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Motivation

These collisions create most vortical Non-central HIC
fluid observed to date!!

System Angular Velocity w [rad/s]
Quark—Gluon Plasma (QGP) 1.52 x 10%2——1.52 x 10%°
Pulsars (neutron stars) 4.4 x 10°

CD / DVD drive 2.0 x 10'——5.0 x 10!
Ceiling fan (fast mode) 3.0 x 10°—-7.0 x 10°
Tornadoes (core) ~ 1.05 x 101

Ferris wheel 1.0 x 1071——8.0 x 1071
Earth 7.29 x 107°

Fast bicycle pedaling ~ 2.0 x 10!

Car engine (max RPM) ~ 6.0 x 10°——8.4 x 107

Table 1: Comparison of Angular Velocities for Various Systems

How does the intrinsic angular momentum of the QGP
affect the structure of the QCD phase diagram?



Massive fermions in rotation

To preserve the number of fermions inside the
cylindrical cavity it is natural to impose on the
fermion wave functions conditions at the
boundary of the cylinder

(1— (2% + %)% yQ —zQ 0 ) . o
Figure 1. The fermionic medium is uni-
. yQ -1 0 0 formly rotating with constant angular veloc-
Guv = —x0 0 —1 0 ity Q inside the cylinder of fixed radius R.
\ 0 0 0 -1/

causality - Q R < 1

which corresponds to the line element

ds® = gudztdz” = (1 - p2§22) dt? — 2p°Qdtdy — dp? — p*dp? — dz°

M. N. Chernodub and S. Gongyo, JHEP 01 (2017) 136



Motivation
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Motivation

Hao-Lei Chen, Xu-Guang Huang, and Jinfeng Liao

Temperature

Quark-Gluon Plasma
X Symmetry Restored

Hadronic Matter

n\

-y’ <4 h
e Spin-1 Color Superconh

Rotation




Lattice QCD Results| (v))
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Lattice QCD Results

| 4x16x 172, PBC
’ mps/mv = (.80

0.92[ Tpe from X?g;f)ldisc

B Qc=0, Qp#0
0.90 ¢ Qe#0, Q=0
| i QG # 0) QF # 0

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Tpc (VI)

0.00 0.01 0.02

-1 _ 2
Tpc(O) =1 - Byvy
Tpc (v) )

=1+ Byv
Ibc(O)

V.V. Braguta, A. Kotov and A. Roenko, PoS LATTICE2022 (2023) 190




This presents a puzzle regarding
the QCD phase transition under
rotation

O The resolution of this puzzle is still an open
question

O A rigorous QCD calculation is still necessary

O Additional lattice data are welcome



SU(2) NJL model

Lyir =1 —m)y+ G |(Yy) + (YivsTy)?]

good chiral physics, pions,...
BUT no confinement

G, A and M sl -, £ and (o))

(M —m.)? d*p 2 2
dTe N;/ (27)4 ln[p\+MA]

And the gap equation:
OF /OM =0 - OXO

Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122, 345 (1961)



Lattice QCD Results -> gluon effects are very
Important!

How to mimic the gluon effects?

G — G(w)

We use lattice data for 7T.Xw as input!



Numerical Results

107

G(w) = Go + G5 exp (5

5 . | | | |
0.00 0.02 0.04 0.06 0.08 0.10
w[GeV]

where G, = 4.97667 GeV~2, Gz = 0.05840 GeV~* and G, = 0.02457 GeV.
r=>5GeV™! A =651 MeV and m = 5.5 MeV

R.M. Nunes ,R.L. S. Farias, W. R. Tavares and V. S.Timé6teo , PRD 111, 056026 (2025)



Numerical Results
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Numerical Results
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Numerical Results
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Extrapolation to QCD Phase Diagram
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Extrapolation to QCD Phase Diagram
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Conclusion

The running coupling enhances the chiral
condensate as a function of angular velocity,
thereby strengthening chiral symmetry breaking —

an effect known as

chiral vortical catalysis

Y. Jiang, Eur. Phys. J. C 82, 949 (2022)
R.M. Nunes ,R.L. S. Farias, W. R. Tavares and V. S.Timé6teo , PRD 111, 056026 (2025)
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We investigate the influence of spin polarization in strongly interacting matter by introducing a
finite spin potential, ux, which effectively controls the spin density of the system without requiring
rotation or specific boundary conditions. Inspired by recent lattice QCD simulations that incorpo-
rated such a potential, we implement this approach within an effective QCD framework. Our results
show that increasing spin polarization leads to a simultaneous decrease in both the chiral and de-
confinement restoration temperatures. The resulting phase structure is qualitatively consistent with
lattice findings, and notably, we observe the emergence of a first-order chiral phase transition at zero
temperature. These results suggest that spin-polarized environments can significantly impact the
QCD phase diagram and offer a controlled route for studying spin effects in hot and dense matter.



