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Qutline

* Lattice approach

* Results on phase transition

* Results on angular momentum



Two different approaches

* 1 — Simulate In a rotating frame
* 2 — Use a rotwisted’ boundary condition



Rotating frame

* [Yamamoto et al. Phys.Rev.Lett. 111 (2013) 081601 * e-Print: 1303.6292]
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* There is sign problem In the case of real rotation.
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Rotwisted boundary condition

* [M. N. Chernodub et al. Phys.Rev.D 107 (2023) 11, 114502  e-Print: 2209.15534]

* Change the periodic boundary condition in tau direction

e Redefine: ¢ = /=y

qﬁ(;),gb,,z, 7_) — jxgb(/77§b - ﬁggz]} 2, T+ [3)
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Different boundary conditions in the x-y
plane

* Dirichlet & open(Neumann) boundary condition

A%y(x,y — ::NS/Q) =0 qu(w — ::NS/Q) — Fy,u(y — ::NS/Q) =0
= & Respect Z3 symmetry

* Torus & projective plane periodic boundary condition




Projective plane boundary condition
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* gauge action is smooth 0%0 Q‘« ?
* Spinor eigenstates can QQ,Q {Jﬁ, ?
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Boundary condition 1S not so Important

* Boundary conditions do not change the main properties of phase
transitions. (at least at small angular velocity)

* spatial thermal correlation lengths << R (spatial extent) pragutaetal.
2303.03147]



Results on phase transition:

* Chiral condensation & Polyakov loop
* chiral condensation: staggered fermion.
* analytical extension Is assumed to be correct.

* the case of real rotation Is also studied using Taylor expansion.



Quenched approximation

e [Braguta et al. JETP Letters, 2020, Vol. 112, No. 1, pp. 6-12, Phys. Rev. D 103, 094515 (2021), arXiv:2102.05084]

* Open boundary condition, L increase with imaginary rotation

STUDY OF THE CONFINEMENT/DECONFINEMENT PHASE TRANSITION
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Quenched approximation

* The critical temperature is a function of Q*R?
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Wilson Dirac fermion

* [to be uploaded]

* Dirichlet boundary condition, Nf=2

@  Dirichlet

[0}
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It only fits well when the fermion is turned on
(implying, that the breaking of the Z3 symmetry
at the boundary leads to some subtleties.)
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Polyakov loop

* Polyakov loop Increase with imaginary rotation
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(b) N, = 18 (c) N, =22 (d) N, =26
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Chiral condensation

* Note that, Wilson Dirac fermion does not respect chiral symmetry
* Chiral condensation decrease with imaginary rotation

0 5 10 15 20 2 30 35 4 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Q(MeV) O(MeV MeV
Q(MeV) Q(MeV)

(b) N, = 18 (c) N, = 22 (d) N, = 26

FIG. 10. (o) and (oic) as functions of €.
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FIG. 23. [(xic)| as functions of Q. 3 = 4.63 ~ 4.81.



Inhomogenelty
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Inhomogenelty

* Left: susp of Polyakov loop as function of v, right: chiral
condensation as function of v
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Staggered fermion with Nf=2+1

e [JCY, Xu-Guang Huang, 2307.05755]
* Projective periodic boundary condition Is used.
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Staggered fermion

* Chiral condensation 12 . g T =TV
T =109 MeV
1 T =142 MeV |
g T =166MeV
05t o, R, ¥ T=212MeV
_ _ 8RR B e, e T = 249 MeV ||
AL = ms (V)0 — mul{sts) o0 s i :..f.,e | & T =276MeV ||
T ma (i, — miltsteloo a SR
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"*-31:‘;:;’1!-.-.-';'-':-., ....... =
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* P Increase Wlth I_rOtatlon 00 0.62 0.64 0.66 0.108 Oi1 0.112
Q[[(I 1]

* ¢ decrease with I-rotation
* At large I-rotation, c increase with temperature
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Staggered fermion
* SUSp.

* Up:Nt=06

* Down:Nt=4

* Left: chiral condensation
* Right: Polyakov

250




Rotwist boundary condition

* [M. N. Chernodub et al. Phys.Rev.D 107 (2023) 11, 114502 « e-Print: 2209.15534]
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Rotwist boundary condition

* Four fold Polyakov loop
* P decrease with 1-rotation
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MinkowskKi

Euclidean

Rotwist boundary condition

* Inhomogenelity

co-rotating frame

Confinement Mixed ; Deconfinement

| P(x, y)|

L« 035 1.96
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= e O

Confinement :+  Mixed Deconfinement
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Analytical extension

* In general, the rotating frame approach indicates:
* P Increase with imaginary rotation
* Chiral condensation decrease with imaginary rotation
* The rotwist approach indicates:
ud

e P at Q= — IS smaller than @ =0



Analytical extension

* At small angular velocity, the observables as functions of angular
velocity change sign:

F(97) = f(0) + Q7 f(0) + O(97)
— f(—iQ7F) = f(0)—Q*f'(0) + O(Q*)

* At small angular velocity rotating frame approach indicates:
* P decrease with real rotation

* Chiral condensation increase with real rotation

* Which is contradict with most model predictions.



