted from Polyakov-loop correlators at finite temperature.

c. Symmetric quark–antiquark pair across the rotation axis in the xy-plane: The symmetric transverse Wilson
loop W

⇤
xy(n = 2k, n⌧ ) is constructed from the two contours L⇤

x and L⇤
y,

L⇤
x : (�k, 0, z, ⌧) ! (k, 0, z, ⌧) ! (k, 0, z, ⌧ + n⌧ )

! (�k, 0, z, ⌧ + n⌧ ) ! (�k, 0, z, ⌧),

L⇤
y : (0,�k, z, ⌧) ! (0, k, z, ⌧) ! (0, k, z, ⌧ + n⌧ )

! (0,�k, z, ⌧ + n⌧ ) ! (0,�k, z, ⌧).

(5)

The corresponding Wilson loops are averaged over the two transverse orientations, as well as over z and ⌧ ; see the
right panel of Figure 1.

B. Finite Temperature Free Energies

At finite temperature, we employ Polyakov loop correlators to calculate color-averaged free energies. We define the
Polyakov loop as

L̃(Rxy, z) =
1

3
Tr

N⌧�1Y

⌧=0

U4(x, y, z, ⌧), Rxy =
p

x2 + y2. (6)

Analogously, we consider the same three spatial configurations as at zero temperature, as illustrated in the left,
middle and right panels of Figure 1, respectively:

a. Along the rotation axis (z-direction):

Fz(Rxy, rz) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(Rxy, z)L̃
†(Rxy, z + rz)

+
. (7)

This quantity describes the free energy of a quark–antiquark pair separated along the rotation axis (z-direction), with
a fixed radial distance Rxy from the rotation axis. Here, rz denotes the separation distance along the rotation axis,
and averaging is performed over spatial slices in the z-direction.

b. One quark on-axis, one o↵-axis in the xy-plane:

Fxy(rxy) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(0, z)L̃†(rxy, z)

+
. (8)

This expression represents the free energy of a quark–antiquark pair positioned in the transverse plane (xy-plane),
with one quark fixed at the rotation axis and the other at a distance rxy away. The averaging is taken along the
longitudinal direction (z), e↵ectively isolating transverse-plane rotational e↵ects.
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FIG. 1. Schematic illustration of the three static-source geometries considered in this work. The quantities Vz, Vxy, and V ⇤
xy

denote the static potentials extracted from Wilson loops at T ' 0, while Fz, Fxy, and F ⇤
xy denote the corresponding color-

averaged free energies extracted from Polyakov-loop correlators at finite temperature.

c. Symmetric quark–antiquark pair across the rotation axis in the xy-plane: The symmetric transverse Wilson
loop W

⇤
xy(n = 2k, n⌧ ) is constructed from the two contours L⇤

x and L⇤
y,

L⇤
x : (�k, 0, z, ⌧) ! (k, 0, z, ⌧) ! (k, 0, z, ⌧ + n⌧ )

! (�k, 0, z, ⌧ + n⌧ ) ! (�k, 0, z, ⌧),

L⇤
y : (0,�k, z, ⌧) ! (0, k, z, ⌧) ! (0, k, z, ⌧ + n⌧ )

! (0,�k, z, ⌧ + n⌧ ) ! (0,�k, z, ⌧).

(5)

The corresponding Wilson loops are averaged over the two transverse orientations, as well as over z and ⌧ ; see the
right panel of Figure 1.

