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Introduction




Where Is accelerating and rotating QCD matter
« Atypicalexampleis guarkgluonmatter in heavyion 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—— ‘
T (Q/2)?  (9/2) Y (o
T 18081 T 63 | 12n2 i 180531 N 6,3 T 12m2

(At rotating axis, for unbounded system)

(Ambrusand Winstanley 2019; Palernetal 2021) : :
>>> Both have sign problem on lattice
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Effect of acceleration: Comparison with chemical potential
 Hints for possible acceleration effect. comparison with chemical potential

Acceleration Chemical potential
H = Hy — aK, H = Ho— pN
‘ «— For massless Dirac fermions—— ‘
w2 (a/VI2)? 17 (a/VI2)* Y S
P= + - P = Tt o T o3
18044 6/32 20 1272 18083 6,3 127

(Prokhorowetal 2019; Palermetal 2021) : i
>>> Sign problem facceleration

canbe avoided



Accelerating and rotating thermal equilibrium

« Many-bodysystemcanremainequilibriumwith acceleratiorandrotation
 Localequilibrium(LE)ensityoperator

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

* Trueglobalequilibrium” Isatime-independentLE

m) (* and wh? are constants

(/8;;,:(/8,0) 1
< wo; = Ba ‘ Peq:ZeleP[—ﬁ(H_a'K_Q'J)]

\_ Wi — ,Beijkﬂk




QCD phase diagram

"« Chiral condensate
and confinement?
« Effects combined
| with finite B field,
Hadrons .« | =) m— RS )/ a )\ GAS
?\*‘°P"®\$I‘;|e o + Possiblesignatures
' _ inHICs? y
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Rotation effects on chiral condensate




Angular momentum polarization
« Consider a scalar (pseudoscalgrpair of fermions

 Thus in general, one expects that rotation tends to suppresss 8
« 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

L , |
; X = x cos Qf — ysin Q¢ | — 02,2 Qy —Qx 0
y' = x sin Qf + y cos Q1 Qy -1 0 0
C 7=z » =1 _ox 0 -1 0
/= 0 0 0 —1
* Fermion field
A - . . A

4

H=QA+myB+a - 7—Q-(r xm+ )
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Rotating fermions
« Uniformly rotating system must be finite

Cﬂ
R

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

 MIT B.C. (Yes)
iy n,. @) — 11y

* Noflux B.C. (Yes)
/dQW”w

=0 » j¥n, =0 at r=R

r=R

=0 » Minimum request for Hermiticity

r=R

(AmbrusWinstanley 2015EbiharaFukushimaMameda 2016, Chen etal 2017, Chernodbbngyo 201&€017) 12



Rotating fermions

 Consider neflux B.C.

- N N discretized byy(fY) ™
-l o
J O Ny N a >R -8
2  Vacuum does not rotate

(Vilenkin1979,AmbrusWinstanley
2015EbiharaFukushimavlameda 201%

- To see uniform rotation effect, we nedgH, ||= X X

Figures drawn bi.Mameda
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0: Chenetal 2015, LidZahed ‘ : XGHNishimuraYamamoto 2017,  T:JiangLiao 2016Chernodub
2017,ChefMamedaXGH 2019, Cao ZhangHouLiao 2018, Huanetal Gongyo2017, Wangetal 2019,

He 2019Tabatabae@talH N H M X 2018, Nishimur&talH TH N ZH A H WetalH NHANE WAL Y3 Hr
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Rotating Nambu-Jona-Lasinio model

 Take a fowfermion model
Z zf@[kfwff]ew (iffl4xx/—_8£NJL)

_ G - _
L = YAy —moy + Z[Wy)? + Wiy Ty)’]
vu, — au, + ZQA/L + F/J,

* Meanfield approximation

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

€{g) and \Il{g} . Eigerenergy and eigemvavefunction with quantum numbe {§ }



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

1:5
QR [x107%] R

G < Ge (CheRFukushimaXGHMameda2015) ’
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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 finitedensity case:

0.0 0.2 0.4 0.6 0.8 1.0

SakaiSugimoto model Quarkmeson model
(FreisRebhanSchmitt 2010) (AnderserTranberg2012)
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« Many meanfield studies support that rotation suppresses chiral condensate

