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Introduction




Where rotating QCD matter: Neutron stars
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Where rotating QCD matter: Rotating nuclei

How to Make High Spin Nuclei
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Where rotating QCD matter: Quark-gluon plasma
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Where rotating QCD matter: Quark-gluon plasma

* From global angular momentum to vorticity to hyperon spin polarization

Angular momentum

N —(Hy—w-S)/T

Hopnw=-5w (at thermal equilibrium) v ~g~(Ho—w-S)/
P — NT — Nl w
TN+ N, 2T

R | Awauzo50% ¥ Anaure s 25 @orn| parity-violating decay of hyperons
D-I :\ ::SF!2765:3284:96125;?20(§70}17]* , )

3l © N PAG76024915 (2007) | In case of A’s decay, daughter proton preferentially

T AoTAR iy - decays in the direction of A’s spin (opposite for anti-A)
2 — —
iﬁ a% Lt N _ L apyp)
r — (07 2 N &
dQ*  4rm P
0
r a: N\ decay parameter (o ,=0.732)
Ll L . Pa: A polarization A—>p‘|‘7T+
10 10° .. ;

STAR, Nature 548, 62-65 (2017) s, (GeV) Pe': proton momentum in A\ rest frame (BR: 63.9%, cT~7.9 cm)

(* First theoretical proposal: Liang and Wang 2004)



* More recent measurements
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Where rotating QCD matter: Quark-gluon plasma
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Effects of rotation: Comparison with magnetic field

* Hints for possible rotation effect: comparison with B field

Spin:

Orbital:

Magnetic moment

HZeeman — _75 -B

Magnetic field

In magnetic field, Lorentz force:

F = e(xXB)

Larmor theorem: eB~2mw

Angular momentum

Hspin—w =-S5 w

Rotation field

In rotating frame, Coriolis force:

F = 2m(ixw) + 0(w?)




Effects of rotation: Comparison with chemical potential

* Hints for possible rotation effect: comparison with chemical potential

Rotation Chemical potential
H = Hy —w.J, H = Ho — pN
‘ <« For massless Dirac fermions — ‘
B 77 (w/2)? (w/2)*4 T2 11 ,u4
=t e e b= 18081 T 632 1272

(At rotating axis, for unbounded system)

(Ambrus and Winstanley 2019; Palermo etal 2021) _ ]
>>> Both have sign problem on lattice



QCD phase diagram

4 N

e Rotation affects
chiral condensate
and confinement?

e Rotation effects
combined with
finite temperature,
densities, B field?

Nucleus Baryon chemical potential
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Can rotation affect chiral condensate?




Angular momentum polarization

* Consider a scalar (or pseudoscalar) pair of fermions
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AAAAA

(g
\j
Hellecal path

~ -
________

~
————————

s

13



Rotating fermions

* Consider a rotating frame

[ x" = x cos Qt — ysin Qt
y' = x sin Qt + y cos Qt
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t'=1

1 — Q%% Qy —Qx 0
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e Fermion field
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H=QA+myB+a - 7—Q-(rxmw+X)
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Rotating fermions

* Uniformly rotating system must be finite

e ¥)
N,

QR <1
R

* Boundary conditions for Dirac fermions in a cylinder
e Dirichlet B.C. (No)

« MIT B.C. (Yes)
liy"n,0) — 11y

 No-flux B.C. (Yes)
f 467"

m— ‘/‘L: Ju—
. 0 » j'n, =0 at r =R

=0 » Minimum request for Hermiticity

r=R

(Ambrus-Winstanley 2015, Ebihara-Fukushima-Mameda 2016, XGH etal 2017, Chernodub-Gongyo 2016-2017) 15



Rotating fermions

e Consider no-flux B.C.

* p: = py discretized by J;(p;kR) = 0
-l : K

* E=(pixtp;+mH)Y2>Q|l+-
R * Vacuum does not rotate

(Vilenkin 1979, Ebihara-Fukushima-Mameda 2016)
* To see uniform rotation effect, we need T, u, B,
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Rotating Nambu-Jona-Lasinio model

e Take a four-fermion model

/Z = f@[g/},g//]exp (if(l4x\/—g£NJL>
_ G - _
Lo = Y (iy" Ve — mo)y + Eww + Wiy T)?]

 Mean-field approximation

1 o+ m? £ 1 _

2 p
€{g} and W{£) :Eigen-energy and eigen-wavefunction with quantum numbers {£}
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Rotating Nambu-Jona-Lasinio model

Consider a simple case: massless, no pion modes, homogeneous

1
_ 2 2 2 _ —
gl,i—i\/pz+p[+a Q(l+2) Sn’i:ﬂ:\/p%—l—O’z—l—ZI’ZQB

Ration Magnetic field

Chiral condensate vs rotation and/or magnetic field
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Rotating Nambu-Jona-Lasinio model

Consider a simple case: massless, no pion modes, homogeneous
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Rotating Nambu-Jona-Lasinio model

Chiral condensate with rotation: finite temperature
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Can rotation affect confinement?




Confinement under rotation

* |tis not easy to intuitively imagine the rotational effect on confinement
* Results based on holography
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Confinement under rotation

* |tis not easy to intuitively imagine the rotational effect on confinement
* Argument based on hadron resonance gas (HRG) model

' I [ e—e Hadron particle data

Interpreted as
deconf. T
N
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e Rotation favors deconfinement .