B. Finite Temperature Free Energies

At finite temperature, we employ Polyakov loop correlators to calculate color-averaged free energies. We define the
Polyakov loop as

L̃(Rxy, z) =
1

3
Tr

N⌧�1Y

⌧=0

U4(x, y, z, ⌧), Rxy =
p

x2 + y2. (6)

Analogously, we consider the same three spatial configurations as at zero temperature, as illustrated in the left,
middle and right panels of Figure 1, respectively:

a. Along the rotation axis (z-direction):

Fz(Rxy, rz) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(Rxy, z)L̃
†(Rxy, z + rz)

+
. (7)

This quantity describes the free energy of a quark–antiquark pair separated along the rotation axis (z-direction), with
a fixed radial distance Rxy from the rotation axis. Here, rz denotes the separation distance along the rotation axis,
and averaging is performed over spatial slices in the z-direction.

b. One quark on-axis, one o↵-axis in the xy-plane:

Fxy(rxy) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(0, z)L̃†(rxy, z)

+
. (8)

This expression represents the free energy of a quark–antiquark pair positioned in the transverse plane (xy-plane),
with one quark fixed at the rotation axis and the other at a distance rxy away. The averaging is taken along the
longitudinal direction (z), e↵ectively isolating transverse-plane rotational e↵ects.
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• Both shifts decrease with increasing  
•  at comparable  
• Response depends on radial arrangement

T
ΔF *xy > ΔFxy rxy
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FIG. 1. Schematic illustration of the three static-source geometries considered in this work. The quantities Vz, Vxy, and V ⇤
xy

denote the static potentials extracted from Wilson loops at T ' 0, while Fz, Fxy, and F ⇤
xy denote the corresponding color-

averaged free energies extracted from Polyakov-loop correlators at finite temperature.

c. Symmetric quark–antiquark pair across the rotation axis in the xy-plane: The symmetric transverse Wilson
loop W

⇤
xy(n = 2k, n⌧ ) is constructed from the two contours L⇤

x and L⇤
y,

L⇤
x : (�k, 0, z, ⌧) ! (k, 0, z, ⌧) ! (k, 0, z, ⌧ + n⌧ )

! (�k, 0, z, ⌧ + n⌧ ) ! (�k, 0, z, ⌧),

L⇤
y : (0,�k, z, ⌧) ! (0, k, z, ⌧) ! (0, k, z, ⌧ + n⌧ )

! (0,�k, z, ⌧ + n⌧ ) ! (0,�k, z, ⌧).

(5)

The corresponding Wilson loops are averaged over the two transverse orientations, as well as over z and ⌧ ; see the
right panel of Figure 1.

B. Finite Temperature Free Energies

At finite temperature, we employ Polyakov loop correlators to calculate color-averaged free energies. We define the
Polyakov loop as

L̃(Rxy, z) =
1

3
Tr

N⌧�1Y

⌧=0

U4(x, y, z, ⌧), Rxy =
p

x2 + y2. (6)

Analogously, we consider the same three spatial configurations as at zero temperature, as illustrated in the left,
middle and right panels of Figure 1, respectively:

a. Along the rotation axis (z-direction):

Fz(Rxy, rz) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(Rxy, z)L̃
†(Rxy, z + rz)

+
. (7)

This quantity describes the free energy of a quark–antiquark pair separated along the rotation axis (z-direction), with
a fixed radial distance Rxy from the rotation axis. Here, rz denotes the separation distance along the rotation axis,
and averaging is performed over spatial slices in the z-direction.

b. One quark on-axis, one o↵-axis in the xy-plane:

Fxy(rxy) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(0, z)L̃†(rxy, z)

+
. (8)

This expression represents the free energy of a quark–antiquark pair positioned in the transverse plane (xy-plane),
with one quark fixed at the rotation axis and the other at a distance rxy away. The averaging is taken along the
longitudinal direction (z), e↵ectively isolating transverse-plane rotational e↵ects.
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FIG. 1. Schematic illustration of the three static-source geometries considered in this work. The quantities Vz, Vxy, and V ⇤
xy

denote the static potentials extracted from Wilson loops at T ' 0, while Fz, Fxy, and F ⇤
xy denote the corresponding color-

averaged free energies extracted from Polyakov-loop correlators at finite temperature.

c. Symmetric quark–antiquark pair across the rotation axis in the xy-plane: The symmetric transverse Wilson
loop W

⇤
xy(n = 2k, n⌧ ) is constructed from the two contours L⇤

x and L⇤
y,

L⇤
x : (�k, 0, z, ⌧) ! (k, 0, z, ⌧) ! (k, 0, z, ⌧ + n⌧ )

! (�k, 0, z, ⌧ + n⌧ ) ! (�k, 0, z, ⌧),

L⇤
y : (0,�k, z, ⌧) ! (0, k, z, ⌧) ! (0, k, z, ⌧ + n⌧ )

! (0,�k, z, ⌧ + n⌧ ) ! (0,�k, z, ⌧).