Rotating Nambu-Jona-Lasinio model

r=0.1 GeV'

T T T T
2 T=10MeV

T =90 MeV T=30Meq

|

|
! J
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(JiangLiao 2016)
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(ChenLirHuang 2022)
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Rotating guark-meson model

* Purpose: beyond meafield approximation---fRGapproach
* Quarkmeson 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  ¢=(07)

2

» With Dirichlet B.C. for mesons and-flox B.C. for quarks, solutions for Klein

Gordon eqg. and Dirac eq.:

1

_ —i(e—QU)i+ilo+i
=2.¢ (e-020) PET(pir)
i

¢

Discretized momentg j andn j
aredetermined by B.C.s

(e + m)g,
e—i(e—Qj)+ip.z 0
u, =
verm | b with &) = €"J,(py,)
IPLi®]
0 i(1+1)6 -
= C J 7
e—i(e=Qj)+ip.z (8 4+ m)¢[ P H—l(pl,l )
u_ = ,
VE+m —iD P

_pz‘;bl
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Rotating guark-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| a¢
ASl] =5 f Gryat @R(@x(@)

Legendre transformation:

IR uv
l—‘k [¢] = —Wk U] + f q.'>(x)](x) + AS.k [¢] k=0 scale k k=A
X e b — . s
flow equation (Wetterich1993)
1 ) .
0T = 5 (GyadiRy) = tr(GyudRys) - With coarsegraining regulators Ry = (K = p*)6(k* — p?)
> S | k 2 2
Rq,k = -y ai (—’__Vz - 1) g(k + Vv )
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Rotating guark-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
85 =+ | L0 (@R (@)
kX =5 (Zﬂ)d)( q)r\q)xX\qg
Legendre transformation:

L[6] = —Wi ] + f $COJ(xX) + AS, []

flow equation (Wetterich1993)

| :
0.y = 5tr(Gqﬁ,,,‘43,6}!2(,,,,,,() —tr(G, 0kR, ) With propagators

0*U
;00 ;

G;}C = y0(—a, + sz) —yio; + ﬁq’k + g¢

Gyl =—(—0,+QL)?>-=V>+ R, +

20



Rotating guark-meson model

* The flow equation for effective potential.ocal potential approximation

1
Uy = % (0% + 0,I%),
2 2
1 1 kK =Dpii1 P(ey + Q) B(e, — Q) S
= (2][)2 ;le,itr ” 5 {coth + coth—] Jt(Pz,i") g(k — pl,i)

ky /12 — P2, -
1 pl,i] g, + Q

~Y " 2NN, - [tanhﬁ( o + )
7 N € 2

A q IZ

Depend on'Y

—Qj
+ tanhﬁ(gq ])

] DB + Tt (a0 — 32

« Solved using grid method with UV cutoff at 1 GeV, System size is 100/GeV,
other parameters are fitted to nomnotating results
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Rotating guark-meson model

* Chiral condensate onfplane (chenzhuxcH 2023)

250’
200’

1507

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

25 0.0

50
S 100 0.4

12 0.6

0.2

5
5150
5599 10 %8 R

fRGcalculation Meanfield calculation

* No surprisemtends to suppress chiral condensate
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Formulate rotating lattice

Gluons and Wilson fermions (Angular momentumamoteHirono2013)
Pure gluons (Polyakov loo)agutaetal 2021)

We consider gluons and 2+1 flavor staggered fermic=~

C.Q

R

Imaginary rotation:
— (9 ry

0 iy

No sign problem
_ No causality constrain

(Projectiveplane B.C for-y plane - o
| Periodic B.C. for t and z directign o

We measure(imaginary) angular momentum

Ji decomposition
J=Jg+ Sq + Lq

<

4 JG:Z/dgxrx(EaxB“),

f wq—q mmsssm>  Chiralvortical effect

1
9 Lq:E/dggcqrxDq.
23



Formulate rotating lattice

Gluons and Wilson fermions (Angular momentumamoteHirono2013)
Pure gluons (Polyakov loo)agutaetal 2021)

