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QCD under new extreme conditions
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Global spin polarization: Experiments

First measurement of A polarization by STAR@ RHIC
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STAR, Nature 548,62 (2017)
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Vorticity interpretation of global A polarization works well!
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Phase structure under rotation
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Isospin Matter under Rotation

Vacuum: sigma condensate;
Static isospin matter: pion superfluidity;
Isospin matter under rotation: emergence of rho condensate!

olu mber 202 1003 | | s T T
Volume 44 November 2020 -
E .. p =
S B — — . -
2 s
= 50 / TCP —
3 - { J
i | o
i | Solid: 1st Order J
i | Dashed: 2nd Order
o | Dotted: Crosslover
0 200 400 600

Hr (MeV)

Rich phase structures found;
Could be relevant to low energy HIC
or neutron star matter

[Hui Zhang, Defu Hou, JL, CPC44(2020)11,111001]




Phase structure with rotation with hQCD

Talks in this WS: Song He, DanLin LI, Jichong Yang
» 2+1flavor:
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The spectral function of heavy vector mesons
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Spectral function of Heavy quarkonium with B

Talk in this WS: YQ Zhao, JX Chen

Spectral function: Yan-Qing Zhao, Defu Hou, Eur.Phys.J.C 82 (2022) 12, 1102 + e-Print: 2108.08479

As increasing magnetic field, the dissociation effect increases and it is stronger for the parallel case.
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Hydrodynamics with Angular Momentum

Phenomenological issues?

How to incorporate the angular momentum into the
hydrodynamic framework?

In particular, how to include spin degrees of freedom?

Florkowski, Ryblewski, Kumar, ...;

pecattn, Tint, Buzzegoll - Bacatin, Rischke, Wang,
g ’ 7y Hattori, Pu, Daher, Wagner

Fukushima, Pu; +

Shi, Gale, Jeon:;

Weickgenannt, Speranza, Sheng, Wang, Rischke;

Liu, Yin, ...;

Gallegos, Gursoy, Yarom;

Li, Stephanov, Yee;

Talks in this WS:

[See the ref list of arXiv:2105.04060]
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Relativistic viscous hydrodynamics with angular momentum
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Ideal Hydrodynamics

0, T"" =0,
o, N" =0,
T(’S’)/ = eutu” — pA*Y, N (’“6) = nut
e =—p-+1Ts+ un,
e M
S(O) = su,

8}“5’{6) = O, (sut) = 0.

Microscopic physics enters via thermodynamic relations (i.e. EOS)

See e.g. Landau and Lifshitz



Navier-Stokes Viscous Hydrodynamics

vV
0,T" =0,
0,N" =0,
TH = eulu” — pAFY +THY |
N¥ = nut + N¥ | SH — gyt + SH.
9,5" > 0.
I = _Cea
T = 2V Ky,
LVl &
See e.g. Landau and Lifshitz ¢" = AT ( T DU“)

Microscopic physics also enters via transport coefficients in viscous terms.



Goal: Navier-Stokes Program for Ang. Mom.

e(z*), n(z"), o™
T'(2), p(zt), wh
p(z), s(z*), ...
v(z)

O =
9,T" =0
9" = 0

JHVQ — VB Py g
\ aﬁz;wa — pav _ pra

~L We choose to deal with only the conserved quantities, i.e.

A < | < L, a coarse-graining process

Local angular momentum current
Local angular momentum density
Local angular momentum chemical potential
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angular momentum.
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Ideal Hydro with Ang. Mom.

T(’é')/ — eutu”’ — pAH”, N(’“(")) — nut.
Eﬁgﬁ — o*Put. 8MJ(’6()XB = 0%0 + Do’ =

Generalized thermodynamics:

e+p="Ts~+ un + wazo®”

dp = sdT + ndp + 0 dwas
de = T'ds + pdn + wqua““g

It is straightforward to verify: no entropy generation

3”5&’)) = O, (su") =0



Viscous Hydro with Angular Momentum

THY = euu” — pAH”Y + T
N = nut + N

SHAP — yF P ssHs

SH — sut + S".

Let us first focus on entropy current: W. Israel, J. Stewart, Annals Phys. 118, 341
(1979)

St = pB' + B,TH — aN" — BwasZH™’

Leading order: N
8,,,5{“8) — 2,8wa5T(a) — T(a,) — 0.