(5)

The corresponding Wilson loops are averaged over the two transverse orientations, as well as over z and ⌧ ; see the
right panel of Figure 1.

B. Finite Temperature Free Energies

At finite temperature, we employ Polyakov loop correlators to calculate color-averaged free energies. We define the
Polyakov loop as

L̃(Rxy, z) =
1

3
Tr

N⌧�1Y

⌧=0

U4(x, y, z, ⌧), Rxy =
p

x2 + y2. (6)

Analogously, we consider the same three spatial configurations as at zero temperature, as illustrated in the left,
middle and right panels of Figure 1, respectively:

a. Along the rotation axis (z-direction):

Fz(Rxy, rz) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(Rxy, z)L̃
†(Rxy, z + rz)

+
. (7)

This quantity describes the free energy of a quark–antiquark pair separated along the rotation axis (z-direction), with
a fixed radial distance Rxy from the rotation axis. Here, rz denotes the separation distance along the rotation axis,
and averaging is performed over spatial slices in the z-direction.

b. One quark on-axis, one o↵-axis in the xy-plane:

Fxy(rxy) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(0, z)L̃†(rxy, z)

+
. (8)

This expression represents the free energy of a quark–antiquark pair positioned in the transverse plane (xy-plane),
with one quark fixed at the rotation axis and the other at a distance rxy away. The averaging is taken along the
longitudinal direction (z), e↵ectively isolating transverse-plane rotational e↵ects.
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denote the static potentials extracted from Wilson loops at T ' 0, while Fz, Fxy, and F ⇤
xy denote the corresponding color-

averaged free energies extracted from Polyakov-loop correlators at finite temperature.

c. Symmetric quark–antiquark pair across the rotation axis in the xy-plane: The symmetric transverse Wilson
loop W

⇤
xy(n = 2k, n⌧ ) is constructed from the two contours L⇤

x and L⇤
y,

L⇤
x : (�k, 0, z, ⌧) ! (k, 0, z, ⌧) ! (k, 0, z, ⌧ + n⌧ )

! (�k, 0, z, ⌧ + n⌧ ) ! (�k, 0, z, ⌧),

L⇤
y : (0,�k, z, ⌧) ! (0, k, z, ⌧) ! (0, k, z, ⌧ + n⌧ )

! (0,�k, z, ⌧ + n⌧ ) ! (0,�k, z, ⌧).

(5)

The corresponding Wilson loops are averaged over the two transverse orientations, as well as over z and ⌧ ; see the
right panel of Figure 1.

B. Finite Temperature Free Energies

At finite temperature, we employ Polyakov loop correlators to calculate color-averaged free energies. We define the
Polyakov loop as

L̃(Rxy, z) =
1

3
Tr

N⌧�1Y

⌧=0

U4(x, y, z, ⌧), Rxy =
p

x2 + y2. (6)

Analogously, we consider the same three spatial configurations as at zero temperature, as illustrated in the left,
middle and right panels of Figure 1, respectively:

a. Along the rotation axis (z-direction):

Fz(Rxy, rz) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(Rxy, z)L̃
†(Rxy, z + rz)

+
. (7)

This quantity describes the free energy of a quark–antiquark pair separated along the rotation axis (z-direction), with
a fixed radial distance Rxy from the rotation axis. Here, rz denotes the separation distance along the rotation axis,
and averaging is performed over spatial slices in the z-direction.