We consider gluons and 2+1 flavor staggered fermic=~

0 iy

Imaginary rotation:
Q / (g ry
C No sign problem
_ No causality constrain

(Projectiveplane B.C for-y plane - N v
i | Periodic B.C. for t and z directign o

We measurechiral condensate and Polyakov loop

(b0, — 2 (hsths)T 0 Lyen = exp(—Nrc(B)a/2) Lyare
<1Ll¢l>0,0 o %(ﬁst)0,0 Lbare = |tI‘ [Zn H'r U,,.(nj 7—)” /3N£’

Al,s (T7 QI) —

24



Results of angular momentum
« Angular momentum
« U and0 approximatel\® i , andi approximately independent af, thus

/

N s N
! s _U) oLy Gl
PI = 4N, al)
Nigste N, aQ(a—1r)2 Tmaz 2 '3 _ 2
tastedVrgax n%+n§<7'$mm ( ) ni+ny <ry ..
. . uark spin susceptibilit
Moment of inertia Q P P y
\_ J
10’3
T=100MeV F T =212MeV p - — at ® T=100MeV F T =212MeV
T=109MeV & T =249 MeV 0'016_14 % o % e T T=100MeV A& T =249 MV
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 $ T =166MeV
s g - 141 T I i
| z 1 R e eenlrsertesiot Brasssgas
= A 0 e h?m%mi?i?“"é 3
3 G o 0 e st o T 1
= R I e S i o i

-0.65 — ' ' : ' : : : ’ ‘ : ' ' ' -
002 004 006 008 0.1 004 006 0.08 01 012 0.04 006 0.08 0.1 0.12

o) ! | ")

(YangXGH 2023) .



Results for chiral condensate
» 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

2 BHED b 101 HEH HH 1

0

T
o B,
g

~,
- . -
. -, S.,t.
ot .
i‘i::%::.h sruan
L T -
L Fr s
0.2 SUNETED
.

0 0.02 0.04 0.06 0.08 01 0.12
QI[Gil]

* Analytical continuation to real rotaticQ2; — iQ

/Chiralcondensatefnu@ 4 )

be evenfunctionof m Sharp conflict between
l » effective models and lattice!

Chiralcondensate \/

increase with ream ey ™ e 1 %3 % o8 L ® |
- J Recalle.gthe fRGresults for QM model 26
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Results for Polyakov loop
» Polyakov loop and its susceptibilifgeal rotation catalyze quark confinement

T=100MeV ¥ T =212MeV
T=109MeV 4 T =249 MeV
T=142MeV & T =276 MeV

T = 166 MeV

n“'.-._-ﬂl!'._-l-.-'-..
"‘# 4-‘--.
B e S P
SRl S
R o e O
E g" § """"" é‘ ‘..' -II-"' .‘§‘
P o
Odiznggmi;g‘;i“@----.j:::l--?-._- -m. .
0 0.02 0.04 006 0.08 0.1 012
Qrla] A

o Pg;u.d-eecﬁffal temperature decreeses due to imaghmry rotation

Critical iIncreases real

« Consistent with previous pure gluon simulation

6% 172, PBC
=0.80

WL e Contradict with model
Bragutaetal2021) e | studies,not understoodtoo

s
i b e e DX

4L
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Acceleration effects on chiral condensate




Accelerating frame and Rindler coordinates

* Anobservemwith constantproper accelerationn Minkowskispacetime

1\° 1
t%\/j— (ZM_'ZM(O)+5) Z—a—2, ZM>ZM(O)

« Thecoordinates thx in whichthe observeris staticis the Rindlercoordinates
ty = (z + clz) sinh(a7),

1 1
M = (z + a) cosh(at) + zpr(0) — e

D o

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

ds? = £2dt2 — dg> Observemt, pfwhas
proper acceleration -



Nonlinear sigma model analysis

 The model

1
LNLoM = —§<I>TEI(I) — M2 fro, &T = (n%0) TP = f2.

o Effective action

1 A N. . —O4X
F[J,)\]=/d4:z: (—50D0+§(02—f§)+51n _]_j'_ —Mgfﬁa)

« Gap equations

5—P=—DJ+AJ—M2fﬁ=O,
Yo
51" 0% — f2

* Field operator and Green functlon (propagator)

