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QCD under new extreme conditions
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Color Super-Conductivity (CSC)

Ground state of dense quark matter is CSC

(i) Deconfined quarks( 4 >> Aqco )

| ——————
(i) Pauli principle(s=1/2) }

(i) Effective models( # 2= Agep )

(i) One-gluon exchange(u >> Ay )
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CJT effective action of QCD

I[D,S]= %{Tr IND*+Tr(D'D-1)-TrInS™*-Tr(S*S)-2r,[D,S]
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Gauge field fluc. induce 15t order PT of CSC in dense QCD
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cond

Ginnakis, Hou, Ren, Rischke, PRL 93 (04) ; PRD73 (06)
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Introduction of ﬁ3 term in free energy by flucts. Inducing 1st

order PT in stead of 2nd order PT in MFA
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Nonspherical states in dense QCD with B
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EoS of dense QCD matter and NSs

T. Kojo, DF Hou, Okafor, Togashi.
PRD 104 (2021) 063036
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Feng, Hou, Ren PRD 92(2015)

Dimensional reduction & enhancement of fluctuation
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FRGE and phase structute

FRG flow equation

* For continuum field theory

* Non-perturbative

* (known) microscopic laws — complex macroscopic phenomena
* Flow from classical action S[@] to effective action ['[@]

» Scale dependent effective action [ [@]

O R
Wetterich, PLB301, 90 (1993). O 'y = %TI‘ [ ok
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FRGE study of phase diagram: Flucts on CEP
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FRGE study of the quark-meson model with w and p vector mesons

o A puzzling feature: FRG studies often show a back-bending of the phase boundary at

low temperature —an unphysical minus entropy.

@ This behavior may result from pairing instabilities and insufficient regulation in IR.
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FIG. 2: The phase diagram of the FRG with different vector
couplings. Dashed (solid) lines show the second (first) order
phase transition. Stars show the tri-critical end point (TCP).

Zhang et al., Phys. Rev. D 96 no. 11 (2017)
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FIG. 4: (color online) The dimensionless entropy density,
8/T%, is shown as a contour plot together with the CEP and
the first-order phase transition line, cf. Fig. 3. The inset
numbers denote the corresponding values of szs_ Beyond
the first-order line, a regime with negative entropy density is
found.

Tripolt et al., Phys. Rev. D97 no. 3 (2018)



Chiral Limit FRG T—y Phase Diagram
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Sensitive to isospin chemical potential ;.7 and vector meson interactions.
Inclusion of ;1 and p meson suppresses back-bending.
Tricritical point (TCP) shifts to lower temperature and chemical potential.

e Shows weaker first-order transitions and smoother crossovers at larger ;.

o MF

: As uy increases, the TCP moves to lower temperature and lower quark chemical



Strong Coupling EXpansion of Gluodynamices on a Lattice under Rotation

Gibbs free energy reads . Sheng Wang,Jun-Xia Chen, De-Fu Hoal:xll-lvmzsc(?sngi;%n?
F = —TInQ Q = Trexp[— (H—w],)]
For a slow rotation, we have
FIW, T =F© — %Iwz + 0(w*) =FO — 2”—;21 + 0(w*)

The transition temperature to the leading order correction by a small linear speed v = wR at the boundary is given by
T, = T (1 + Bv?)

The symmetry breaking solution
W = WO + v2W1

our analysis revealed that determine the coefficient B independent of the strong coupling approximation, i.e.
Al
2R%L

B=-

where L is the latent heat and AI is the discontinuity in the moment of inertia at the transition.



Strong Coupling EXpansion of Gluodynamices on a Lattice under Rotation

The action in the rotating background is!] t"
2N, 1 _ 1 _ _ v
S¢=—5 Z[(l — p?w?) (1 — —ReTary> + (1 — y2w?) <1 — —ReTarz) Upw = % >
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Spatial coordinate average z - z Plaquatte averagel? l

1
SG = SO - ?(EO + (l)El + wZEz) /

Q = jl_[dU”(x)e_SG[U] u
XU

[1] A. Yamamoto , Y. Hirono. PRL . [2] M. Gross, J. Bartholomew, and D. Hochberg.
arXiv:1303.6292. Report No. EFI- 83-35-CHICAGO, 1983.




