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Introduction



Where is accelerating and rotating QCD matter

* Atypical example is quark gluon matter in heavy-ion collisions

Vs = 200GeV *Au + *"Au at RHIC
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Effect of rotation: Comparison with chemical potential

* Hints for possible rotation effect: comparison with chemical potential

Rotation Chemical potential
H = Hy — QJ, H = Ho — pN
‘ «— For massless Dirac fermions ‘
2 2 4
2 (2/2)? | (Q/2)* p__m W
T 18081 T 63 | 12n2 180531 N 6,3 T 12m2

(At rotating axis, for unbounded system)

(Ambrus and Winstanley 2019; Palermo etal 2021) . .
>>> Both have sigh problem on lattice
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Effect of acceleration: Comparison with chemical potential

* Hints for possible acceleration effect: comparison with chemical potential

Acceleration

‘ «— For massless Dirac fermions
p_ ™ (a/V12? 17(a/V12)’
~ 18034 6/32 20 1272

(Prokhorov etal 2019; Palermo etal 2021)

Chemical potential
H = Hy— uN

77'('2 2 4
+ B
65 127

~ 18054

>>> Sign problem for acceleration
can be avoided



Accelerating and rotating thermal equilibrium

 Many-body system can remain equilibrium with acceleration and rotation
e Local equilibrium (LE) density operator

1 1
v =5 exp |~ [ dE, (T8, = 3177,
YARD 2

* True global equilibrium p.q is a time-independent LE

m) (* and wh? are constants

rﬁ“:(ﬁao) 1
< wo?;zﬁa,i ‘ peq:Zelep[_/B(H_a"K_Q'J)]

K Wi — ,Beijkﬂk




QCD phase diagram

Chiral condensate )
and confinement?
Effects combined
with finite B field,
densities, ... ?
Possible signatures
in HICs? Y,




Rotational effects



Angular momentum polarization

e Consider a scalar (or pseudoscalar) pair of fermions

R
- &8 .

* 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

Z,Z

x' = x cos Qf — ysin Q

1 —Q%2Qy —Qx 0
y' = xsin Qf + y cos Q1

_) 4 _ Qy —1 0 0
</ 7=z » Suv = —Qx 0O —1 O
| =1 0 0O 0 -1

 Fermion field

4

H=QA+myB+a - 7—Q-(r xm+ )
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Rotating fermions

e Uniformly rotating system must be finite

0
-
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)
[ 467y

=0 » j¥n, =0 at r=R

r=R

=0 » Minimum request for Hermiticity

r=R

(Ambrus-Winstanley 2015, Ebihara-Fukushima-Mameda 2016, Chen etal 2017, Chernodub-Gongyo 2016-2017) 12



Rotating fermions

e Consider no-flux B.C.

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

* E =l +p;+m?)2>Qll+- ]
R e Vacuum does not rotate

(Vilenkin 1979, Ambrus-Winstanley
2015,Ebihara-Fukushima-Mameda 2016)

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

Figures drawn by K.Mameda
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2017,Chen-Mameda-XGH 2019, Cao-  Zhang-Hou-Liao 2018, Huang etal Gongyo 2017, Wang etal 2019,
He 2019, Tabatabaee etal 2021, Eto- 2018, Nishimura etal 2020,2021, Luo etal 2020, Jiang 2021, Cheb-

Nishimura-Nitta 2023, etal 2023, Morales-Tejera etal 2025, ... Zhu-XGH 2023, Sun etal 2024, ...
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Rotating Nambu-Jona-Lasinio model

e Take a four-fermion model

Z = [Z)[w,[_r,y/f]exp (i[(l4)€\/—g-£NJL)
_ G - _
L = YAy —moy + Z[Wy)? + Wiy Ty)’]
vu, — au, + ZQA/L + F/J,

 Mean-field approximation

1 4 O‘Z—I—Jl'2 &) 1 _B
Vetr = ﬁ_Vfd XE{ Xe —Z[T+Eln(”e P | W) Wi

8{5} and ‘P{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
8l,:|:_:|:\/pz+pt+a _Q(l—l_z) Sn,i:ﬂ:\/p%—FO'z—FZHQB