2
q§ / dw/ d“k Slnh W Kw(mlﬁ)(aw Le —twtt+ik-x + aw kezwt ik- x) ‘ G($ 4 ) = Z(0R|T¢($)¢($ )|0R>

30



Nonlinear sigma model analysis
Extend it to Euclidean time

o0 d?k sinh 7w P e ;
GE(:BE’:B,E) - / dw/ (2,”)2 2 zw(m_J_f) aw(m_J_f )6 wlte —tp|+ik-(x—x )1
0

Extend it to finite temperature

Gy(tg,tsy) = Gu(tg + Br,ty) where Sr = 1/Tr = a/T and v = 27T /a
GU(LBE,LBE ZGE(tE—tE—I-ﬁRn)

f,w (mlé‘) Kiw (mlé-!)eik-(x—x’)

. d?k coshw(|tg — t’z| — Br/2) sinh W o
/ . /(27r sinh(Brw/2) 72

Gap equation at chiral limit
ol = f,ﬁ — NG,(zg,zEg;0)

There is divergence in the above doep result:vacuum contribution

31



Nonlinear sigma model analysis
 \What vacuum contribution to subtract? e

i

Minkowskivacuum Rindlervacuum

R
ap'|0ar) =0 % |0R) =0
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Nonlinear sigma model analysis

 \What vacuum contribution to subtract?

Minkowskivacuum Rindlervacuum
aM|0,) = 0. a;|0g) =0

* Related by #&8ogoliubouwransformation

—-1/2
aft = [2sinh ()] / (emefagfOM . ¢=moraag2)

* Perhaps the most profound differenceUsiruh effect

1 _a
ew/Tu — 1 2

(Onrlagaft)0nr) =

33



Nonlinear sigma model analysis

» Subtraction with respect to th¥linkowskivacuum

M10xr)

1 N a?
o= 12~ etz (T~ o)

Local observer with constant 12f2  , a
accelerationd,  px® » )=\ TG
_ 2 @
- \/TCO £ (271_)2'
« Subtraction with respect to thRindlervacuum
i 2_p T° N
=l a1

Local observer with consta

f“ 7y — ] 202
acceleratioriy), — pF o(@) =\ 5 = Teo

34



Nonlinear sigma model analysis: phase diagram

» Subtraction with respect to th¥linkowskivacuum

3.0

M

0'8.0 0.5 1.0 1.5 20 25 3.0
« Subtraction with respect to thRindlervacuum
Ta 2.0

~ 2nd-PT
1.5 — T=Ty

R
/
0.5
(ZhuChenXGHto appear) 2% 1 2 3 4
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Nonlinear sigma model analysis: phase diagram
« Which is the good one?

* Perhaps the one with respect to th&ndlervacuum is more reasonable

2.0

— 2nd-PT|
1.5 — T=Ty

Equivalence principld:ocal experiments in
a freefalling frame give the same results as
In inertial frame

G(z,2") = i{0r|T¢(z)p(z")|0R).
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NJL model analysis

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

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

Gap equation

m —my

Gr

=i 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)"Gg(tg — ts + Brn)

ik- (x—x')'

d?k sinh(Brw/2 — wltg —t |)Slnhﬂ'(w—|—i'}/6f}/3/2)
f f(Qw)2 Ijosh 5Rw/2E) = - K,,_ 0 -73/2(mJ_£) Sy 7073/2(mL§)
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NJL model analysis

» Subtraction with respect to th¥linkowskivacuum

_ 3A2 6 a2
Local observer with constar‘ Tl@=y7z gt (2m)?
accelerationd,  pX

= ./ T? @ \o
\/CO+(2ﬂ_)7

M

ocal observer with consta 3A2 6
R 174 w Tc(a) - T a8 - c0
accelerationy], pfw
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NJL model analysis

* The phase diagram is completely consistent WtlsManalysis

3.0

2.5

2.0
aﬁﬂOM) = U

0'8.0 0.5 1.0 1.5 2.0 2.5 3.0
alag

* The phase diagram is completely consistent WtlsManalysis

Ta 2.0 -
@ _ A~
al|0g) =0 ‘silge
il

(ZhuChenXGHto appear) 2% 1 2 3 4

a/ T[]

