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Introduction




Where rotating quark matter: Neutron stars
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Where rotating quark matter: Quark-gluon plasma
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Where rotating quark matter: Quark-gluon plasma

* From global angular momentum to vorticity to hyperon spin polarization

Angular momentum
dN
. —o—(Ho—ar$)/T

Hopinw = —S - w (at thermal equilibrium) dp

p— NT Nl w

Ny + N, 2T
e First measurement of A polarization by STAR@RHIC *

Ry munuzoson ¥ vewwesio cas o parity-violating decay of hyperons
- .l i A :zgﬁj‘:gjgjzgggj: 1 In case of A's decay, daughter proton preferentially
* AoTan :'e:l::i:ary ] decays in the direction of A’s spin (opposite for anti-A)

Al e, LSV

0
a: A decay parameter (o ,=0.732)
-1 e . Pa: A polarization A —p+7-
10 102 P’ proton momentum in A rest frame (BR: 63.9%, c7~7.9 cm)

STAR, Nature 548, 62-65 (2017) /s, (GeV)

(* First theoretical proposal: Liang and Wang 2004, later by Voloshin 2004)



Where rotating quark matter: Quark-gluon plasma

* More recent measurements: =, ()~ by STAR@RHIC, A by ALICE@LHC

STAR, PRL126, 162301 (2021)
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* A at low energy by STAR@RHIC 2

hyperon decay mode
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® “The most vortical fluid”:
w~ 1020 — 1021571

® Relativistic suppression
at high energies



Effect of rotation: Comparison with magnetic field

* Hints for possible rotation effect: comparison with B field

Spin:

Orbital:

Magnetic moment

HZeeman — _FYS -B

Magnetic field

)
&

T/

In magnetic field, Lorentz force:

F=e(x XB)

Larmor theorem: eB~2maw

Angular momentum

Hspin—w =-S5 w

Rotation field

In rotating frame, Coriolis force:

F =2m(x X w) + 0(w?)




Effect of rotation: Comparison with chemical potential

Hints for possible rotation effect: comparison with chemical potential

Rotation Chemical potential
H=Hy—wdJ, H:H()—;LN
‘ <« For massless Dirac fermions —— ‘
B T2 (w/2)? (w/2)4 T2 ,u2 ,LL4
18084 " 632 T o P = 18034 i 632 T 1o

(At rotating axis, for unbounded system)

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



Nucleus

QCD phase diagram

Baryon chemical potential

Rotation affects )
chiral condensate
and confinement?
Rotation effects
combined with
finite B field,
densities, ... ? Y,
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Can rotation affect chiral condensate?




