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CURRENT STAGE

= Model studies
(P)NJL, QM, Bag model, Holographic...

= Rotation + other backgrounds (magnetic field, chemical potential, etc)

= Lattice

V. V. Braguta, A.Y. Kotov, D. D. Kuznedelev, and A. A. Roenko, Phys. Rev. D 103,094515 (2021)
J.-C.Yang and X.-G. Huang, arXiv:2307.05755 [hep-lat].

= Rotational effect on quark has been widely studied

= We don’t know much about how rotation affects gluon sector

S. Chen, K. Fukushima, and Y. Shimada, Phys. Rev. Lett. 129, 242002 (2022)
M. N. Chernodub, Phys. Rev.D 103, 054027 (2021), Phys.Rev.D 107, 114502 (2023)
Y-Q Zhao, S He, D Hou, L Li, and Z Li, JHEP04(2023)115




DISCREPANCY

= Lattice result with imaginary rotation
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WHAT'S WRONG?

= Gauge sector contribution?
= Analytical continuation is not applicable?
= Something missed on lattice?

= Or something else?




DIFFICULTIES OF REAL ROTATION

Chernodub PRD (2021), (2022)

= Boundary condition to preserve causality
= Inhomogeneity

= Sign problem

= Subtlety of a Euclidean field theory

But anyway it works Dmitri V. Fursaev, hep-th/0107089
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MAYBE RELATED COMMENT

= E. Witten, A Note On Complex Spacetime Metrics,2111.06514 [hep-th]

This is a little subtle. The thermodynamics of a Schwarzschild
black hole is related to a standard thermal ensemble Tr exp(—3H).
The thermodynamics of a rotating (Kerr) black hole is related to a
more general ensemble Tr exp(—3(H — ©2J) where J is a conserved
angular momentum and 2 is called the angular velocity. However,
in asymptotically flat spacetime, this ensemble is unstable because
a particle far from the black hole can have a negative value of

H — £1J. Hence the quantum corrections to this ensemble are not
well-defined, and it turns out that this is reflected in the fact that
the quasi-Euclidean metric is not allowable.




IMAGIN

= Boundary condition for space is not necessary B

W) 1032y, —2 0
A B Yyl —1 0 0
Jpv = —xfly 0 -1 0

0 0 0o -1

= No sign problem T
= Well defined Euclidean field theory

= twisted boundary condition

i —Q;B 0
(r,0, 1, 2)~(T+ 5,0 =01, 1, 2),

v

= Analytical continuation back to real rotation
G.W. Gibbons and S.W. Hawking, Phys. Rev. D15 (1977) 2752.

= First things first, directly comparation to lattice results




POLYAKOV LOOP

= In flat spacetime

B

0

= Dependence on the boundary condition

of imaginary time direction?

d(z) = %tr Pexp [/j dry Ay, a:f)],

= In (imaginary) rotating frame, which one?

B

A

or

Killing vector
nt = (1,0, —QI, U')

n? =1

Killing vector
nt = (1.0.0.0)
n®=—1-— Q?T‘Q



REMAINING DIFFICULTIES

= All fields feel rotation

» The interaction vertex is hard to deal with
J Jukip) (ka2 p), (k3p)p dp Jackson, SIAM J. MATH. ANAL.
0 ' Vol. 3, No. 3, August 1972

A
= ﬁ[cos (nyoty — ny0ty) + COS (03 — N30y) + COS (N300, — nyo)],

where n, + n, + ny; = 0.

. —
/?‘d?‘J,r,l (pre7)Ji, (paer) Jiy (paer) Ji, (parr)o (b + 2 + 13 + 14)
' [ |

Fine at 2-loop level

@



FAILED ATTEMPTS o

= Kaluza-Klein method Dmitri V. Fursaev, hep-th/0107089
treat the curved background as an Abelian gauge vector field
But too hard for me...

= Heat kernel expansion (Schwinger-DeWitt technique)

Feynman Propagator in Curved Space-Time: A Momentum Space Representation,
T.S. Bunch and L. Parker, Phys.Rev.D 20 (1979), 2499-2510

Riemann normal coordinates
Suy =Npv “%Ruavﬁya.‘ya "%Rnavﬂ:r y%y ﬂ;VT
+ (= 35R wow p; ys+ B R aup s 105 )y y Py?y°

+-!l y

We don’t have curvature...

= Stay in coordinate space? Sr(x,x") =(i7"V, —m)G(x,x')
N]L ga-p Eq- m i dS —(frﬁ}2—2r2+2r2 cosh(Cnf) e

G— " /m %e—i[ﬂrzf’sqtsmz—ise]—kin%m
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ONE STRATEGY

= Focus on local quantities at the center cpi, puys.c 46 2022) 2,024102

/
r=0

\ [r'dr’ = equivalent

- Assumption: 0+Qt=0 A. Ayala et al., Phys.Rev. D 103, no.7, 076021 (2021),
' ' [erratum: Phys. Rev. D 104, no.3, 039901 (2021)],

(po+Q/2 - p.+ ip )yo+ 7)) +m(l +7s) OF + (Po— /2 + P: — ip) )(ro—r3) +m(l+ys)

3 '| '| ] 2 ¥ C)_'
(po +9/2) — p~—m +ie (po —Q/2)" — p~—m~ + ie

S(p) =

= Momentum space representation
= Account for contribution from spin

= No r-dependent part (orbit contribution) === Maybe important when Q) is large
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WHAT ELSE?