Next order (2nd-gradient):

o,S" = 0, (pﬁ‘“’ + B8, TH" — alN¥ — Bwagzﬂaﬁ)
T’MV(‘?M,B,, — Nﬂaﬂa — f]”aﬁau(ﬁwag) >0



Viscous Hydro with Angular Momentum: Eckart Fram

= NF Write down all allowed Lorentz structures
NV, to the correct order of gradient expansion
TH = eutu” — (p + II)A*Y + 2uBg¥)  7oHv
N = nu"

sraB — B 4 2ul AP + 24l ("")ﬁ] e 2u[a'r( y + eHrah

Plug these into the entropy current divergence and
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Five new positive angular momentum

transport coefficients: X1, X2, X3, X4 and x5
T(f—;ﬁ)ﬁ’ = — you® [(AﬁpAH’}’ + AHPAﬁ’Y)
2 W
2 AHBAPY o )
2 o] v, (£22),
(,c;ﬁ)ﬂ — — yau® (AﬁﬂA#’T _ AHﬂAﬁ’Y)VT w;p )’

@HaB — _ X 4 (u uP A — uaupA‘B‘s) A*‘”VT(%)

+ s A% AP ARy ( ;f )



Viscous Hydro with Angular Mom. : Landau Frame
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Following the same procedure, one obtains
essentially the same consistent results.



De Hass-van Alphen Effect

W. J. De Haas and P. M. Van Alphen, in Comm. NO. 212a from the Phys. Lab, Leiden (1930).
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The dHvVA effect in a degenerated system of charged fermions is the consequence
of filling discrete but highly degenerate Landau levels in a magnetic field.
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De Hass-van Alphen Effect

Without rotation (in Ultra-relativistic ) :

-Jll-h

eB

T(eB)z o5 ! H = E] T—>{} (eB): «— 1 I
_ I 2 —
PdeA _ 472 Z ]32 sinh ZIIET,H 8;,1-4 21 2 [ H ]

eB

In static, all degenerate states within a LL are equally probable to be occupied.
Varying the strength of the magnetic field will cause a large number of fermions
to jump between different discrete LLs, resulting in oscillatory dependence of P
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Ultra-relatisvistic gas in cylindrical coordinate

H = —ic - (V — ieA)
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Shu-Yun Yang, Ren-Da Dong, DF Hou, Hai-Cang Ren, PRD 107, 076020 (2023)



Thermodynamic Pressure (UR.)

«—
P =£ z [In(1 + e PUal=Mao—y 4 1n(| 4 e=Plal+Matiy]
n=0,M>0.g>0

With rotation

+ Z Z [ln(] + e—ﬁ(\/q2+2neB—Mr.o—,u)) + ln(l + e—ﬁ(\;‘q3+2neB+Mr.o+,u))]
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- 2 1 —
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Strongly degenerate, p >> T(anti-particle’ s contribution can be neglected )
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De Hass-van Alphen Effect with Rotation

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

I 2_
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In rotation, the thermodyn Equl. 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 oscillation

dHVA in NS with rotation (R=1km)
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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)
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dHvA oscillation in cold & dense QGP droplet (R=10fm)

W =10m;
0.0005} "
S 0.0000 VAR
: WYV W\
N — wR =003 \ \
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-0.0005p — (R =0.01
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eBIm?,

the variation of dHVA oscillation with angular velocity
appears detectable (oscillation remains)



PdHvA/p0O
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a typical electron gas in a good metal, the variation of dHVA oscillation with AM
appears detectable, via magnetization and/or magnetic susceptibility.
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Summary

Properties of strongly interacting matter under magnetic field and
rotation are interesting

- We derive the relativistic viscous Hydro with Angular momentum
- De Hass-van Alphen Effect with Rotation
Outlook: How to understand new phase structure

2-nd order viscous hydro. With AM
Compute the new transport coefficents ....

Thank vou verv much for vour attention!
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Transformation of the system of particles and the system of CM

>

T T
D Ty D MV _ dr;
- = Ve = 7 ] y Vi =
» L my dt

Srm,
ie1 T
Tl T
= E m;vi, M = E m;
i=1 1=1

! !

T

= Z [I‘,g X (Tnivi) + Sil

i=1

= Z [mi (v +15) x (ve + V) + 5]
i=1

L TE L T TE
= E mMiTe X Ve + E MiTe X Vi + E m;r; X v. + E m;r; X v + E S;
=1 1=1 =1 1=1 1=1
TL T
; ! !
= Mr. xv.+ E m;r; X v; + E S;
=1 =1
T TL T
= E m; (v, —ve) = E miVi — Ve E m; =0
i=1 i=1 i=1
T T T
= E m;(r;y —r.) = E m;r; — I, E m; =0
i=1 i=1 i=1
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Equivalence of canonical and phenomenological formulations of spin hydrodynamics

Asaad Daher®, Arpan Das®, Wojciech Florkowski”, Radoslaw Ryblewski?

Anstitute of Nuclear Physics Polish Academy of Sciences PL-31-342 Krakow Poland
P Institute of Theoretical Physics Jagiellonian University PL-30-348 Krakow Poland
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Power counting
S~ O (8°) W ~ O (97)

s s pro v
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utSP 4 uf SHY 4yt GO 4 Sl S = gV

The generalized laws of thermodynamics are
T's + wags gos
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The nonequilibrium entropy current is
Sk, =

Call

Calli
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L
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[1}..31,, + O (ﬂg)



Quantum statistical density operators
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Deconfinement phase transition with rotation
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