Taylor expansion

* [t Is possible that, the iImaginary rotation does not work correctly.
* One way to go back to real rotation at small angular velocity.

Oy = —i() Si:SQ—I—Q];Sl—I-Q%SQ:ST:SQ—iQ;Sl—QQSQ
Q) Y0 a* _ —24'(0) [ d f"(0)  f(0) g"(0)
o-Ia-55 w0 (9,) o 0 o
d*(0) _ 2 2
402 - — <O(252 - Sl)>0 - <O>O<(252 - S1)>0

* 1273 x 4, quenched, torus boundary:icy xu-Guang Huang, 2303.03147]

(| Lare|) = 0.10498(3) — (3.0 £ 1.1) x 10%(af)? + O(a*Q*)

Y 0e 5T a?(o),

R d?(0);
R S 402

(O); = -
Q=0 dQ3

Q=0



Results on angular momentum

* The spin of fermion Is related to the CVE.

* Reveals the importance of the surface.



Quenched approximation

* [Yamamoto et al. Phys.Rev.Lett. 111 (2013) 081601 ¢ e-Print: 1303.6292]

* Quenched approximation, Dirichlet boundary
* Negative angular momentum

Ja, Jp o Qr?
Jg x )

-J [a‘s]




Wilson Dirac fermion

* Similar results are obtained (same temperature with different lattice
spacing)
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* The order of magnitude Is also as same as [yamamoto et al. Phys Rev.Lett. 111 (2013)
081601 « e-Print: 1303.6292]

Jo = —(0.9440.01)a™* x 72Q, (25)
Jrr = —(0.60 £ 0.01)a™* x 7%Q, (26)
Jrs = —(0.17£0.01)a"2 x Q.
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gamma matrix in Euclidian space

, T~ Js o QT2
staggered fermion () =23y = 00T

T = 100 MeV T = 213 MeV
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Negative Inertia

* [Braguta et al. 2303.03147]

* Quenched approximation
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The problem of negative angular

Mmormmentuim | wo
S' =S+ Q75 + Q?SQ =5" =55 —10QS; — 9252
* What we have measured? = lg|  )=-it- 22 )
* [t Is the Imaginary part of angular momentum under I-rotation
Jr 1 oS J

o~ o'
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Q=0 Q



The angular momentum on the surface

* Chen decomposition vs Wakamatsu decomposition Stferent
* Left: Wilson Dirac, right: staggered fermion decomposition
with surface
s¢+ Lapot — Lo = (V-E)(r x A) —|—ZE € ( 5kA + 7k (9, Al <ZE63M Al> Included

157+

Different D

decomposition .
without surface
included

a®(J())

-05 ¢

OC "‘V.'.' L 1 L 1 L 1
' 01 02 03 04 05 06 07
Q/T
34/36

surface




summary

* Lattice simulations verify the phase transition caused by rotation,
however,

* At small angular velocity, real rotation drives the system towards
deconfinement & chiral symmetry broken.

* There Is problem with the sign of angular momentum.



* Thank you very much!
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Staggered fermions

4
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't seems that it Is not due to analytical e
extension miealpe

* Assuming free fermion, with only the spin term

SF:,QZDwa D:DO_MF7 Dozza,uf)/u—i_m

c=(-25), ¢ = —t[[Dy "] - ptr[T Dy 'TDG '] + O(1?)

Left: naive discretization, - |
Right: staggered fermion Dashed line is the first

order Taylor expansion
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Figen value

* 1606.03808
* Considering in a cylinder

5 = re'LQ, z2n — (_Z)2n
o Inlker) 2in0 isf jecti it
| einftikez B m Sezg T (k) e“"™? f(r) satisfy the projective plane boundary condition.
i Nzvon R g (k)|
B € Tna (k)

o i,

Y — eV T E B +m %eleJn+1(ktr) J2n+1(]€t’l“) = 0. . _ _
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—set® J, 1 (ker) boundary condition

The case of external magnetic field is similar



Lg and Sq

* Dashed line for ud-quark, solid line for s-quark

* a0Omega = 0.064, 0.128
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Analytical extension

* When higher order are considered, it could be this:

* Too early to conclude that, real rotation will drive to confinement
and chiral symmetry broken.
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