= ’'m not smart enough to solve this exactly, so

o



WHAT ELSE?

= ’m not smart enough to solve this exactly, so

Just do
perturbation



PERTURBATIVE EXPANSION OF Q) i

J
O (—izd, + iyd, —|— 1~2)
= Exercise l: Fermion 1l-loop effective action @ @
dpd,
InZ = /di /pj'(;;jzp Z{L3c+111[1 e Ale- 2] + In[1 + e —A ﬁH)J)]H Ji(pir)* + T (pir)?]
_ 3 pidp dp. —Be e’ 022 L Aol 2 2
= | d°z 2 Z{dc—{—ﬂn PE] + m,ﬁ Q%5+ OQ) H S (por)® + Jie1(por)?
e 202 1
11122:2/(11’/6[}) ,jagdﬂ(z;'pl—{—;l)
jax’ [dx’ [dx’ [dx’
=0
X X
x X

©



PERTURBATIVE EXPANSION OF Q0 rosora

wo0000( [ Je000es 20,75,
= Exercise 2: massless Gauge boson )
No S-L contribution, since Sz is off diagonal 20000 ] 2pooo0e ()2 j2
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= Despite tedious calculations, it seems no difficulties to go to higher loop
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ADD SOME BACKGROUND FIELDS TO SU(2)

Because its simple

= Metric
—1-0%2 yQ; —20; 0
B ySy -1 0 0
Gur = —xf)y 0 -1 0
0 0 0 -1

AQ condensate,

= Background field formalism related to Polyakov loop

A(.[ — 1!? + .1!?
As = 0545 4 53 A8 1 Assumption:
in tangent space, we choose 4 = (¢, ;Hy. ——H +,0) for SU(2) homogeneous condensate

= Lagrangian
chromo-magnetic condensate

1 i (L LY 1 ('} Ly 1 ('} (L
Lg= 1FF“,F’ + FF“FJ - 411“1” + Lyr + Lyn

Some lattice results

V.I. Demchik, N.V. Kolomoyets, and V.V. Skalozub. Spatial structure of the polyakov loop
in external chromomagnetic field in lattice su(2) gluodynamics. Visnyk Dnipropetrovskogo
‘Cy‘h — (_-_VED-”(; universytetu. Fizyka. Radioelectronika, 21(2):13-17, 2013.

V. Demchik and V. Skalozub. Spontaneous creation of chromomagnetic field and A(0)- f
condensate at high temperature on a lattice. J. Phys., A41:164051, 2008.

Loy = §(fo‘1”“)2 Feynman gauge



GAUGE FIELD GO TO TANGENT SPACE

= With the help of vierbein

o
Ap = € Ay

= Simple replacement in Lagrangian

T roocv A 4 ’-‘ U ” _.’, ”
J.A; = (L.6% +S,,") Az S, = ; |
ZE0 { (,u + ZH ) (.7& 0i 0 0
Je=1.c 000 0
A3 = ﬁAﬂ A7), AT = (A7~ A5)
= At one loop level, the Lagrangian can be diagonalized with 1 |
AL = T(Al +A4%), Af= E(Alz — A1)

= 1-loop effective potential

dk.

V() = 31+ ZZZZ

n l=—XAeHN

— QI F1) 4+ g¢)* + gH(2A + 1 £ 2) + k2|07 (N, 1gHr?)
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R0 CONDENSATE

S. Chen, K. Fukushima, and Y. Shimada
Phys.Rev.Lett. 129 (2022) 24, 242002

= gH=0

= Weiss potential

N 274 ¢+ sQ
V(¢;SZI)|F:“ - - 3 Z Z B4 (( C.;'ﬂ' : [)mod 1).

a s==+1
= Simple replacement
- —¢-at [

= Still true at higher loop?
Rotation contribution to 3-gluon interaction
and gluon-ghost vertex differently
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FIG. 4. Conjectured phase diagram on the Q;-T plane around
the rotation axis, ¥ = 0, for the SU(3) case. Solid curves
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CHROMO

= At r=0
1. 1k, ,
V(0) =5 H + 273 Z >y / - 4 5+ gd) HgH (2N + 1 4 25) |+ k2]
' ¥ n AENs=+1°
= 10=0,T=0: Savv1dY VacwiiBavvidy, Phys. Lett. B, 71:133, 1977 \

= Nielsen-Olsen instability
N.K Nielsen and P. Olesen., Nucl. Phys. B, 144(2-3):376-396, 1978.