Confinement under rotation

* |tis not easy to intuitively imagine the rotational effect on confinement
* Argument based on Tolman-Ehrenfest temperature

T(x)\/ goo(x) = To
} T(p) = ——V

B \/1 — p2Q)2

Confinement : Mixed Deconfinement

goo = 1 — p*Q°

0 | T(: 1 T(:Q T

(Chernodub 2020)  Rotation favors deconfinement



Lattice calculation of rotating QCD

(Yang-XGH 2023)



Formulate rotating lattice

e Gluons and Wilson fermions (Angular momentum) (vamamoto-Hirono 2013)
e Pure gluons (Polyakov loop) (Braguta etal 2021)

 We consider gluons and 2+1 flavor staggered fermions

Imaginary rotation: (A - —i{)

C Q " No sign problem ]

. No causality constraint

s

R Projective-plane B.C for x-y plane
\Periodic B.C. for t and z direction

 We measure: (imaginary) angular momentum

4 ngZ/d3xrx(E“xB“),
Ji decomposition a .
J=Jg+s,+1L, < sq:/d3:c ng% mmmmmm-  Chiral vortical effect

1
L, = Z/d?’x ¢'r x Dg.

.
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Formulate rotating lattice

Gluons and Wilson fermions (Angular momentum) (vamamoto-Hirono 2013)
e Pure gluons (Polyakov loop) (Braguta etal 2021)

We consider gluons and 2+1 flavor staggered fermions

Imaginary rotation: (A - —i{)

C Q ( No sign problem

R

. No causality constraint

|

s

Projective-plane B.C for x-y plane
\Periodic B.C. for t and z direction

We measure: chiral condensate and Polyakov loop

A s(T,0) =

(i) r.0 — T (sths) T 0

<1El¢l>0,0 - %i <1Ls¢s>0,0

LT’GTL

Lba're

exp(—Nrc(B)a/2) Lyare
tr (3o, [, Ur(n,7)] /3N
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Angular momentum

 Angular momentum

Jc and L, approximately « r?, and Sq approximately independent of r, thus
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Chiral condensate and Polyakov loop

* Chiral condensate and Polyakov loop

3 T-10MvV ¥ T=212MeV 100 MoV ] » Imaginary rotation tends to
T rousMeyv i TZEEMWj 2 } roi00My gihary
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$ T =166MeV — %;;‘ "B, 3 T =166MeV .
1 ek s ; 08tk Z.,'e"ﬁ e | & T sm0MV] deconfine the system
L — e Sl T s S TP I R » The phase transition lines
~ :jk ...... ¢- ...... poit o § ------ o RS ‘.0... ., ‘;.,;':. .,0*%,\ . .
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e Chiral and Polyakov loop susceptibilities rotation, this implies
rotational catalysis of chiral
. breaking and confinement
% 20 » Opposite to effective
§< 1o 250 K models /

250

0.1 4 T [MeV] '
Qra] Qrfa!] P ,l
(Yang-XGH 2023; see also Braguta 2021 for Polyakov loop for pure gluon) 29




Imaginary rotation to real rotation

* Imaginary rotation is very different from real rotation
RG ot To160MeY fRG for quark-meson model
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- =262 | (Chen-Zhu-XGH 2023)

T T T
5 6 7 8

4
Q,/Tlm]

* Can we make the analytical continuation to real rotation?

» fRG for quark-meson model » Lattice QCD with Taylor expansion at small rotation

0.14

Taylor expansion
---@ - Imaginary rotation

$ (Yang-XGH 2023)
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Summary and outlooks



Summary and outlooks

* |t is NOT understood how rotation modifies chiral and deconfinement phase
transitions of QCD.

¢ O ut I O O kS : Temperature

A

Quark-Gluon Plasma
X Symmetry Restored

More lattice simulations for imaginary "
rOtatIOH ,’/ Hadronic Matter

Cross check torsion effect on chiral

condensate and confinement on lattice
(Yamamoto 2020)

More model studies
(Chen-Fukushima-Shimada 2022; Sun-Xu-Huang 2023)

Rotation g Spin-1 Color Superconductor?. g

Thank you!
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Rotating QCD matter: Quark-gluon plasma

Angular momentum conservation

No rigid rotation*, but local fluid vorticity

1 L)
w =-=-VXv D

spectators ks

2
(Angular velocity of fluid cell)

participants
before collision

\

Au+Au, +f s=200GeV

after collision

150f

100/

9| (Ax10%)

50}

K| (10°R)

* At low energy, there is a possibility that two colliding nuclei fuse into a compound high-spin nucleus
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Rotating QCD matter: Quark-gluon plasma

* Angular momentum conservation

No rigid rotation*, but local fluid vorticity
spectators g ; :
s ! V X
Si w =-=VXv
2

(Angular velocity of fluid cell)

participants

before collision after collision

 Estimation at low energy \/s = 2my

_ b ys—2my 22 o—1
part of J,~Ab(y/s — 2my) retained in the produced matter: O~ ame 10
A
J=[d3xI(x)w(x) ~ [d3xs(x)xfw ~2my AR; @ for b < 2R, (b = Ry, \/s =3 GeV)
 Estimation at high energy +/s > 2my ) i(sz)z oo
part of J,~Ab /s retained in the produced matter: @ Ri\ /s >
J = [d3xy?(x)e(x)xfw ~ s A\s R @w/(2my)? for b < 2Ry, (b = Ry, /s =200 GeV)

* At low energy, there is a possibility that two colliding nuclei fuse into a compound high-spin nucleus 2