b. One quark on-axis, one o↵-axis in the xy-plane:

Fxy(rxy) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(0, z)L̃†(rxy, z)

+
. (8)

This expression represents the free energy of a quark–antiquark pair positioned in the transverse plane (xy-plane),
with one quark fixed at the rotation axis and the other at a distance rxy away. The averaging is taken along the
longitudinal direction (z), e↵ectively isolating transverse-plane rotational e↵ects.
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denote the static potentials extracted from Wilson loops at T ' 0, while Fz, Fxy, and F ⇤
xy denote the corresponding color-

averaged free energies extracted from Polyakov-loop correlators at finite temperature.

c. Symmetric quark–antiquark pair across the rotation axis in the xy-plane: The symmetric transverse Wilson
loop W

⇤
xy(n = 2k, n⌧ ) is constructed from the two contours L⇤

x and L⇤
y,

L⇤
x : (�k, 0, z, ⌧) ! (k, 0, z, ⌧) ! (k, 0, z, ⌧ + n⌧ )

! (�k, 0, z, ⌧ + n⌧ ) ! (�k, 0, z, ⌧),

L⇤
y : (0,�k, z, ⌧) ! (0, k, z, ⌧) ! (0, k, z, ⌧ + n⌧ )

! (0,�k, z, ⌧ + n⌧ ) ! (0,�k, z, ⌧).

(5)

The corresponding Wilson loops are averaged over the two transverse orientations, as well as over z and ⌧ ; see the
right panel of Figure 1.

B. Finite Temperature Free Energies

At finite temperature, we employ Polyakov loop correlators to calculate color-averaged free energies. We define the
Polyakov loop as

L̃(Rxy, z) =
1

3
Tr

N⌧�1Y

⌧=0

U4(x, y, z, ⌧), Rxy =
p

x2 + y2. (6)

Analogously, we consider the same three spatial configurations as at zero temperature, as illustrated in the left,
middle and right panels of Figure 1, respectively:

a. Along the rotation axis (z-direction):

Fz(Rxy, rz) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(Rxy, z)L̃
†(Rxy, z + rz)

+
. (7)

This quantity describes the free energy of a quark–antiquark pair separated along the rotation axis (z-direction), with
a fixed radial distance Rxy from the rotation axis. Here, rz denotes the separation distance along the rotation axis,
and averaging is performed over spatial slices in the z-direction.

b. One quark on-axis, one o↵-axis in the xy-plane:

Fxy(rxy) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(0, z)L̃†(rxy, z)

+
. (8)

This expression represents the free energy of a quark–antiquark pair positioned in the transverse plane (xy-plane),
with one quark fixed at the rotation axis and the other at a distance rxy away. The averaging is taken along the
longitudinal direction (z), e↵ectively isolating transverse-plane rotational e↵ects.
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denote the static potentials extracted from Wilson loops at T ' 0, while Fz, Fxy, and F ⇤
xy denote the corresponding color-

averaged free energies extracted from Polyakov-loop correlators at finite temperature.

c. Symmetric quark–antiquark pair across the rotation axis in the xy-plane: The symmetric transverse Wilson
loop W

⇤
xy(n = 2k, n⌧ ) is constructed from the two contours L⇤

x and L⇤
y,

L⇤
x : (�k, 0, z, ⌧) ! (k, 0, z, ⌧) ! (k, 0, z, ⌧ + n⌧ )

! (�k, 0, z, ⌧ + n⌧ ) ! (�k, 0, z, ⌧),
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y : (0,�k, z, ⌧) ! (0, k, z, ⌧) ! (0, k, z, ⌧ + n⌧ )

! (0,�k, z, ⌧ + n⌧ ) ! (0,�k, z, ⌧).

(5)

The corresponding Wilson loops are averaged over the two transverse orientations, as well as over z and ⌧ ; see the
right panel of Figure 1.