= When (=0, AO condensate can help

0

[AGNETIC CONDENSATE
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CHROMO

= Effective potential

o 11¢*H? . gH.  (gH)? 1
Ur = 1872 111( 2 ) — 25 nz::l - 1 (nBy/gH) — —Yl (nfB\/gH))] cosnfB(gp — )
—2 (9H)? i i l\/?/\ + 3K (nBv/gH(2) + 3)) cos nfge cos nQ
ﬂ'gﬁ n=1 A=0 n S | B
: H)* (g9H)? ; = _
U =— (ggﬂ-) (g .)f ”231 :Jl{n B/ gH ) cosnB(gp — ) Ur (2= —m)
= No replacement ¢:-a — ¢-a=+ 39
= Imaginary part can be cured at 2-loop
M. Bordag, V. Skalozub, Eur.Phys.].C 82 (2022) 5, 390




60 TO HIGHER LOOP

= 2-loop correction

1 l"‘ \“ 1
— g el 75 +

= gH=0,againto check ¢ -a— ¢ -a+3Q;

= So we need Feynman rule under rotation

o



FEYNMAN RULE FOR SU(2)

= Gluon propagator a, Y \2990000000000000 b, V

5 1 (;I!.LU(p‘l + g(ﬁ) + (;qu/(pil _ g@) _?:(;;J.i.f (p-l + g(ﬁ) + "):G;.HJ (p4 - g(ﬁ) 0 g@ =0 b
4 ' ] | ' ! ! ¥ ! » iyt A
Iip — E "’*((J;uf(pfl + g(‘)) - "’*Gpv (p4 - g(’))) G;.H»f (p4 + g(‘)) + (-Tluu (p4 - g(‘)) 0 > 0 (I,e.c:f
0 0 2G pv (}'3'4 )
= where
- B} 0 | 0 0
O w(m‘m!) _ Q'.t;!)4ﬂ'l-'+'£p‘z.d&2 0 %__(‘;bﬂ—l—l @E*—i—l + (;ﬁgl_lt;ﬁg*_l %((}954_1(9;:_1 - (;353_1(;35;*_1) 0
S (ips — iQ11)? + p? 0 —5(@rt11}y — di10"4) (D19 +dady™y) 0O
0 0 0 bl
= Gauge dependence
Cf.p.»; &T—I_f'pzﬂz(-ﬁgqbf*
G5, (2,7) = Gu(z,2') — (1 - €)0,0! —
MV(T T) .FW(TJT) ( 5)( (V[('-’:'pcl _,i“ﬂ)z _|_p2]2
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GLUON

= Eigenvalue equation

PROPAGATOR

Euclidean thermal Green functions of photons in generalized Euclidean
Rindler spaces for any Feynman - like gauge
V. Moretti, Int.].Mod.Phys.A 12 (1997), 3787-3798, hep-th/9607178

1
ViV AL = (1= (VoY A,) = A4,

= For Feynman gauge

AP =(1,0,0,0)¢ j=1
AP =(0,1,i,0)¢ . j=1-1
(3 (9, 1,7, 0 with
AR = (0,0,0, 1) g =1
= For arbitrary ¢, use
AE = ((")Ta 6';13: (")'ya (‘-)‘:)@i / prd}?f@;((])(‘)g* (?) — / ptdpt J[-],(p)

= Propagator end at the center can be expanded as plane wave | = / prdpidpge’ 07 = [ dpydp, e tivuy

Guw = —nﬂp(;(im) — ni‘y (G (ips +i2r) + G(ipa — i82r)] + Sz |G (ipa +i2r) — G(ipa — i821)] O
l‘!B



FEYNMAN RULE FOR SU()

= Ghost propagator

i(Glps + 96) — iG(ps — 99))  G(pa+gd) + Glps—gd) 0

, 1 [ Gt gd)+Glpa—go) —iGlpa+gd)+iGlpa—ygo) 0 go =0 o
G = ; > 5
' 0 0 2G(py4)

= Four-gluon interaction

_gQ[feabfecd(na*}-'nﬂﬂi o nar’inﬂ*}-') + feacfeflb(nmﬁn_ﬁﬁa o nr}.;’)"_nj-é) + fe.adfebr:(n&ﬁnjﬁ o n(.‘r}rnﬁﬁ)]

cy ©




FEYNMAN

RULE FOR SU(2)

= Three-gluon interaction

b, A
P2,

L

av P1

where

P3

~

C,O

(?:P'ia)\ )mf

ctal Ao pibe ib (1 aic ie{v abi
—gl(iP{* 7 pite — (ipy ) peic 4 (i Pyt pab

— .?:p)\_nc?vaia . )\4)52 J’n"rz(') i )\4 e::ri/g@fﬂu

= Gluon-ghost interaction

C,V

_g(_?:Ppaa’ )fu:"br:

Orbit contribution only

o



2-LOOP CORRECTION AT THE CENTER

Rotation only result

= Tedious but possible

Qo=
LiL)

Still ongoing...

Too long to be shown

©



SUMMAR?

= As less assumption as possible
= At least we can do some calculation of QCD under (imaginary) rotation
= Some other quantities to compare with lattice

" 277
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