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Quantum Color Screening in External Magnetic Field:
the s positive definite

Minimum coupling principle + external (classical) magnetic field B = Be.: EOM
(iv-80+qy-A—m)G(z,z') =8z —z'). (1)

Introduce the kinematical momentum operator I1,, = ,, + ¢A, and solving the Dirac equation, the eigenstate equation of
H=—(v- M2 =12 - (¢/2)d* Fp is

H1p) = (=pf + P2 + chonym.) 1) @)

: 2
with the Landau energy levels Tmyms = 2l|lgB| + [1 — |my| — sen(q) (m; + 2ms)] |gB|
(t=0,1,--- ,00,m; = —1l,---,0,--- ,land ms = —1/2,1/2 and the four-momentum eigen state

Ip) = |po, Pz, 1, my, ms)).
The Landau energy levels 6?mlmg > 0 and the constraint 7;0(2) > 0 (in the imaginary time formalism of finite temperature

field theory) lead to a positive definite 7.

Glaa!) = ol ey = = [ ds ol (- T me ), 5)
- 0
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Schwinger propagator

Denote T1(s) = U(—s)I1U(s) through U(s) = e~ Hs,
! o 7m23 ’y ) /
G(m,z):—/o dse (x| U(s)(y - II(s) + m)|z"). )

Similar to the transformation from the Schrodinger picture to the Heisenberg picture in quantum mechanics, the
s-dependence of the momentum and coordinate operators are controlled by the Heisenberg-like equations,

3sﬁu(3) = [ﬁ,ﬂu(s)]=2inw,HV(s),
Bsip(s) = [H,#u(s)] = —2ilu(s), (5)

a more computational efficient Schwinger propagator formula

G = _/Ooo%{[m*(”p)\l} [l_isgn(Q)'Yl’thanhu]—%}

v 2_ tdnhv
xe TaB] (m?—pfj+tompep? ) 6)
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high temperatures require weak-field treatment of magnetism
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Debye screening mass (leading order
m2D = Hoo(ko =0,k —> 0))1

2 _ g° d’p 2
mq (T, B) = —?Tg/wﬂ [v0G(P)v0G(P)] P (P ),
with pg being

oo
31,0
p(p7) = 2laB| > (1 - 72 )5(1721 — 2l|¢B]),
=0

» The magnetic field at RHIC and LHC energies: maybe
strongest in nature;

» Should be treated as a weak field in comparison with the
fireball’s high temperature.

[1] G. Huang, J. Zhao and P. Zhuang, Phys.Rev.D 107,
114035 (2023)

6/23


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.114035
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.114035
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the H’s positive definite break in Schwinger propagator

Solve the equations and obtain the quark propagator in the external magnetic field,

®  dv . P }
G(p) = — —qim+ - n(q)vy1vy2 tanhv] —
) ./0 l¢B]| {[ PH] [ = isen(@)myzt ] cosh? v @

v 2_ 2 tanhwv, 2
« o T (mP—pf Hentept )

In thermal dense QCD matters, one needs to consider the quarks’ chemical potential p 1o and

; _ 2 2 2 _

Hlp) = [—(po + 1f)” + Pz + €lmym, ] IP) = Hp Ip) ®)
with pg = —iwn, Re(Hp) = w2 =2 ypyé? and Im(Hp) = 2wnps.

> n f z lmyms P nHf

There exist the condition that Re(Hp) < 0if py > «T.

A naive substitution of pg with pg + 115 in the Schwinger propagator is incorrect!
Key Method: avoid the integral divergence of [ s].
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analytic continuation to introduce density effect

The increment of the square of Debye screening mass:

dps 2 — w2 /p? +wd
b (r.8) =13 [ G P () ©

with wy, = (2n 4+ 1)xT. The K(z) can be represented by the following integral formula if Re(z) > 0 (b = |qB|/(4x2T?))
(oo}
K(z) = 4b/ de e 207 ¢[1 b2 coth(be2)]. (10)
0

The analytic continuation (wn — wrn + ipg) can not keep the real part of z (= [pg + (wn + iuq)2] /(2]|qBl)) being positive,
use the following relation

11 1 1
Mol = smt . " sermz agxn TN - Z (m—l—n an
N = i 1|6 T 12

= | Floor 214B] + (Mq_ﬂ' ), (12)

then (pz + w?L — ui)/(2|qB|) + N> (n272% - ui)/(2|qB|) + N > 0, and K(z + N) can be represented by the ¢ integral.
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comparison with the weak and strong magnetic field approximations
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The magnetic field dependence of m /g and the comparison
with the approximations of weak and strong magnetic field are
shown in the Figure at high baryon chemical potential ug = 1
GeV for low and high temperatures 7' = 20 MeV and T' = 100
MeV.