B. Finite Temperature Free Energies

At finite temperature, we employ Polyakov loop correlators to calculate color-averaged free energies. We define the
Polyakov loop as

L̃(Rxy, z) =
1

3
Tr

N⌧�1Y

⌧=0

U4(x, y, z, ⌧), Rxy =
p

x2 + y2. (6)

Analogously, we consider the same three spatial configurations as at zero temperature, as illustrated in the left,
middle and right panels of Figure 1, respectively:

a. Along the rotation axis (z-direction):

Fz(Rxy, rz) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(Rxy, z)L̃
†(Rxy, z + rz)

+
. (7)

This quantity describes the free energy of a quark–antiquark pair separated along the rotation axis (z-direction), with
a fixed radial distance Rxy from the rotation axis. Here, rz denotes the separation distance along the rotation axis,
and averaging is performed over spatial slices in the z-direction.

b. One quark on-axis, one o↵-axis in the xy-plane:

Fxy(rxy) = �T ln

*
1

Nz

Nz�1X

z=0

L̃(0, z)L̃†(rxy, z)

+
. (8)

This expression represents the free energy of a quark–antiquark pair positioned in the transverse plane (xy-plane),
with one quark fixed at the rotation axis and the other at a distance rxy away. The averaging is taken along the
longitudinal direction (z), e↵ectively isolating transverse-plane rotational e↵ects.
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Q≃   
1
2

<latexit sha1_base64="CjFxdiaSOO8O2oe5UibP2FDeGQ4=">AAACGHicbVBNS8NAEN34WetX1aOXYBE8lUSkeix68VjBfkAbymYzaddudsPuRgyh/8Gr/TXexKs3f4zgps3Btg4MPN6bYeY9P2ZUacf5ttbWNza3tks75d29/YPDytFxW4lEEmgRwYTs+lgBoxxammoG3VgCjnwGHX98l+udZ5CKCv6o0xi8CA85DSnB2lBtOche0smgUnVqzqzsVeAWoIqKag4qP/1AkCQCrgnDSvVcJ9ZehqWmhMGk3E8UxJiM8RB6BnIcgfKy2bcT+9wwgR0KaZpre8b+3chwpFQa+WYywnqklrWc/E/rJTq88TLK40QDJ/NDYcJsLezcuh1QCUSz1ABMJDW/2mSEJSbaBLRwRRlTIwgWjGT5QS0EU3le7nI6q6B9WXPrtfrDVbVxWyRXQqfoDF0gF12jBrpHTdRCBD2hV/SGptbUerc+rM/56JpV7JyghbK+fgHUW6Ig</latexit>rxy

<latexit sha1_base64="SbKJqjAIVw+QEKkofRW1G/N6QhE=">AAACFXicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WNREI8V7Qe0oWw2k3bpZjfsboQa+hO82l/jTbx69scIbtocbOvAwOO9GWbe82NGlXacb6uwtr6xuVXcLu3s7u0flA+PWkokkkCTCCZkx8cKGOXQ1FQz6MQScOQzaPuj20xvP4NUVPAnPY7Bi/CA05ASrA31eNd/6ZcrTtWZlb0K3BxUUF6NfvmnFwiSRMA1YVipruvE2kux1JQwmJR6iYIYkxEeQNdAjiNQXjp7dWKfGSawQyFNc23P2L8bKY6UGke+mYywHqplLSP/07qJDq+9lPI40cDJ/FCYMFsLO/NtB1QC0WxsACaSml9tMsQSE23SWbiijKkhBAtG0uygFoKpicnLXU5nFbQuqm6tWnu4rNRv8uSK6ASdonPkoitUR/eogZqIoAF6RW9oak2td+vD+pyPFqx85xgtlPX1C6tVoGc=</latexit>