Strong Coupling EXpansion of Gluodynamices on a Lattice under Rotation

Gibbs free energy reads 1
F = —TInQ Q = Trexp[— (H— w],)]

For a slow rotation, we have 1 2

FIW,T] = FO — Elwz +0(w) =FO — oral + 0(w*)

The transition temperature to the leading order correction by a small linear speed v = wR at the boundary is given by
(0) B 1 0.01119
— 2 =—-———-~= —0.
Ty =T, (1+Bv?) 2404

We found that the deconfinement T decreases with the angular velocity, opposite to the tendency
revealed in lattice simulation but in line with most of holographic results.
We also found the string tension enhances by rotation.

S Chen, DF Hou, HC Ren, arXiv:2505.15487
K. Fukushima, Y. Shimada, arXiv: 2506. 03560
JCYang, XG Huang arXiv: 2307.5755

Braguta et. al. arXiv:2102.05084


https://arxiv.org/abs/2506.03560

De Hass-van Alphen Effect with Rotation

Shu-Yun Yang, Ren-Da Dong, DF Hou, Hai-Cang Ren, PRD 107, 076020 (2023)

! Iz 2_r
finite T poL B 1 ™ LB(“ - Mo 4]
dHvA 2E2R2 13;’2 - inh UrT(u+Mw)
eB
(eB) 2
Zero T Pyoa TR A Ma) Z 57 €08 [—(,u + M)~ — —]

In rotation, the thermodyn Equil. is established under a AM. The equal
distrib. of different AM states within a LL is offset by the nonzero AV
with higher AM more favored than lower ones, which amounts to lifting
the degeneracy of LL. The dHVA oscillation is thereby expected to be

reduced by rotation



De Hass-van Alphen Effect with Rotation

i i -20. T T T
0004 fx10 P=A0m?
=211
0.002 5.x10
(=] (=]
< 0,000 L: | SYYY.
¢ g
I o
g -0002 K
=~ wR=0.04
_0004 m2 ) w 005
— = A0 — (R =0030 :
-0.006 —P25”’§r | | - — R=005 .
0.2 04 0.6 08 10 02 0.4 06 08 10
2
eBln’ eBIm?

Huge suppression of dHvA oscill. (17 order)
due to large size

Shu-Yun Yang, Ren-Da Dong, DF Hou, Hai-Cang Ren, PRD 107, 076020 (2023)



sQGP matter via AdS/CFT

4dim. Large-Nc strongly coupled
SU(Nc) N=4 SYM ( finite T).

Maldacena ‘97 i

conjecture
Witten ‘08

Type Il B Super String theory on AdS5-BH X S5

Some complicated Field theory calculations become
simple “geometric’ problems in higher dimensions



Phase diagram @2+1 flavor

Holographic model: [1] RG. Cai etc, Phys.Rev.D 106 (2022) 12, L121902 « e-Print: 2201.02004

> The action:

/ d°x/—g[R — —qubV“qb—. F F* — ,

where the potential and Kkinetic functions read

’ b
_ 2 < 2 6
V(qb) = —12Zcosh {Cl qb] + (661 ) QS + CQ¢ ! I Capturing the behavior of EOS at zero chemical potential. I

1 _
Z(qb) = 1+ Cs SECh[C4¢53] + o5 ‘I Capturing the flavor dynamic.

ZHN

> The metric:

d 2
ds? = —e ") f(r)dt® + %T) + r2(da? + da3 + dxd),

¢ = ¢(r), Ay = Ag(r),
1 2m 4

» The Hawking temperature T—

L e )2 S = =T
and entropy density: A f (Th)e @h‘ effective Newton constant




Phase diagram @2+1 flavor

» Thermodynamics with rotationm:
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ID: Yan-Qing Zhao, Song He, Defu Hou, Li Li, Zhibin Li, JHEP 04 (2023) 115+ e-Print: 2212.14662

> 2+1 flavor:

black solid line: denoting the location of CEP.