0.5
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| attice formulation

* Formulate lattice action in the following accelerating metric

(1+g2)” 0 0 0

_ 0 -10 0

Tnv 0 0 -1 0

0 0O 0 -1

72
y B _ Retr [1 - U41.] Sla’t — Y (1) D ’n, ,
S&t:ﬁz (1+g2) Z Retr[l—Ufj] + 1z o ;X( ) Dx(m)
¢ < et i=1,2,3 ’

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

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

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

1
= +5975 " mmsm Sign problem 2o



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
...... F T =170.4 MeV e T = 297.6 MeV : o T = 170.4 MeV oo T = 297.6 MeV
Foe T =192.5 MeV wFfou T = 325.5 MeV Foe T'=192.5 MeV e T' = 325.5 MeV
02 k| T =217.8 MeV -G T = 356.9 MeV | 0.12 | T =217.8 MeV - T = 356.9 MeV -
ganl [ - T = 242.5 MeV T=382MeV| | || ¥ T = 242.5 MeV T = 385.2 MeV
............ L -TUTTTTTTUTE . SOOI CUUNOIRR |, SAOURR, . SO Gti:ﬁm:{;:
= F = * = x = e S s e S B g
[l R R— - SR S i TR e - SRR R b T ® L S o i (0] il D ST
N 0.15 L | || ........... & § Ix
I 2008 ;o
nd l ~ I ......... I g 11 (OIS
........... R S LLTORORNNe SOOI COBTRY" SR ﬁ.ﬁ I £ iﬁ
iy 0.06 iy P
0- b — e : o SGECLTTITRR" “PRPRIRITE * oh siliBieresiiiiin . o 2 E ‘ % :
R — SRS — SR — S it Shab LT | UPRNSSR ePNadagy 00 o = oHLLL o SR o & - - I
R b R gongecg ey 0.04 T e e =R : ...........
:"::“::::ii1‘:‘:‘:“5":';2iiijifgﬁii":":'t:tztt::::::3"3!‘f5iiiiEEEEEE:::::::::z:::::::::::Ar':'.'.i'.i'.'. ............
l ‘ T ..................... g [ I E - EHHITT - JHEEEH - S - HHHHHH i IO 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
(YangxGH. to appear) No acceleration dependence measured "



| attice results

* A recent simulation for pure Yasdills

- 0.22
= 2
1.04 504 g.lg
v im, [ o6
2'5'% 0.12
1.02 0.0 > oo
T(a) B
T(0) 1.00F========= T "E--mmm- A e S e W -
0.98
0.96
0 2 4 6 8 10 12 14 16
a, MeV

Deconfinmentemperature as determined by Polyakov loop

(Bragutaetal 2024)

No acceleration dependence measured



Summary and outlooks




Summary and outlooks

* Itis NOT understood how rotation modifies chiral phase transitions.
 Acceleratioreffectsdependscruciallyon subtractionscheme
* Outlooks:

A
Temperature

Quark-Gluon Plasma

 More latticesimulations x Symmetry Restored

 Cross chectorsioneffect on chiral
condensate and confinement on lattice

Hadronic Matter

(Yamamoto 2020) ~-o-" /,
« Complex Langevin method
(AzumaMorita-Yoshida 2023) ¥ |

» fRGor DSHor acceleratingotating QCD
* More model studies
e« X X

e,
Spin-1 Color Superconductor? ™.