Ration Magnetic field

* Chiral condensate vs rotation and/or magnetic field

o [ O'dyn]
1 =
0.75
0.5
0.25 0.2
0 =0.15
==222"0.125 2
4 5570l B[]
QR [x107%]
G < Ge
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Rotating Nambu-Jona-Lasinio model

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

1
— 2 2 2
Sl,i_:l:\/pz—l_pt—l_a _Q(l—l_z) gn,i:ﬂ:\/p%—l—az—l—anB

Ration Magnetic field

Compare with finite-density case:

200 —
— |gBIA*=0.0
i — oo
T - 'qu"'{:O'l H
I SiITmaInlni — |gBJ/A" =02
I el
= TR | aBIA*=04
) > 100 — e =
= a0 %&‘;
= 'l;l‘\"\\
50_?0- \x\ < .
&0 e
S \T‘\bﬁ\
] 220 230 240 230
L 1 L | 1 | L 1 L 1 L
% 50 100 150 200 250 300
WMeV
H
Sakai-Sugimoto model Quark-meson model

(Freis-Rebhan-Schmitt 2010) (Andersen-Tranberg 2012)



 Many mean-field studies support rotation suppresses chiral condensate. E.g.:

Rotating Nambu-Jona-Lasinio model

r=0.1 GeV'

01 02 03 04 05 06 07 08

Q(GeV)
(Jiang-Liao 2016)
700 ! ‘
Bk %X x * % %
600 R ox
500 ¢ e ey,
© 400 E
E 3 - - ° *
g 300 Aot .
200822525 .
1000 GAZ =27 s *
*  GAZ=30 *
Ok . . . s . ateass
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(Sadooghi-Mehr-Taghinavaz 2022)
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Formulate rotating lattice

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

We consider gluons and 2+1 flavor staggered fermions

Imaginary rotation: Q) —» —i(),
—fe — es
No sign problem J

_ No causality constraint

p
R Projective-plane B.C for x-y plane

\Periodic B.C. fort and z direction

We measure: chiral condensate and Polyakov loop

(b0, — 2 (hsths)T 0 Lyen = exp(—Nrc(B)a/2) Lyare

Bus(T8h) = (Win)o,0 — 1t (Psths)o,0 Lyare = [tr 3o, I1- Ur(n, 7)]| /3N,
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Results for chiral condensate

e Chiral condensate and chiral susceptibility

T =100 MeV |

(9]

I T=109MeV
i T =142 MeV||
$ T =166MeV
¥ T =212MeV
A T =249 MeV|]
£ T =276 MeV

° *e 0
.
" 8,
:

-,
. i
L1 NRITN
S Tpe. . P,
b T S o
ln....l ; r;.";';; s
<
. .

0.04 0.06 008 0.1 0.12

* Analytical continuation to real rotation Q; — Q)

/Chiral condensate must\

be even function of ()

!

Chiral condensate
increase with real (!

- J

Recall e.g mean-field results for NJL 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 =212MeV
I T=109MeV X T =249 MeV
i T=142MeV § T =276MeV
3 T =166 MeV
e
e “¥
T S
e Y W5
S _I-"E"E é""__.%__. |
g EET — E
utugitid i
0 0.02 0.04 006 0.08 01
Qe Qe
e Ps itical temperature decreases due to imaghmry rotation
Critical increases real

* Consistent with previous pure gluon simulation

0200 4 16 % 172, PBC
imps/my = 0.80

o R Contradict with model
i | studies, not understood too

Had B b D

(Braguta etal 2021)

0.050

20




Acceleration effects



Accelerating frame and Rindler coordinates

* An observer with constant proper acceleration in Minkowski spacetime

1\* 1
t%\/j— (ZM_'ZM(O)+5) = T2 zm > 2y (0)

* The coordinates (7, z) in which the observer is static is the Rindler coordinates

4

1
tm = (z + a) sinh(a7),

Rindler

1 1
BT = (,Z -+ a) COSh(CL’T) + ZM(O) — ; wedge

+
.
-
v
-
=
-
-
.
.
/ .
-
-
i
g
....... P (RS (R (SR R 3
N
.
S ok
\ Sa
Y
~
~u
-~
-
-

ds® = dt3; — dz3; = (1 + az)%dr? — d2°

ds® = £2dt? — de? Observer at § = -1/a has
proper acceleration a .