At high Tand small fi5: Being the smooth crossover.
At low Tand large fig: Being 1st-order transition.
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» Pure gluon(/iz = 0):
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Phase Structure with magnetic field

0.16
o= --- (a)
015F - Black: B=0
HHHHHHHHHHHH Red: B=0.05
S\ 0.14} b Blue: B=0.1
8 s
= 0.13F
0.12F
0.11 ' ' '
0 0.1 0.2 03

y

1.5x10-3’?
1.x 1078}
5.x107%}
0
~5.x10°°}
-1.x1078t

0.16

(b)p=0.1

—————
-_——
e

-

0.15 NHH Blue: p=0.15

Black: p=0
Red: p=0.1

- -

0 0.05

0.1 0.15

Zhou-Run Zhu, De-fu Hou, Phys.Rev.D 110 (2024) 6, 066010



Jet quenching around Tc with B

/T3

e

T(GeV)
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Zhou-Run Zhu, De-fu Hou, Phys.Rev.D 110 (2024) 6, 066010
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Dragging force JX. Chen, DH, H.C Ren, JHEPO3 (2024) 171, arXiv: 2308.08126

dp, 1 oL—>
Components of drag force dt - 2ma’ oxt
ar

1

Drag force of u component

dp¢ _ _Tl,'\/ZTZ 2 1

Azimuthal dt = > wlo ﬁ
d 1 TV
Radial % = —w?l W[ ( 2)1 —[nresc— cut off r,, = 27Ta’mrest
- 2(1 —v2)4
d AT? 212 1
L ongitudinal Pz _ _ Al v (14 @ % )

d d d AT?
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S. S. Gubser, PRD74, 126005 (2006); C. P. Herzog, etc. JHEP 07, 013 (2006).
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Phase structure and critical phenomena in 2-flavor QCD
Yan-Qing Zhao, Song He, Defu Hou, Li Li, Zhibin Li ( Phys.Rev.D 109 (2024) 8, 086015 )
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Yan-Qing Zhao, Song He, Defu Hou, LiLi, Zhibin Li ( Phys.Rev.D 109 (2024) 8, 086015 )

I Critical behavior I
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The spectral function of heavy vector mesons

Mamani , Hou, Braga, PRD 105, 126020 (2022)
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Spectra functions

of J/W and T (1S)

W.B. Chang and De-Fu Hou, Phys. Rev. D 109, 086010 (2024).
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Spin alignments of J/y¥ and ¢ mesons in hot plasma

Motion of J /¢y relative to a thermal background breaks symmetry
between longitudinally polarized state and transversely polarized state

Spectral function
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At zero momentum, spectral functions for all spin states are degenerate because of the rotation symmetry.

XL Sheng,YQ Zhao SW Li, F Becattini, DF Hou PRD 110 (2024) 056047
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Spin alignment in the helicity frame

XL Sheng,YQ Zhao SW Li, F Becattini, DF Hou PRD 110 (2024) 056047
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negative A9 parameter.

pl atT = 0.1 GeV has a nonmonotonic dependence to |p)|.
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J /Y meson in magnetized plasma

> _ Yan-Qing Zhao ,Xin-Li Sheng ,Si-Wen Li DF Hou, JHEP08 (2024)070
» Spectral Function: T — 0.2 Gov
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A nonzero magnetic field or a nonzero momentum will induce a separation between longitud. transversely polarized modes.
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89

Yan—Qing Zhao , Xin—Li Sheng , Si—Wen Li

DF Hou, JHEPO8 (2024)070
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For the helicity frame and the Collins-Soper frame, we find that the Ay parameter is dominant
when measuring along the event plane direction, all three parameters A5,
AZY, and AGY are of the same order.

ALICE Collaboration, S. Acharyaetal., Phys.
Rev.Lett. 131 no.4,(2023) 042303
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Summary

Properties of strongly interacting matter under extreme conditions are
very interesting!

- QCD Phase diagram under rotation and Magnetic field
- Transport properties of rotating magnetized matter
- Spectral function and the spin alignment of vector meson

- How to understand the different results of rotation from lattice?
(Polarization induced by Magnetic field and rotation?)

Thank you very much for your attention!
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Static isospin matter: pion superfluidity;
sospin matter under rotation: emergence of rho condensat
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Rich phase structures found;
Could be relevant to low energy i
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Condensation temperature versus the dimensionless magnetic field

Feng, Hou, Ren , Wu, _PRD 93 (2016)085019
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