Fz

<latexit sha1_base64="CjFxdiaSOO8O2oe5UibP2FDeGQ4=">AAACGHicbVBNS8NAEN34WetX1aOXYBE8lUSkeix68VjBfkAbymYzaddudsPuRgyh/8Gr/TXexKs3f4zgps3Btg4MPN6bYeY9P2ZUacf5ttbWNza3tks75d29/YPDytFxW4lEEmgRwYTs+lgBoxxammoG3VgCjnwGHX98l+udZ5CKCv6o0xi8CA85DSnB2lBtOche0smgUnVqzqzsVeAWoIqKag4qP/1AkCQCrgnDSvVcJ9ZehqWmhMGk3E8UxJiM8RB6BnIcgfKy2bcT+9wwgR0KaZpre8b+3chwpFQa+WYywnqklrWc/E/rJTq88TLK40QDJ/NDYcJsLezcuh1QCUSz1ABMJDW/2mSEJSbaBLRwRRlTIwgWjGT5QS0EU3le7nI6q6B9WXPrtfrDVbVxWyRXQqfoDF0gF12jBrpHTdRCBD2hV/SGptbUerc+rM/56JpV7JyghbK+fgHUW6Ig</latexit>rxy

<latexit sha1_base64="SbKJqjAIVw+QEKkofRW1G/N6QhE=">AAACFXicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WNREI8V7Qe0oWw2k3bpZjfsboQa+hO82l/jTbx69scIbtocbOvAwOO9GWbe82NGlXacb6uwtr6xuVXcLu3s7u0flA+PWkokkkCTCCZkx8cKGOXQ1FQz6MQScOQzaPuj20xvP4NUVPAnPY7Bi/CA05ASrA31eNd/6ZcrTtWZlb0K3BxUUF6NfvmnFwiSRMA1YVipruvE2kux1JQwmJR6iYIYkxEeQNdAjiNQXjp7dWKfGSawQyFNc23P2L8bKY6UGke+mYywHqplLSP/07qJDq+9lPI40cDJ/FCYMFsLO/NtB1QC0WxsACaSml9tMsQSE23SWbiijKkhBAtG0uygFoKpicnLXU5nFbQuqm6tWnu4rNRv8uSK6ASdonPkoitUR/eogZqIoAF6RW9oak2td+vD+pyPFqx85xgtlPX1C6tVoGc=</latexit>

Fz
<latexit sha1_base64="SbKJqjAIVw+QEKkofRW1G/N6QhE=">AAACFXicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WNREI8V7Qe0oWw2k3bpZjfsboQa+hO82l/jTbx69scIbtocbOvAwOO9GWbe82NGlXacb6uwtr6xuVXcLu3s7u0flA+PWkokkkCTCCZkx8cKGOXQ1FQz6MQScOQzaPuj20xvP4NUVPAnPY7Bi/CA05ASrA31eNd/6ZcrTtWZlb0K3BxUUF6NfvmnFwiSRMA1YVipruvE2kux1JQwmJR6iYIYkxEeQNdAjiNQXjp7dWKfGSawQyFNc23P2L8bKY6UGke+mYywHqplLSP/07qJDq+9lPI40cDJ/FCYMFsLO/NtB1QC0WxsACaSml9tMsQSE23SWbiijKkhBAtG0uygFoKpicnLXU5nFbQuqm6tWnu4rNRv8uSK6ASdonPkoitUR/eogZqIoAF6RW9oak2td+vD+pyPFqx85xgtlPX1C6tVoGc=</latexit>

Fz

<latexit sha1_base64="kVzHCuFmBmUVp0SSevFE26e7ETg=">AAACGHicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiIB4r2A9oQ9lstu3aTTbsbsQQ+h+82l/jTbx688cIbtocbOvAwOO9GWbe8yLOlLbtb6uwtr6xuVXcLu3s7u0flA+PWkrEktAmEVzIjocV5SykTc00p51IUhx4nLa98W2mt5+pVEyEjzqJqBvgYcgGjGBtqNZdP31JJv1yxa7as0KrwMlBBfJq9Ms/PV+QOKChJhwr1XXsSLsplpoRTielXqxohMkYD2nXwBAHVLnp7NsJOjOMjwZCmg41mrF/N1IcKJUEnpkMsB6pZS0j/9O6sR5cuykLo1jTkMwPDWKOtECZdeQzSYnmiQGYSGZ+RWSEJSbaBLRwRRlTI+ovGEmzg1oIrrK8nOV0VkHrourUqrWHy0r9Jk+uCCdwCufgwBXU4R4a0AQCT/AKbzC1pta79WF9zkcLVr5zDAtlff0CiWuh9A==</latexit>