Euclidean Rindler coordinates and Unruh temperature

tp L
tu = Tp = § sin(tg) /Euclidean Rinder coordinates at finite temperature T is a\
e = Z = § €os(tg) cone with deficit angle f = 2n(1 —v™1) withv = Z%T =

T /Ty . To avoid a negative f, we need T > Ty,

A

Ry | afwithf=1/T

A

a
£ Ty = =— :Unruh temperature

T \ 21T /

3 Ro
\\m Identify t; = 0 and tgp = af
|| —

f=2n(1-v1

* Unruh temperature is not only geometric, it is the temperature of Minkowski vacuum
seen by accelerating observer (Unruh effect)

23



Nonlinear sigma model analysis

The model

1
LNLoM = —E‘I’TD(I) B MgfﬂO', oT — (’}TO',O') TP — fg

Effective action

1 A N, —-0O4 A
[[o, A] =/d4:z: (—EJDJ+§(02—f§)+Eln _]_j'_

_ Mq%fwo-)

Gap equations

Unbroken symmetry Spontaneously broken symmetry

J—P:_DJ+AJ_M2fﬁ=0’ @
do
51" 0% — f2 ;:/_

Field operator and Green function (propagator)

¢ / dw/ d?k smh W Kw(mlﬁ)(aw e —iwt+ik-x + aw kezwt ik- x) ‘ G($ 4 ) = E(0R|T¢($)¢($ )|0R>

24



Nonlinear sigma model analysis

Extend it to Euclidean time

o0 d2k . h f . f
Ge(zE,2g) =/ dwf (2n)? i ;TwKiw(mLf)Km(m¢£’)e_w“E—tE|+*k'(x—x )
0 m

Extend it to finite temperature

Gu(tg,ts) = Gu(tg + Br,ty) where fr = 1/Tr = a/T and v = 27T /a

G,(zp,2) = ) Gglte — tg + Brn)

h d?k coshw(|tg — tp| — Br/2) sinh 7w o
= d E Kiw Kfj,w / g,k-(x_x )
/o “ / (27)? sinh(Brw/2) 2 (m &) (m,&)e

Gap equation at chiral limit

o? = f;‘; — NGy (zg,zg;0)

There is divergence in the above one-loop result: vacuum contribution

25



Nonlinear sigma model analysis

e \What vacuum contribution to subtract? e

Minkowski vacuum Rindler vacuum

R
aM|0,) = 0. ay|Or) =0

26



Nonlinear sigma model analysis

e \What vacuum contribution to subtract?

Minkowski vacuum Rindler vacuum
R _
aM|0,/) = 0. a|0r) =0

* Related by a Bogoliubov transformation

-1/2
QE — [QSinh (?)] / (eﬂ'wmaag)M_|_e—7rw/2aa(_2;MT)

* Perhaps the most profound difference is Unruh effect

Rt R 1
0 On) = Ty =
(Onlay” @ )On) =~ — = o

27



Nonlinear sigma model analysis

e Subtraction with respect to the Minkowski vacuum

1 N a?
= e (- e

a0y = :
k ' Local observer with constant

accelerationa: ¢ =1/a

e Subtraction with respect to the Rindler vacuum

’ 2 2_T_2£
o =Jr g

Local observer with constant 122
| i B no-yr-T
accelerationa: ¢ =1/a N

28



Nonlinear sigma model analysis: phase diagram

e Subtraction with respect to the Minkowski vacuum

.0 0.5 1.0 1.5
alag

e Subtraction with respect to the Rindler vacuum

af|Or) =

(Zhu-Chen-XGH, to appear)

2.0

2.0

25

3.0

1.5

— 2nd-PT
- T=TU

0.5

0.0

| (seealso

Chernodub 2025)
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Nonlinear sigma model analysis: phase diagram

e Calculation is just calculation, but which one accelerating observer really sees?