Motivation

In high-energy physics, numerous key measurements are closely
connected to the concept of spin:

O proton spin crisis

O single spin asymmetry and transverse polarization of
hyperons

O muon anomalous magnetic dipole moment

O the neutron electric dipole moment

In HIC, numerous key measurements are closely connected to the
concept of spin:

O chiral magnetic effect
O spin polarization

O chiral separation effect

O..



Chiral and Deconfinement Transitions in
Spin-Polarized Quark Matter
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Chiral and deconfinement thermal transitions at finite
quark spin polarization in lattice QCD simulations
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Quark spin potential

The quark spin density can be introduced via a modification to the Dirac
Lagrangian:

52 ,Cq = Ma, v @Sa’uyw,

where the relativistic spin density matrix is defined by

SHH 25{772M}7 iy :Zh'uv'y]'

Assuming spin polarization along the z axis, we choose the background spin

field as s
Mo, uv — 75040 (5,u151/2 — 51/15,u2) )

which leads to a simplified Lagrangian:
0nLy = ps Py L2,
In the Dirac basis, the spin term becomes

1 .
AO8l? = 57375 = diag (—|—%, —%, —%,—I—%) .

V. V. Braguta, M. N. Chernodub and A. A. Roenko, PRD 111, 114508 (2025)



Quark spin potential

The spin potential us: plays a role similar to a chemical potential, determin-
ing the energy cost to add a Spin—% particle with spin up or down:

22> 3
Ok = +—, ok, = ——.
f 2 ' 2

Therefore, us;, = 0B+ — 0E| quantifies the spin imbalance in the system and

serves as a thermodynamic parameter.
This spin potential is structurally analogous to the angular velocity €2 of a
rotating frame. In such a frame, the quark Lagrangian acquires an additional

term:

SoLy = Q1 [i(—20, + yd,) + 22 2,

where the first term represents the orbital angular momentum and the second,
the spin-rotation coupling. If one sets {2 = ux, the spin-polarization term
in rotation coincides with the static medium term, indicating a close analogy
between spin potential and rotational effects.

V. V. Braguta, M. N. Chernodub and A. A. Roenko, PRD 111, 114508 (2025)



Dirac Equation at finite spin potential

(iv" 0, — M + 2 y37y5) = 0

Dispersion Relation

2
Es = [ p? \/}?2 M2 4 sEE
1 3 2

where p7 = pi + p3




EPNJL model

L= (D" = me+ E29%97 ) v+ G [(@0)? + (ins7)?] — UL, T)

U, 1,T) a(T)I

T4 2

+b(T) log [1 6440 +T) — 3(15‘)2}

where a(T') and b(T) is given by

oy = () v (2)

b(T) = b (%)3

The inclusion of the entanglement is given by the change on the coupling

G— Gl,1)=G[l—all —ax(l® +1°)]

where oy = a9 = 0.2.



EPNJL model

V(M,LINT,p) = U(LILT) + (M -

LS [ o ()]

3
s=+1 (27T)

2
where 8 =T~', E2(p3,p1) = p5 + (\/pg + M2+ 3“72) and we have adopted

the following definitions

dpsd
VVac — _NcNf Z / b3 2pJ2_ b1 Es (p37pJ_)
s==x1 n
Fi — 1 + SZG_B(ES_U) - SlTe_Qﬁ(Es_,UJ) + G_SB(ES_U)
F_f_ = 1+ SZTG_B(ES+'LL) + Sle_QB(ES‘HL) + 6_35(E8+M)

Minimizing thermodynamic potential, V (M, 1,1, T, 1) with respect to M, I,
and [T, we obtain the three Gap equations :

aV(MalalTanu) _ aV(MalalTaTmu) _ (9V(M,l,lT,T,,u) _ O
OM - Ol B olt B




Numerical Results
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Numerical Results
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Numerical Results
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Numerical Results

- T 175> =0.3 GeV

13=0.0 GeV

0.14 016 0.18 020
T |GeV]

0.22

32



Numerical Results
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LQCD Results

re) =70 1 +x (%)

V. V. Braguta, M. N. Chernodub and A. A. Roenko, PRD 111, 114508 (2025) 34



LQCD Results
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Phase Diagram - Chiral transition

Crossover

----- 1st order

o CEP
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Working with spin potential:

O A cylindrical metric is not required
O Not constrained by slow-rotation considerations
O No worries about boundary conditions

O Causality violation is not a concern within this framework

37



Conclusions

O The finite spin density is introduced by the quark spin potential in the
canonical formulation of the spin operator.

O LQCD and EPNJL model show that both chiral and deconfinement
temperatures are decreasing functions of the spin potential.

O The phase diagram from EPNJL present a CEP at (0.472 GeV, 0.09
GeV)

38



Perspectives

2
O PQMM +T+ ks |Ef=p] + (\/P§+M2+8“72)
Renormalization!

O Meson masses at finite spin potential

O Inclusion of baryonic density: T x ug X s

Hs Effects in QCD phase diagram

39
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