Angular momentum polarization

e Consider a scalar (or pseudoscalar) pair of fermions

~~~~~~~~~~

 Thus in general, one expects that rotation tends to suppress o, m,
 Compare with magnetic catalysis (dimensional reduction)
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Rotating fermions

* Let us consider fermions; bosons can be similarly discussed.

* Consider a rotating frame
e
‘ x' = x cos Qt — ysin Qt
y' = x sin Qf + y cos Qt
7=z
i'=1

1 —Q%? Qy —Qx 0
S =1 _qQxr 0 -1 0

0 0 0 -1

//‘ \\

e Fermion field
S = /d4$\/ _97; (if)/ﬂvu — mO) T,D vu — au + iQApL + Fu

4

H=QAs+mb+a - m—Q (rxmw+X)
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Rotating fermions

* Uniformly rotating system must be finite

Q
<
QR <1
R

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

« MITB.C. (Yes)
liy"n,.(0)— 11y

* No-flux B.C. (Yes)
fdQWw

— -M: —
o 0 » jin, =0 at r =R

=0 » Minimum request for Hermiticity

r=R

(Ambrus-Winstanley 2015, Ebihara-Fukushima-Mameda 2016, Chen etal 2017, Chernodub-Gongyo 2016-2017) 14



Rotating fermions

e Consider no-flux B.C.

ke

* To see uniform rotation effect, we need T, u, B,

V4

Pt = Dy discretized by]l(pl’kR) =0
E = (ph +p2 +mH)2>Qll +-|

 Vacuum does not rotate

(Vilenkin 1979, Ambrus-Winstanley
2015,Ebihara-Fukushima-Mameda 2016)
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T: Jiang-Liao 2016, Chernodub-
Gongyo 2017, Wang etal 2019,
Luo etal 2020, Jiang 2021, ...
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Rotating Nambu-Jona-Lasinio model

e Take a four-fermion model

Z = [D[l,/_f, r]exp (i /(Z4X«./—g-£NJL)
_ G - _
Lo = Y iy" Ve — mo)y + Eww + (Yiy Ty)?]
Ve=0,+i0A,+T,

 Mean-field approximation

I 4 ot 4w’ ez 1 g
B e e

8{%} and lI’{g:} . Eigen-energy and eigen-wavefunction with quantum numbers {& }



Rotating Nambu-Jona-Lasinio model

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

1
_ 2 2 2
Sl,i—:l:\/]?z‘|‘pz‘|‘0 —Q(“Fz) gn,i::t\/p%—l—o‘z—l—anB

Ration Magnetic field

* Chiral condensate vs rotation and/or magnetic field
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(Chen-Fukushima-XGH-Mameda 2015) .



Rotating Nambu-Jona-Lasinio model

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

1
— 2 2 2
8l,i—:|:\/PZ+Pz‘|‘U —Q(l+§) gn,i:ﬂ:\/pg—l—az—l—anB

Ration Magnetic field

Compare with finite-density case:
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Sakai-Sugimoto model Quark-meson model
(Freis-Rebhan-Schmitt 2010) (Andersen-Tranberg 2012)
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 Many mean-field studies support that rotation suppresses chiral condensate

Rotating Nambu-Jona-Lasinio model
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Rotating gquark-meson model

* Purpose: beyond mean-field approximation ---- fRG approach
 Quark-meson model is perhaps the simplest model to consider

L=¢[—(—0,+QL,)* - V3p+ U(p) + g[y°(0, — QJ,) —ir'o; + g(c + i7 - 7r°)]q

2
U(p) = m?(p’l + %¢4 — co with ¢ = (o,7)

* With Dirichlet B.C. for mesons and no-flux B.C. for quarks, solutions for Klein-

Gordon eq. and Dirac eq.:

1

_ (= Q) HilO+i
=2.¢ (e=€2) PEJ1(prit)
Li

¢

Discretized momenta p;; and p; ;
aredetermined by B.C.s

(e +m)g,
e—i(e=Qj)+ip.z 0
u, =
VE+m .ljz(ﬁz with b = eimfz(f?z,ﬂ”)
IP1iP
0 i(I+1)6 ~
— J .7
e—i(s—Qj)—{-ipzz (8 + m)¢l Pi I+1 (pl,l )
Hu_ =
VE+m —iD P

_pz¢l
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Rotating gquark-meson model

* The flow equation for effective action

Partition function with an IR regulator

Zk[]] = f DXB_S[X]-I-IX x(x)J(x)—-ASk[x]

regulator

1| d¢
ASi [ = j Gyt @FR@x()

Legendre transformation:

Ll6] = —Wi ] + f HCOJ() + AS,[¢]

flow equation (Wetterich 1993)

1 .. —
oy = Etr(qu,kade,!k) —tr(G,«0kR, ) With coarse-graining regulators Ry = (k* = p*)8(k* - p*)

> _ s 0 k 2 2
Rq,k = =1y 01- (—ﬁ - 1)9(k + V )



Rotating gquark-meson model

* The flow equation for effective action

Partition function with an IR regulator

Zk[]] = f DXB_S[X]-I-IX x(x)J(x)—-ASk[x]