* Perhaps the one with respect to the Rindler vacuum is more reasonable

2.0

2nd—PT‘
1.5 - T=Ty

0 1 2 3
alTo[rT]

G(z,a") = i(0RIT(x)$(")|0R).

Gu(z, ') = i(0m|Tp(z)(z") | Onm)

Equivalence principle: Local experiments in

a free-falling frame give the same results as
in inertial frame

30



NJL model analysis

Let us go into more micro degree of freedom by considering NJL for quarks

Lasr = [iy"V, — mo) ¥ + % [(Jﬂ@b)2 + (7,5@7510)2]

Gap equation

m —my

Gr

= 3 Tr(9), S(z,z") = (D +m)G(z,z'),

Euclidean Green function (propagator)

d2k sinh 7 ( w—l—z 3/2 ol ik (x—x
CE(Ema / dw/ ) )K‘w’Y 3 a(MIE) K, 6,8 (m € )e @It —teltik )

(]

Extend it to finite temperature
G, = Z( 1)"G(ts — ty + Brn)

ik- (x—x')'

d?k sinh(Brw/2 — w|tg — t5|) sinh (w + z"yﬁ'yg/Q)
] f (2m)? cosh(Brw/2) w2 L 0 73/2(7”15) iw— 7073/2(mL£ )e

31



NJL model analysis

e Subtraction with respect to the Minkowski vacuum

Local observer with constant
accelerationa: ¢ =1/a

Local observer with constant
accelerationa: ¢ =1/a

» Tl =177 g+ @y

3A2 6
B 0=\ -g T

32



NJL model analysis

* The phase diagram is completely consistent with NLsM analysis

ay!|0x) =

(see also
Chernodub 2025)

0'8.0 0.5 1.0 1.5 2.0 2.5 3.0
alag

* The phase diagram is completely consistent with NLsM analysis

1a 2.0

— 2nd-PT
1.5 — T=Ty

2 |0g) =0

(Zhu-Chen-XGH, to appear) 0% 1 2 3 4

a/ T[] 33



Lattice formulation

Formulate lattice action in the following accelerating metric

(1+g2)” 0 0 0

B 0 -1 0 0
Jpv = 0 0 -1 0
0 0 0 —1

Sg‘t—SZ{(lirgz) S Retr[1-02] + ) Retr | lU““]} S ZX (n)Dx(n'),

Ne i<j<4 i=1,2,3 1+ g2

Dr = { Z Z (1 +g2)na,(n)Un, (n)dn,n -6, +0- () (Ur(n)dn,n—7 — U—7(1)0nn/+r)

i::I:,y,z A'L::I:Z

—|‘%77z () (U.(n)dn,n—z + U—5(n)0pmrt2) +2(1 + Qz)am5n,n'}

1

= A 5973&3' mms)  Sign problem .