Debye screening mass in thermal, dense, magnetized QCD matter

» T — 0: mp /g oscillates Mg = 2l|qB|

» Landau energy level matches the Fermi surface of quarks:
mp/g — +oo,
Color interaction between a pair of quarks is
completely screened.
» The low temperatures in compact star cores justify
classifying the magnetic field as strong based on our prior

criteria, which implies the expected emergence of the
p-B-oscillation.
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Fermi-Landau Matching Triggers Debye Mass Divergence:

connection with Shubnikov-de Haas effect (SdH)

Debye screening mass in thermal, dense, magnetized QCD
matter

my/g [GeV]

» T — 0, the screening mass oscillates ,ug = 2l|qB]|

> 2-d massless quark gas’s number density,

o oo E/(wh%c?)
=1Gev = / ap__Amve)
Mo T o mev "o T ET IR

—— T=20MeV » states number for T = 0,

g(k) = g (dV/dE) = E/(xh*c?),
degeneracy: g;, = 2/(27)2,

2-d system: V = k2,

massless quark: E(k) = hke.

> ng = u2/(2rh?c?)

0.0

°
oF[TT T T T

T
eB| [Gev?]

» Shubnikov-de Haas effect (SdH)

= B; = neh/(2le).
ne: the 2-d electron number density.

electrical resistivity oscillation screening mass<electrical resistivity

PRL 108, 216803 (2012).
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.216803

validation of analytic continuation via magnetic field and thermal limits

» Not only do the extreme conditions of strong and weak magnetic fields agree with our theory, but at low temperatures,
our theory is also in agreement with the experimentally measured results (Shubnikov-de Haas effect).

» More importantly, the above results demonstrate the correctness of the analytic continuation procedure:
specifically, performing the s-integration first, followed by the shift pg — pg + 114.

[2] G. Huang, J. Zhao and P. Zhuang, Phys.Rev.D 108, L091503 (2023)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L091503
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Rotation-induced confinement:
motivation to study the density-rotation effect

Since rotation is similar to magnetic field in the sense of breaking the spherical symmetry, the phenomenon similar to the
Shubnikov-de Haas effect is expected to happen in a rotational QCD system.
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represent rotation by gravity

2t = (t,x,y, 2)

» In analogy with the weightlessness case in uniform circular motion space station. In a rotating frame (z**) with the
same angular velocity of the system, the QCD matters (astronauts) kinematically feel weightless, which corresponding
to the no gravity case, or flat space case.

» Then the Einstein’s Strong Equivalence Principle tells that this coordinate systems’ transformation can equally be
described by the curved gravity (z*), and the transformation between the curved gravity and its flat one should be
covariant, due to the homogenous transformation of the tensor in General Relativity.
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Proof of the gluon propagator to be tensor
The action and partition function in a curved space are defined as

sicl g = [ dtey/= detgu @) [c (cl@).al @)+ % (68 @) +1%@at@]. a3
z[0%) = /ch,/—dct(gw(x))eis[c‘fw’i]. (14)

The gluon propagator can be obtained by the functional derivative with respect to the auxiliary field J' ‘L (),

D (ay) = ety (@) det(gpu )2 LT (s)
k) - - v 14 .
ab # . Z[7%] 6J%,()86J% (y)
Taking into account the transformation for the auxiliary field and the definition for the § function in the curved space,
_ ozt
Jo(@) = 570 J% (@),
4 1 4,
5 (x — —_— " (T — 16
(=) ee a0 @ (16)
there is
0 ozt 1 o
- _ . a7
8J¢, () 0z | det(0xt/0T7)| §J%(T)
Considering the relations | det(9z* /0z7)| = [— det(gw,(:b))]_l/Q, Z[J9,(z)] = Z[J5(@)], the gluon propagator in the
curved space can be represented by the one in the flat space,
B gy 827179, HoagyY
D@y = - O L Ul _ 022 0" Hon iz . as)

- 0z7 OyP 21J9] 6% (x)8JY(y) 077 oyP P
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calculating the curved-space gluon self-energy

The coordinate transformation for a constant rotation w around z-axis is

t = 1, 19
z = ZTcos(wt) — ysin(wt), (20)
y = Zsin(wt) 4 ycos(wt), (21)
z = Z, (22)

then for the inverse gluon propagator D, the covariant transformation should be

—1ab 9z 07” —_1.ab . _
(D ]Zu(z,y)Iamﬁayﬁ[D lop (T—79). @3)

"fl"his transformation keeps valid for both D1 and Dy L then 11, for Hﬁ;‘, = [D_l],‘i,b, - [Dg I]ZI,’, in both coordinate
rames.
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cube model: addressing faster-than-light issue at boundaries

wL/2%°<c

The collisional fireballs are not necessarily being
rotational symmetric, in shape.