regulator

1| d¢
ASi [ = j Gyt @FR@x()

Legendre transformation:

IR uv
Gelg] = Wil + | $G)IGO) + 85, [4]
X rlPl_ ]-.k - S
flow equation (Wetterich 1993)
. . . ?U
1 . -1 _ _(_ 2 o2
aka = Etr(qu‘kdde,,k) - tI'(Gq,kaqu’k) with propagators Gqf?,k ( af + QLZ) \Y + R‘f’k + aleaQbJ

Gk =71°(=0, +QJ,) —y'0; + R\ + g¢



Rotating gquark-meson model

* The flow equation for effective potential: Local potential approximation

1
Uy = BV (0} 4 0, Ty),

)
1 1 kK" —pii1 P&y + QI) Bley — QI) s
— 2y ;N%itr e > [coth > + coth 5 ]J;(pur) 0(k —pl’i)

2 _ 52 .
kyJ K* = P, ﬂ(£q+QJ)

1 il
— Z 72 2N Ny - > {tanh + tanh
i Vi

—Qj
ﬁ(gqu)] Vi(Prir)® + i1 (Prir)*10(K* = pi;)

Depend on Uy

* Solved using grid method with UV cutoff at 1 GeV, System size is 100/GeV,
other parameters are fitted to non-rotating results
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Rotating quark-meson model

* Chiral condensate on T-{) plane (chen-zhu-xGH 2023)

<mq[ MeV]>
<mg[MeV]>

fRG calculation Mean-field calculation

No surprise: () tends to suppress chiral condensate

24



Lattice calculation of rotating QCD




Formulate rotating lattice

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

* We consider gluons and 2+1 flavor staggered fermions

o Imaginary rotation: ) - —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 JG:Z/d?’xrx(EaxB“),
Ji decomposition
J=Jg+s,+L, < / zq' —q, mmmmmmP>  Chiral vortical effect

1
Lq:Z/dgzr;qrxDq.

26



Formulate rotating lattice

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

We consider gluons and 2+1 flavor staggered fermions

o Imaginary rotation: ) - —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

Al,s (Ta QI) —

(W) ra, — mt (Psths)To

(Wi)0,0 — it (sths)oo

Lien = exp(—Nrc(8)a/2) Lvare

Lbare — |tI‘ [Zn Hq- U’i‘(nv T)H /SNaic))
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Results of angular momentum

 Angular momentum

* Jgand L, approximately « 2, and Sq approximately independent of r, thus

4 N 4 )
1 (J(n)) fo— 1 3 (sq(n))
PI = . 1,2 974N al)
- T
NtasteNfrmam nZ4nZ<r, CLQ(CL T) T nZ4nI<r?, .
. : Quark spin susceptibilit
\_ Moment of inertia ) P P y
0.85 ® T=10MeV ¥ T =212MeV - —15 T=100MeV § T —212MeV
T T=109MeV A T=249MeV % gl % g T=109MeV £ T =249 MeV
T i T=142MeV & T =276MeV T T—12Mev F T —276MeV T=142MeV & T =276MeV
-0.81:.,% $ T =166MeV $ T =166MeV T = 166 MeV
— g T 5 _ I
> 0755 L S 00128k Lz g T ”“m%aﬂ‘i?n '}é"':'l‘é""iiii'

-0.65 ' ' ' : : c ; ; ; ; ' : : : ' L
0.02 0.04 0.06 008 0.1 0.12 0.02 004 006 0.08 01 012 0.04 0.06 0.08 0.1 0.12

Qf[ail] QI[a’*l] Ql[a—l]

(Yang-XGH 2023) 28



Results for chiral condensate

e Chiral condensate and chiral susceptibility

T =100 MeV |

T =109 MeV
T =142 MeV | |
T =166 MeV
T =212 MeV
T =249 MeV ||
T = 276 MeV

[ BHE b O I HH e

o, *
te

0

0.02 004 006 008 01 012

Qj[cfl]

* Analytical continuation to real rotation Q; — Q2

/Chiral condensate mu
be even function of Q)

4

Chiral condensate

-

increase with real !

st

J

250

<mg[MeV]>

3 0.0
50 0.2
s
100 06 4

125 :
T[Mev] M5y 10 08 or

Recall e.g the fRG results for QM model

-

Sharp conflict between
effective models and lattice!

~
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Results for Polyakov loop

* Polyakov loop and its susceptibility: Real rotation catalyze quark confinement

T=100MeV ¥ T =212 MeV
T=109MeV A4 T =249 MeV
T=142MeV & T =276MeV
T = 166 MeV

I HH A

0y .
-----

..........

0 . .
0 0.02 0.04 0.06 0.08 0.1 0.12 T (MeV)
Q[[ﬁil] Q [a_l]

o Ps itical temperature decreases due to imaghmary rotation

Critical increases real

* Consistent with previous pure gluon simulation

0200F ', y
4% 16 x 172, PBC
mps/my = 0.80

Contradict with model
studies, see next slides

H b e e D

0.175

0.150

0125
1.100

(Braguta etal 2021) 2 ol
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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

Interpreted as
deconf. T
AN

p(’m) — om/TH » 7 — /dmp(m)e_m/T » diverges for T' > Ty