Lattice results

* Measurements are done at quenched limit

0_25 T T T T T T T T T
------ T T = 151.8 MeV -d T = 270.4 MeV 014 v T' = 151.8 MeV e T' = 270.4 MeV
""" §-Tlvany g | [ T D025 MoV 3 T = 3205 MoV
Foo T = 192.5 MeV o T = 325.5 MeV ‘e e Mev ¥ o MeV
02 k| Ko T =217.8 MeV -F T = 356.9 MeV | 0.12 | e = 217.8 MeV - § = 356.9 Me ]
[ F T = 242.5 MeV T=3852MevV| | || T =2425MeV 1 T = 385.2 MeV
- T [ YS——— . L F SRR | SRR OB eeeenneres greeeeer B CUTTTITCTTRE - PR 51 LIPTPPPRRPOR . o 0 1 N ﬁ ...........
T Lo 5 T S S = - U T g B g iinicllis
” 0 15? ......... . L SRR ST S > SRR - b * _* || ........... i ... § ------------ (03 o X
% . 008 00 e X P
o l ~ i i - o
........... " SRS VRS WIS WRE G S e E " ‘ﬁﬁ
............................. L. SECIRRE . 4 0'06 I L
L S —— e S —_ G & o
JUUUPIPSY — TETETICDRO — SRSPRRPROTLY — S .. S - AAITLITTY — SR, ’ b R P | P T o ool s * vl g
i e A g g ...................... 8 SRS G Gewank  sieuhod 0.04 E ............... :"::':rk»:“'m'“:'; '.';:""'.‘; _______________________________ ; ........... P j: ...........
| : ‘ .[:;;;:;:::::z::::::::::E:::::::::::.::::2:;;;:@:;;;;;;:;:;..:;;;;;;;;;; .;;;;;;;;;;.,.;;;;;;;;;;;er.‘;:;:;;:::,,.;;;;;;:;:;T
0.05 ' ‘ : : : 0.02 : : l 1 \
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
9/T g/T
Chiral condensate vs acceleration g Polyakov loop vs acceleration g

(Yang-XGH, to appear) No acceleration dependence measured .



Lattice results

* Arecent simulation for pure Yang-Mills

1.04

501

0.22
0.20

0.18
wim | 016
250 0.12
0.0— 0.08
-2
—————————————————————————————————————————— g w——
= s B
2 4 6 8 10 12 14 16
a, MeV

Deconfinment temperature as determined by Polyakov loop

(Braguta etal 2024)

No acceleration dependence measured



Summary and outlooks




Summary and outlooks

* |tis NOT understood how rotation modifies chiral phase transitions.

* Acceleration effects depends crucially on subtraction scheme

e Outlooks:

A
Temperature

More lattice simulations Quark-Gluon Plasi

X Symmetry Restored

Cross check torsion effect on chiral
condensate and confinement on lattice

(Yamamoto 2020)
Complex Langevin method

(Azuma-Morita-Yoshida 2023)
fRG or DSE for accelerating-rotating QCD

More model studies

Rotation

Thank youl!
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Where rotating quark matter: Quark-gluon plasma

* From global angular momentum to vorticity to hyperon spin polarization

Angular momentum
dN,
. ~p—(Ho—w-S)/T
Hopinw = -8 - w (at thermal equilibrium) dp
p NT — Nl w
Ny + N, 2T
* First measurement of A polarization by STAR@RHIC *
R 4| AusAuz0s0% ¥ ANaurs sag 6225 @017 parity-violating decay of hyperons
o* S Ay .
5 o X rroreoatars oo ‘ In case of A's decay, daughter proton preferentially
& ZaTAR :mn : 1 decays in the direction of A’s spin (opposite for anti-A)
2 —
R# e AN 1 .
T ﬁh - a0 E(l +aPs - pp)
o
I a: A decay parameter ( & ,=0.732)
L . Pa: A polarization A—>p+7r'
10 10° pp: proton momentum in A rest frame (BR: 63.9%, ¢ 7~7.9 cm)

STAR, Nature 548, 62-65 (2017) \JSNN (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)

\? B STAR Au+Au 20%-50%
2L | Pi77)=7342302[%] : Nature548.62 (2017)
ot 3 oA OA
r _ PRC76.024915 (2007) : .
= at 27 GeV| i magnetlc
{8 AA AR m
(STAR prelfminary) PRCY8.014910 (2018) hyperon decay Ode GH moment Jx Sp In
mA oA