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

* From global angular momentum to vorticity to hyperon spin polarization

Angular momentum

Hepinw = —8 - w (at thermal equilibrium) o

=) -

Un Us
0 = —X

od 7

]

Un Us

. CANBG YSIadNBYSyd 2F [ Lkt

T T T T
4 Au+Au 20-50% W A Nature 548, 62-65 (2017) |

@ A Nature 548, 62-65 (2017)
XL A PRC76 024915 (2007) -
©O A PRG76 024915 (2007) |

3 B A STAR preliminary
4 A STAR preliminary -
2+ ‘ i, —
[ # : w
71 7\ 1

Ll ' Lol
10 107
STAR, Nature 548, 62-65 (2017) |5, (GeV)

(* First theoretical proposal: Liang and Wang 2004,

itv-violating d f

In case of A's decay, daughter proton preferentially
decays in the direction of A’s spin (opposite for anti-A)

N 1 )
20 = 1.1 T aPa-pp)

a: A decay parameter (. ,=0.732)
Pa: A polarization
pp: proton momentum in A rest frame

later by Voloshin 2004)

FNRT |

A—=p+7-~
(BR: 63.9%, cT~7.9 cm)




Where rotating quark matter: Quark-gluon plasma

 More recent measurement$; hm by STAR@RHIEby ALICE@LHC
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Effect of rotation: Comparison with magnetic field

 Hints for possible rotation effect: comparison with B field

Spin:

Orbital:

Magnetic moment

Hieonan = 7S - B

Magnetic field

N
&

v

In magnetic field, Lorentz force:

7 Qe |

Larmor theorem:_Q”X 1O

Angular momentum

Hspin—w =-S5 w

Rotation field

P

In rotating frame, Coriolis force:
3 (1] @ |= ()]
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Confinement under rotation

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

Interpreted as
deconf T

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

Chosen to béndep.

pCmwih)= Y pmt 3w of rotation
m; M; <A b; Mp<A D 0.1

_(TCJ lu’:' W) - ’Y » T. [GeVlg 1

PsB

psB = (N2 — 1) pg + NNt (pg + pg)

0.10
02 2N
'U[GeV] 03

(FujimotoFukushimeHidaka 2021) - Rotation favors deconfinement
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Confinement under rotation

* Itis not easy to intuitively imagine the rotational effect on confinement
* Argument based on Tolmashrenfestemperature

T(@)v/300(@) = To
} T(p) = ——)

N V1 — p2Q2

Confinement : Mixed :  Deconfinement

goo = 1 — p?Q?

0 | TC 1 Tr_:‘Z T

(Chernoduk2020)  Rotation favors deconfinement
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Confinement under rotation

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

T T
0.20 .:::::_:::: ::::: (a) 0.20 -—--..-....::: ~~~~~~~~ (b)
"‘lr-n.*‘.":\\:ﬂ\\\ ___—-_--- l--..__.---. ~~~~~~~
\~ \\ SOy T, T T ..
\Nk‘::\:\\\ “.‘h"'--.., hhh"’"---— -----
0.15F s\‘\\ ”\\ otp  Ts~__ TTT==-
~ - N~ e —
SON N -= ==
————— u=0 s \\ \\ ————— =0
(N

————— 1=0.2 \:\ N . ————— w=0.3

0.10F _____ u=03 \\\‘ \\ 010F _____ w=0.5
\
L L '] L LY w ----------------------------------- p
0.2 0.4 0.6 0.8 1.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

(ChenzZhangLirHou-Huang 2020)

 Rotation favors deconfinement
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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

Qe Q?R?
Real rotation lattice simulation fRGwith real and
using Taylor expansion Imaginary rotation

(YangXGH 2023) (ChenZhuXGH 2023)
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Vacuum does not rotate?

* Natural to expect that the perturbative vacuum does not rotate

 Isit true for QCD vacuum containing nontrivial gluon condensate?

0.242
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(GeV)

I 0.234

0.23

0 02 04 06 08
w (GeV)

Deconfinement temperature in
presence ofCaloronbackground

(Jiang 2023)
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-
-
-
-
-
-
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revolving bag : B(w)

0.

0.1 0.2
wR

0.3 0.4

Bag constant may response to rotation and
enhance the deconfinement temperature

(Mameda2023)
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Important to have other nonperturbative calculations

» fRGfor rotating QCD

Gluonpropagator

dp.d d 1 twn AT+ i z
Gpo(z,2') ZZ/pt - p _2 ;w ( 3 -5 )5T +( — ——)S:p0le nATHLAOFIP A2 T (prr) Jy (prr)
Py pz Pt+1 P

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 (prev) Ji, (p2er) Jig (p3er) Ji, (paer)0(l + l2 + I3 + 14) —
' [ |
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