Chosen to be indep.

of rotation

T,U,,QJA) Z DPm + Z Pb T
m; M; <A by My <A o1
i(CFCJ 22 LU) =7 » Tc[GeVloa

PsB o
PsB = (ch - 1)pg —l_ NCNf (pq —I_p(_]) 0.08- 0.01

0.2
“ [GG'V] 0.3

04 030

(Fujimoto-Fukushima-Hidaka 2021)  Rotation favors deconfinement
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Confinement under rotation

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

T(2)v/d00(@) = T
} T(p) = ——2

N V1 — p2Q2

Confinement : Mixed i Deconfinement

goo = 1 — p*Q?

0 | Tc 1 Tc:Q T

(Chernodub 2020)  Rotation favors deconfinement



Confinement under rotation

* [tis not easy to intuitively imagine the rotational effect on confinement
* Results based on holography

T T
0.20p======21IT=~L_ (a) 0.20f=====<llT==~el__ (b)
hh‘“‘::\\:‘s\\ -__—--""'-.. -.-.“-.“*:““h-
\l\ "‘\ T T D T
“‘\::\:\‘\ [ h‘.“'"-.., ‘h“-""-- ------
0.15f RSN o15p TSl TTEeee
SOt s L N e e ————
SN N - ==
————— p:o \\\ \\ \\ ————— w:o
CN S
————— ,U:O 2 \\:\\ \\\ i ————— =0.3
0.10F _____ p=03 \\\\ \\\ 010.' _____ w=0.5
A
..................... w . y
0.2 0.4 0.6 0.8 1.0 0.1 0.2 0.3 04 0.5 0.6 0.7
(Chen-Zhang-Li-Hou-Huang 2020) e Rotation favors deconfinement
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Discussions




Is analytical continuation sensible?

For unbounded system, imaginary rotation is always OK, but real rotation is
not. So the analytical continuation is problematic.

For finite system preserving causality, the analytical continuation is OK

Taylor expansion

@+ Imaginary rotation

0.1

0 0.002 0.004 0.006 0.008 0.01

I
-1.00 -0.75 -0.50 -0.25 0.00 0.25 050 075 1.00

Ql[a_l] 02R2
Real rotation lattice simulation fRG with real and
using Taylor expansion imaginary rotation

(Yang-XGH 2023) (Chen-Zhu-XGH 2023)
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Vacuum does not rotate?

Natural to expect that the perturbative vacuum does not rotate

s it true for QCD vacuum containing nontrivial gluon condensate?

0.155
0.242¢
0.15 w//
%‘ 0.238} = 0045F T e
) S R ETI
I~ 0.234} SR static bag : By
0.135 revolving bag : B(w)
0.23} 0.13 . . .
0 02 04 06 0.8 0. 0.1 0.2 0.3 0.4
w (GeV) whR
Deconfinement temperature in Bag constant may response to rotation and
presence of Caloron background enhance the deconfinement temperature

(Jiang 2023) (Mameda 2023)
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Important to have other nonperturbative calculations
* fRG for rotating QCD

Gluon propagator

p dp dpz ]' 1 1 1 W TT1 T z
Guo(e,a) =22 [ B ot + (o Ik (o = ) Seqple e AT AL ) )
Piy1 Pi- Piy1 P

3 vertex can be handled

| REAC AR
0

A
ﬁ[cos (nyoy — na0ty) + cos (Ma0l3 — N30,) + cos (3o — nyoy)]

4 vertex is difficult

: N ]
/ rdrJy, (p1er) Ji, (p2er) Jiy (p3er) Ji, (paer)d(l + L2 + 13 + 1a)
' |



Summary and outlooks




Summary and outlooks

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

* Outlooks:

More lattice simulations for imaginary
rotation

Cross check torsion effect on chiral
condensate and confinement on lattice

(Yamamoto 2020)

Complex Langevin method
(Azuma-Morita-Yoshida 2023)
fRG for rotating QCD
More model studies

A
Temperature

Quark-Gluon Plasma
X Symmetry Restored

| Hadronic Matter

Spin-1 Color Superconductor? ™.

Thank you!
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Where rotatin

uark matter: Rotating nuclei

How to Make High Spin Nuclei

Number
35CI 105pg Time of
Scale Rotations
1. Preformation <0s 0
Beam
Target
2. Fusion 1022g <1
p
3. Particle 10"19g 10-100
Emission
4. yray 10-17-10%s  10%-10'0
Emission
A
5. Ground State 109 101

Rotation can reach w ~ 1021571

The Angular Momentum World of the Nucleus

complete pairing
spectroscopy, collapse?
rotational
continuum,
chaos

hyper-
deformation

magnetic
rotation

i Ny Al=4
- \z““, &6 st N7 bifurcation
PArgap o Freduced \ -/ otey e N fo >
& ~ AL

ts
momicils N Angular Momentum

S

(M A Riley et al 2016 Phys. Scr. 91 123002)
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