(Bﬁ: 63.9%)
ST e = (dsS)  gp oon., -0.401 -0.6507  1/2

=43 (BR: 99.9%)
+ © +Q (via daughter A P,,)

| S AL Rt msata Q- (sss) 27N 00157 202 32

p—ry n
‘ T T T ‘ T
_B_
=
e

ACE PP 550 A (uds) AP 0.732 -0613 1/2
*

T e S (BR: 67.8%)
AMPT PRCS9, 014905 (2019) ' @, = 0.732x 0.014

\:|A+K 750 . uTir(J.:SE!E({J{(jJJZOmO

o f__‘: = 1z - *

| Ll R A
10 10° 10°
sy [GeV]

e A at low energy by STAR@RHIC 2021, HADES@GSI 2021

fB\ O UREREL| T T ] ".. . . o |
o Scaled g &.20.732 2 008" ;. kinematic vorticity
= [ w — ] é "
SO A A 1 bl Sl “ : sy
sf- ¥ STARZ050%, Awau 052 |[] £006 . aovDp * _ * “The most vortical fluid”:
i ’m L3 STAR, 20-50%, AutAu, [yl<1 1 c ~———a
L o) HADES, 10-40%, Au+Au, -0.5<y<0.3|] ] = - | —
s [l O HADES, 10-40%, Ag+Ag, -0.5<y<0.3| [ < 0.04 ¢ ™, 0w ~ 1020 — 1021S 1
r 3L STAR, 20-50%, Au+Au, [y|<1,2021 | ] B ) AU + Au n 0 . HIJING
L 3 X STAR, 20-50%, Au+Au, |y|<1,'17-'18 | 4 i Pl + , M= \ e . . .
a B O ALICE, 15.50%, Pb+Pb, [y<0.5 . : “ l - RElat|V|St|C suppression
: g ] 0.02- b=10 fm " ;
s @i } - ] | N at high energies
[ b=l %& e ] 0.00 . N R N |
{}_! T vl ’1‘5 T !!Ell |E_ > 10 50 100 5001000 5000
** 10 10? 10° \/;(GeV)
Vsun (GeV)

2.4,2.55 3 (Deng-XGH 2016, Deng-XGH-Ma-Zhang 2020) 40



Rotating quark-meson model

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

L=¢l—(=0, + QL.)> = Vp + U(¢) + qlr° (9. — QJ.) — ir'0; + glo + iz - 7r°)]q

m2

U(p) =—¢° +%¢4 —cc With ¢ =(0,7)

2

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

Gordon eq. and Dirac eq.:

1

_ —i(e—QU)i+ilo+i
=7.¢ (e-22) PET(pir)
i

¢

Discretized momenta p;; and p; ;
are determined by B.C.s

(e + m)g,
e—i(e—Qj)+ip.z 0
U, =
VE+m ; -
,lqubl with &1 =e“J(pyir)
IPLi®]
0 i(I+1)0 ~
= C J 7
e—i(s—Qj)—]—ipZz (8 4 m)qb; P I+1 (pl,l )
u_ =
VE+m —ipiP

_pz‘;bl

41



Rotating quark-meson model

* The flow equation for effective action

Partition function with an IR regulator

Z.[J] = f Dye S L, 2(0)1G)-85elx]

regulator

25,00 =+ [ £ R Dx @
kX =5 (Zn)dxq k\q)X\q
Legendre transformation:

l—‘k [¢] = —Wk U] + f q.'>(x)](x) + AS.k [¢] k=0 scale k k=A

flow equation (Wetterich 1993)

|
o'y = itr(qu,kadea,k) —tr(G,x0cR, ;) With coarse-graining regulators Ry = (k> = p*)o(k* —




Rotating quark-meson model

* The flow equation for effective action

Partition function with an IR regulator

Z.[J] = f Dye S L, 2(0)1G)-85elx]

regulator
1| d%q
A == | ———x"(g@)R
Slxl =3 f Z)aX (DR (@D x(q)
Legendre transformation:

L[6] = —Wi ] + f $COJ(xX) + AS, []

flow equation (Wetterich 1993)

1 .
Okl_'k = itr(qu,kOde,,k) - tr(Gq,kéqu,k) with propagators

0*U
;00 ;

G;}C = y0(—a, + sz) —yio; + ﬁq’k + g¢

Gy =—(=0, +QL,)* = V> + R, +
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Rotating quark-meson model