To quantitatively involve the constraint from the
causality in our treatment, we consider a cube of QCD
matter with side length L. In this case, the angular
velocity w should be smaller than v/2/L.

The finite volume changes the continuous momenta to
discrete ones

p= (27/L)n,p = (2r/L)7,
n = (n1,n2,n3),n = (71, n2,n3),

ni,m; €Z,(i=1,2,3).

The cube model makes the calculation much easier.
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Momentum space representation of the covariant transformation

» Covariant transformation: coordinate — momentum » The second-order and first-order translation tensors
the gl i 77 @lp, ') = WS, @lp)HY, (~71p)
the gluon self-energy in curved space can be expressed pv \PIPsP ) = 0y (PIP)RS, (=PIP )
as 0z L
5 R @le) = [ dtay/= detgap (@) 5o e 707D,
Hub (» pl) _ P To-p(ﬁlp pl)ﬁab @) dxk
) ) .
[t (2m)4 " HY P 1— (22 +9y?)w? —yw zw 0
- —yw -1 0 0
gap(@) = zw 0o -1 o0

0 0 0 1
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Zero-temperature gluon self-energy at one-loop in flat spacetime
Use the energy projector method to obtain the gluon self-energy of quark loops, the double lines indicate quark modes with
positive (one arrow) and negative (double arrow) energies.

e

The gluon self-energy can be represented as the summation of transverse and longitudinal parts
T, (@) = 6°* P, ()T (7) + P, (0TI (7)), With

2,2 =2
- 9 ny (25 g _
() = — — +1 —_— Fp(npg, |Pl, skq),
T(P) fE (\5\2 PR nE:i 7 (nPo, [P, skq)
2,2 =2 2
— . gny ( Pg g _
T, (p) = — =1 - —— Fr(npo, P, spq),
L) =55 <\5\2 ) TR nE:i L (nPo, [Pl: skq)
s)2
e (=2 =(2) (=2 — = =2 — . — 2 s (By)
Fr(npo, P, suq) = (Po — IPI P + nPo|P| + 4P| + 4nspugPo + 2504 |P| + 4ug ) By In B~ B2 )
0 —

Fr(nPo, [Pl s1uq) = (75 — IP1°) (nPo + 21Bl + 2514) (B5)” In (

(83)° >
(npo — 1P)? )
where B; is defined as B, = npy — |P| + 2suq.

The result covers both the low and high density conditions, and when pg, |p| < pq, the result goes back to the HDL.

[3] G. Huang and P. Zhuang, Phys.Rev.D 104, 074001 (2021)
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https://doi.org/10.1103/PhysRevD.104.074001

Dynamic mass: m?iy = Ipo(ko — 0,k = 0)

» The de Haas-van Alphen effect (dHvVA) happens every
time the orbital states pass through the Fermi contour,
g = (n+1/2)0, with & = eH/me.

PRL 74, 2311-2314 (1995).

mi/ ¢’ [MeVv?]

» Since there can be many Landau levels
(n=0,1,2, ), many divergences will emerge with
increasing magnetic field.

» For the rotational matter, however, there is only one
positive energy level w/2, there is maximum one
divergence for the gluon mass at w = 2p4.

T uq:lSMeV

H
H
P
BT ) IR RN B U ATIN AP RTIATEN SRR AT
10 5 10 15 20 25 3

o
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High Density Reverses the Effect of Rotation on Dynamic Mass
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» The density will change the enhancement and attenuation effect of rotation on dynamic mass
Focus on the area of g > w/2, the high density actually reverses the effect of rotation on dynamic mass:

T =0, pq > w/2,but pugissmall: w T, m, /g 1

T =0, pg >w/2,but pgislarge: wt,m, /gl

[4] G. Huang, S. Chen, Y. Jiang, J. Zhao and P. Zhuang, Phys.Lett.B 862, 139274 (2025)

22/23


https://doi.org/10.1016/j.physletb.2025.139274

Summary

T-B competition:

» The magnetic field at RHIC and LHC energies: maybe strongest in nature, should be treated as a weak field in
comparison with the fireball’s high temperature.

q-B oscillations:

» There may exist Shubnikov-de Haas effect (SdH) in the center of compact stars.

pq-w oscillation:
» The pq-w oscillation at low density condition.

» The enhancement and attenuation effect of rotation on dynamic mass will be changed by the density.
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Thanks for listening!
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