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3 Questions

1) Strength:

E & B breaks down the translation invariance, but T will restore the invariance. Only
charged quarks join electromagnetic interaction, but all the partons join thermal motion
— |Is the E and B field strong enough in comparison with the fireball T?

leB|~10m2, T~300 — 500 MeV

2) Time:
The lifetime of external E and B field is very short, we need induced E and B field in QGP
— Can the current be completely induced before the disappearance of the external field?

Tind 75~0.1 fm

3) Clear signals:
If the answers to the above 2 questions are negative, is it possible to have sensitive
electromagnetic signals of QCD matter?
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Feynman Rules in Magnetic Field
Kostenko and Thompson, Astrophys J. 869, 44(2018), 875, 23(2019).
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Quark propagator:
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. . ) Schwinger propagator, 1951
@® no more translation invariance.

@ the two Schwinger phases for q and q are cancelled to each other in loop calculation.
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Gluon Propagator in QCD Matter

Gluon self-energy in magnetic field:

- 6-71-10) (6,|u|,u + gﬂ#)(—wi + pi)
(m? +w? + p? + 2n4|¢B|)?

for quark loop

- 27 (2
), (T.B) = ¢*T|qB| »_
npzni
M;,(T,B) =0 Matsubara frequencies p, = iw, = i(2n + 1)nT
quark longitudinal momentum p,

transverse Landau energy ¢, = 2n,|qB|
for gluon and ghost loops

ﬁuv (T,B) = ﬁuv (T,0)

To include non-perturbative effect, we take the summation of ring diagrams
— gluon propagator and thermodvnamic potential:

- /I, all the o\he — loop polarization
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Color Screening in QCD Matter

Debye screening of a pair of charged particles qg:
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Pole of the propagator at gluon momentum (kg =0, k2 = —m,%) — ScCreening mass:

2 2 2
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Huang, Zhao, Zhuang, PRD107, 114035(2023)
® m,(T =0,B) =0.13 GeV at eB = 25m2.

@ the B effect is gradually washed out by thermal motion!
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Two time scales

+ The induced current needs time T,.,; to relax from zero to the Ohm’s current

+ The lifetime of the external B-field: Tp

A complete electromagnetic response of QGP requires
Trel < Tp

For normal materials like conductor and EM plasma,

the relaxation time can be neglected.

How is about the relaxation in HIC where 7z and 7,.p are very short?
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Broken Ohm’s Law in HIC

The evolution of the fireball in described by a Boltzmann Approach of MultiParton Scatterings
(BAMPS):

(a/at +p/E - V+F- |7>p)f = Cyy + Cy3, Lorentz force F = q(ﬁ/E X B + E)
. ifi;;&ﬁg;ﬁ,ﬂm Wang, Zhao, Greiner, Xu and Zhuang,
_02'2 b BAMPS PRC105, L041901(2022), Letter, Featured in Physics
_ ---- g, = 11.6 MeV Ohm's law
R E e e
0T =/~ = — = === =
0ot : T : . T L AER AR, THFANTE

t [fm]

7 <Jonm, Ohm’s law is broken!

The electromagnetic response of the hot QCD matter to the fast decay of the external
electromagnetic field is incomplete, which strongly suppresses the induced magnetic field.
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Color Screening in Dense QCD Matter

In the frame of ring diagram summation

2
g urlqBl|
n=0 \/uj% — 2n|qB]|

For chiral quarks, the distribution

f(p) = 9(#f - p) £(p) »

the Fermi surface is determined by

p7 + 2nlqB| = u?

when pu; and Landau levels are equal

u7 = 2nlqB|

the infrared divergence at the Fermi surface induces a complete screening my, — oo,
called resonant screening.

The case here is similar to the resonant transmission in Quantum Mechanics.
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Resonant Screening

Huang, Zhao and Zhuang, PRD108, L091503(2023), Letter
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The color interaction between a pair of quarks is completely screened in dense

and magnetized QCD matter, when chemical potential matches the Landau levels
u7 —2nlqB| = 0.

EMTY, BB XFHMEEIFAR, L&, 20240805 [1-10



Rotation Puzzle

Does a rotation favor QCD phase transition or not ?

Lattice

favor confinement

Some Models

favor deconfinement
Effective Models

v
S

We need serious calculations in QCD.
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Workshop on QCD under rotation, Shanghai, 20231111
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Gluon Propagator in Curved Space (w # 0)

A rotating system is equivalent to a curved space,
it can be described by a transformation between the flat and curved space.

Flat space: X, Curved space: x,
rt =t

Transformation: { * = xcos(wit) — ysin(wt)
y = xsin(wt) + ycos(wt)
LZ - Z_

Gluon self-energy:
n#a.a) = [ 52 Eh/*(mq)h’?( Qla"EE(Q)

curved space flat space

hA(Q|CI) = fd4 \/ det(gap(x))_el(cvc Qx)

dxH
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Causality and Boundary Condition

Causality:
wR <1

For a rotating quark-gluon plasma created in RHIC,

R ~ 10 fm
w < 30 MeV, smaller in comparison with normal s and T

— Boundary condition:

2T - R
Q :TN' N = (N1;N2;N3)
- 27T—> —
q = T": n = (ny,ny,n3)
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Gluon Mass at Finite ur and w
Huang, Chen, Jiang, Zhao and Zhuang, arXiv 2408***
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1) m decreases with w, it means an antiscreening effect.
The density induced screening effect is partly cancelled by the rotation.
Rotation favors confinement.

2) w (< 30 MeV) is much smaller than us (~ 500 MeV), the rotation effect
Is weak, the maximum cancellation is ~5%.

3) There is no rotation effect in vacuum (u; = 0).
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Rotation Effect at Small i,
Huang, Chen, Jiang, Zhao and Zhuang, arXiv 2408***
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1) At small uf, the rotation effect becomes dominant!

2) The density effect is completely cancelled at a critical rotation w, = 2u,

and then the imaginary mass means that gluons can no longer be
considered as physical particles (confinement), as suggested by Gribov.

3) At finite T, the divergence is expected to become an oscillation.
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