* The flow equation for effective potential: Local potential approximation

1
Uy =

% (07 + 0, IY),

I 1 k=Dl ple)+ Q) Ble, — Q)
PP ! eoth pley — )
N, 2

= th J .r)20(k*> — p?.
(2][)2 — £ 2 +co [(pl,zr) ( pl,z)

ky\/k* = Di;i 1 + Qj
ON,N,; ‘- [tanhﬁ & +2))

1
_;N% € 2

J q Iz

Depend on Uy

ﬁ(gq _Q])

+ tanh ][J,(pl,,-az + T (Pr)6( = 52,)

* 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-Q) plane (chen-zhu-xcH 2023)

250’
200’

1507

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

25 0.0

: 0.6
Ttmey,) s 45 oR

200 1.0

fRG calculation Mean-field calculation

* No surprise: () tends to suppress chiral condensate
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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
N

p(m) = e/ TH » 7 — /dm p(m)e™/T » diverges for T > Ty

Chosen to be indep.
sl = Y pmt S n of rotation

m; My <A b; My <A D 01
L (T p w) = » T Gevlos
PSB

0.1

pSB = (Nc2 - 1)pg —I_ N(‘Nf (pq +p(]) 0.00_0 0.01

0.2
'U[GeV] 03

0.4  0.30

(Fujimoto-Fukushima-Hidaka 2021)

e Rotation favors deconfinement Ny



Confinement under rotation

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

T(@)v/300(@) = To
} T(p) = ——)

N V1 — p2Q2

Confinement : Mixed :  Deconfinement

goo = 1 — p?Q?

0 | TC 1 Tr_:‘Z T

(Chernodub 2020)  Rotation favors deconfinement



Confinement under rotation

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

T T
0.20 .:::::_:::: ::::: (a) 0.20 -—--..-....::: ~~~~~~~~ (b)
"‘lr-n.*‘.":\\:ﬂ\\\ ___—-_--- l--..__.---. ~~~~~~~
\~ \\ SOy T, T T ..
\.‘\::\:\\\ “"h““ .‘.."-H-,..... -----
0.15} s N o15fp TSl TTEeee
~ - N~ e —
SON N - ==
————— u=0 s \\ \\ ————— =0
(N

————— p=0.2 RN -—=== w=0.3

0.10F - u=0.3 N\ \\‘ 010F oo w=0.5
\
'l 1 'l ] N 3 1 w ................................... p
0.2 04 0.6 0.8 1.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

(Chen-Zhang-Li-Hou-Huang 2020)  Rotation favors deconfinement



Formulate rotating lattice

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

* We consider gluons and 2+1 flavor staggered fermions

Imaginary rotation: - —i{)
— ginary I

C Q " No sign problem J

_ No causality constraint

7

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/dgxrx(EaxB“),
Ji decomposition
J=Jc+s,+1L, < / zq —q> mmmmmm>  Chiral vortical effect

1
9 Lq:E/dggcqrxDq.
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Results of angular momentum

* Angular momentum

* J¢ and L, approximately o r?4, and Sq approximately independent of r, thus

f ) e = !

! (J(n oLy da)
P = NtasteN Z aQ(a—1T)2 i AN

Tomax 2_|_ o g CLQ
T"max n%+n§<,r_72nam n; ny<rma$
. . Quark spin susceptibilit
\ Moment of inertia y P ptibility

%107

T=100MeV ¥ T=212MeV -0.016 T = 100 MeV T = 212 MeV ¢ T=10MeV % T =212MeV
T=109MeV A T =249 MeV I % el % P it I T=109MeV Z T =249MeV
T =142 MeV § T =276 MeV fi T =142 MeV i T = 276 MeV @ T =142 MeV § T =276 MeV
T =166 MeV - 3 T =166MeV $ T =166MeV
5 1 I I
s IoF ST TR T T ;-;-;-;-;-:c»ﬁ-:a-;-;sss-
= P i B PR S i (U A,
3 R e e e e e o
= i o 1
_0.65 | - 1 1 1 1 L L 1 1 L . . . ) ) i
002 004 006 008 0.1 0.04 0.06 9i08 01 012 0.04 006 008 0.1 0.12
Qrla ] Qla™] Qe

(Yang-XGH 2023) .