Fxy

<latexit sha1_base64="CjFxdiaSOO8O2oe5UibP2FDeGQ4=">AAACGHicbVBNS8NAEN34WetX1aOXYBE8lUSkeix68VjBfkAbymYzaddudsPuRgyh/8Gr/TXexKs3f4zgps3Btg4MPN6bYeY9P2ZUacf5ttbWNza3tks75d29/YPDytFxW4lEEmgRwYTs+lgBoxxammoG3VgCjnwGHX98l+udZ5CKCv6o0xi8CA85DSnB2lBtOche0smgUnVqzqzsVeAWoIqKag4qP/1AkCQCrgnDSvVcJ9ZehqWmhMGk3E8UxJiM8RB6BnIcgfKy2bcT+9wwgR0KaZpre8b+3chwpFQa+WYywnqklrWc/E/rJTq88TLK40QDJ/NDYcJsLezcuh1QCUSz1ABMJDW/2mSEJSbaBLRwRRlTIwgWjGT5QS0EU3le7nI6q6B9WXPrtfrDVbVxWyRXQqfoDF0gF12jBrpHTdRCBD2hV/SGptbUerc+rM/56JpV7JyghbK+fgHUW6Ig</latexit>rxy
<latexit sha1_base64="CjFxdiaSOO8O2oe5UibP2FDeGQ4=">AAACGHicbVBNS8NAEN34WetX1aOXYBE8lUSkeix68VjBfkAbymYzaddudsPuRgyh/8Gr/TXexKs3f4zgps3Btg4MPN6bYeY9P2ZUacf5ttbWNza3tks75d29/YPDytFxW4lEEmgRwYTs+lgBoxxammoG3VgCjnwGHX98l+udZ5CKCv6o0xi8CA85DSnB2lBtOche0smgUnVqzqzsVeAWoIqKag4qP/1AkCQCrgnDSvVcJ9ZehqWmhMGk3E8UxJiM8RB6BnIcgfKy2bcT+9wwgR0KaZpre8b+3chwpFQa+WYywnqklrWc/E/rJTq88TLK40QDJ/NDYcJsLezcuh1QCUSz1ABMJDW/2mSEJSbaBLRwRRlTIwgWjGT5QS0EU3le7nI6q6B9WXPrtfrDVbVxWyRXQqfoDF0gF12jBrpHTdRCBD2hV/SGptbUerc+rM/56JpV7JyghbK+fgHUW6Ig</latexit>rxy

• Single-source factorization suggests scaling relations among the three geometries



Single-source scaling

QQbar under RotationsHai-Tao Shu 19 

•  in the bulk 
region 

• Supports the single-source interpretation 
• Agreement persists across temperatures 
• Deviations at large distance reflect growing 

OBC contamination

ΔF*xy(2rxy) ≈ ΔFz(Rxy = rxy)



Conclusion

QQbar under RotationsHai-Tao Shu 20

: no significant  dependence or anisotropy within present 

accuracy 

: imaginary rotation suppresses the static free energies 

Longitudinal response: in the bulk region 

Transverse response: sensitive to the radial arrangement of the static 

sources 

Bulk data are compatible with a radial single-source free-energy shift 

Rotation response is strongest near  and weakens at higher 

T ≃ 0 ΩI

T > Tc

ΔFz(Rxy) ∼ R2
xy + const .

Tc T