Discussion 1: 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

|
-1.00 -0.75 -0.50 -0.25 0.00 025 050 0.75 1.00

Qf[a_l] 0O2R?
Real rotation lattice simulation fRG with real and
using Taylor expansion imaginary rotation

(Yang-XGH 2023) (Chen-Zhu-XGH 2023)
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Discussion 2: Strong coupling versus weak coupling?

It seems the lattice results depend on coupling (Yang-XGH, not published)
0.048 v 0.18 : : : .
—— () = ™
0.0473E‘~{-_1\ ~$-0 ] 046l LE=P - -
0.046 \\}‘{\ ] 0.14 1 /,-/
£ ] \\i 0121 e
8 0.045 i 4 1 Y =’
0.044 N M -
i r \1 1 g -
0.08
0.043 \\I 0.06
0.042 . ; : ! 0.04 . L . L
0 10 20 30 40 0 10 20 30 40
Q7 (MeV) Q;(MeV)
Polyakov loop at strong coupling Polyakov loop at weak coupling
(Lattice coupling =2.5) (Lattice coupling=5.3)

Strong-coupling expansion applied to lattice action shows that Polyakov loop
decreases (increases) with imaginary (real) rotation.

(Wang-Chen-Hou-Ren 2025, Fukushima-Shimada 2025)
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pc(GeV)

Discussion 3: Vacuum does not rotate?

* Natural to expect that the perturbative vacuum does not rotate

e |sit true for QCD vacuum containing nontrivial gluon condensate?

0.155

0.24 ] 0.242

0.22 ﬁ‘ - 0.15 w/

0.20 : %‘“ 0.238 = 00d5f T e

0.18} 0] S T

0.16} G=const 1 |_LJ 0.234 S PR static bag : By

0.14 1 0.135+ revolving bag : B(w)

0.12 1 0.23 0.13 ‘ ‘ .
0.10 0.15 020 0.25 0.30 0.35 0.40 0.45 0 0.2 0.4 0.6 0.8 ' 0. 0.1 0.2 0.3 0.4

w(GeV) w (GeV) wR

Chiral-transition T_c with Deconfinement Bag constant may response to
rotation-dependent temperature in presence of rotation and enhance the
coupling in NJL model Caloron background deconfinement temperature

(Jiang 2021) (Jiang 2023) (Mameda 2023)
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Discussion 4: Important to have other nonperturbative calculations?
* fRG for rotating QCD

Gluon propagator

pedpsdp., 1 1 . . .
G (z, ) ZZ/ : pt p _2 g+ (5 + —)5T +( — —5—)Sapple™n ATHIAOK LA 1y (prr) Jy(prr)
Pl Pl Pl Pl

3 vertex can be handled

[ gutkiprt tkapa, (oo d
0

A
= E_A[COS (nyo; — nyoy) + cos (nyay — N3ty) + cos (o — nyoy)]
T

4 vertex is difficult

. —
/r(lr.]/l (prer)Ji, (p2er) Ji, (paer) Ji, (paer)d(l + L2 + 13 + 14)
' [ |



Unruh effect and Unruh temperature

The most famous effect of acceleration is the Unruh effect

EVENT HORIZONS: From Black Holes to Acceleration

Event Horizon

r
| Stationary
. Observer

—

Black Hole

Hawking j KT = D
Radiation 2TTC

Event Horizon

' Accelerating
Observer
. inYacuum

e ‘ kT=ﬁa
Radiation ; 2ATTC

A stationary observer outside
the black hole would see the
thermal Hawking radiation.

An accelerating observer in vacuum
would see a similar Hawking-like
radiation called Unruh radiation.

(Figure from Pisin Chen 2014)
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