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Introduction

e In non-cetral heavy ion collisions, the droplets of QGP with angular momentum are crated.
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e In non-cetral heavy ion collisions, the droplets of QGP with angular momentum are crated.

e The rotation occurs with relativistic velocities.
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w=10 MeV ~0.05 fm™ v ~cat r~20 fm (w) ~7 MeV ({/snn-averaged)

m Roenko R, P Properties of rotating


https://doi.org/10.1038/nature23004
https://doi.org/10.1038/nature23004
https://arxiv.org/abs/1701.06657

Introduction

e In non-cetral heavy ion collisions, the droplets of QGP with angular momentum are crated.

e The rotation occurs with relativistic velocities.

/ o
> 1 |

S (GeV)

| L. Adamezyk et al. (STAR), Nature 548,
62-65 (2017), arXiv:1701.06657 [nucl-ex] |
w=10 MeV ~0.05 fm™ v ~cat r~20 fm (w) ~7 MeV ({/snn-averaged)

o How does the rotation affect QCD properties?

Artem Roenko (JINR, BLTP) Properties of rotating


https://doi.org/10.1038/nature23004
https://doi.org/10.1038/nature23004
https://arxiv.org/abs/1701.06657

Lattice study of rotating QCD properties

Formulation of rotating QCD on the lattice
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Bulk-averaged critical temperature in rotating QCD:
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Rotating QCD in Minkowksi space

It is convenient to describe the system in the co-rotating reference frame, =" = (¢,z,y, 2),

P = [@lab - Qt]Qﬂ- ) t= tlaby Z = Zlab, T =Tlab, (1)

with the metric

1-720% yQ -zQ 0

| v 1 0 o
9=l 20 0 -1 0 (2)

0 0 0 -1

The Dirac Lagrangian in curved space is given by

Ly =0 (" (D +Tp) —m) ¢ ®3)
and the Lagrangian of Yang-Mills theory in the Minkowski curved spacetime is
Lo =" FiuFls e
49%
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Rotating QCD in Minkowksi space

It is convenient to describe the system in the co-rotating reference frame, =" = (¢,z,y, 2),

P = [@lab - Qt]Qﬂ- ) t= tlaby Z = Zlab, T =Tlab, (1)

with the metric

1-720% yQ -zQ 0

| v 1 0 o
9=l 20 0 -1 0 (2)

0 0 0 -1

The Dirac Lagrangian in curved space is given by

Ly = (7" (D +Tp) =m) = L7 + L1, (3)
and the Lagrangian of Yang-Mills theory in the Minkowski curved spacetime is
1 v
Lo==gg@ 9" 9 FiaFs = £ + LG + L&), (4)

where £ o< O™, and Q = Ot Plab-
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Rotating QCD in Minkowksi space

It is convenient to describe the system in the co-rotating reference frame, =" = (¢,z,y, 2),

P = [@lab - Qt]Qﬂ- ) t= tlaby Z = Zlab, T =Tlab, (1)

with the metric

1-720% yQ -z 0

| v 1 0 o
9=l 20 0 -1 0 (2)

0 0 0 -1

The Dirac Lagrangian in curved space is given by

Lo = (i7" (D +Tp) =m) = L7 + L3, (3)
and the Lagrangian of Yang-Mills theory in the Minkowski curved spacetime is
1 v
Le=-1 9" g P Ey = L) + £ + £ (4)
yM
where £ Q" and Q = J¢prab- The causality restriction: .
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Rotating QCD in Euclidean space

The rotating system at thermal equilibrium is studied on the lattice. The partition function is
Z-Tr [e*H/TO] - fD[U]D[u‘;,@] ¢ SalUQl-SplUw.d.0]
where the Euclidean action, Sg + S, is formulated in curved space (¢t - —it), =" = (z,y, 2, 7),

1 0 0 -yQ

E _ 0 1 0 :EQ[

G =1 0 0 1 0 ’
-yQr xQr 0 1+ 7‘29%

and the angular velocity is imaginary, Qr = 9r@1ab = —10:@1ab = —i§2, to avoid the sign problem.
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Rotating QCD in Euclidean space

The rotating system at thermal equilibrium is studied on the lattice. The partition function is
Z-Tr [e*H/TO] - fD[U]D[u‘;,@] ¢ SalUQl-SplUw.d.0]

where the Euclidean action, Sg + S, is formulated in curved space (¢t - —it), =" = (z,y, 2, 7),

1 0 0 -y
E _ 0 1 0 :EQ[
Iur =1 g 0 1 0 ’

-yQr Q0 1 +7’QQ§
and the angular velocity is imaginary, Qr = 9r@1ab = —10:@1ab = —i§2, to avoid the sign problem.

There is no causality restriction in Euclidean space.
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Rotating QCD in Euclidean space

The rotating system at thermal equilibrium is studied on the lattice. The partition function is
Z-Tr [e*ﬁ/TO] - /D[U]D[w,&] ¢ SclUl-SplUy.0.0] (5)

where the Euclidean action, Sg + S, is formulated in curved space (¢t - —it), =" = (z,y, 2, 7),

1 0 0 -y
E _ 0 1 O :EQ[
g,uu - 0 0 1 0 ) (6)

-yQr Q0 1 +7’QQ§
and the angular velocity is imaginary, Qr = 9r@1ab = —10:@1ab = —i§2, to avoid the sign problem.

There is no causality restriction in Euclidean space.

@ The inverse temperature 1/7y sets the system length in 7-direction.

o Ehrenfest—Tolman (TE) law: the local temperature depends on the coordinates

T(r)\/goo = T(r)V1-72Q% = T(r)\/1+ 7202 = Ty .

o We denote by T =Ty the temperature at the rotation axis (r = 0).
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Rotating QCD in Euclidean space: quark action

SF=fd4$\/E@Z_;(7”(8u+FH)+m)1/}:
12
] fdw(w+yﬂ,¢>Dx+<72-mm4)Dy+v3Dz+v4(DT+iﬂf“2)””)W Y

where

i ? ij a v ij i_j j_ i
=qtel, r,= —Zwuija 3 Wiij = B s (a#ef + Ffue]- ), o= (’Y B G )’ (8)

RO .

withef =ef =ef=e; =1, ei=yQr, ef=-2Q5.
The quark action contains the orbit-rotation coupling term v"Q;(yDy — xD,) and the spin-rotation
coupling term iy"Qro'?/2, i.e. [prl) = (R ).

On the lattice, the spin-rotation coupling term is exponentiated like chemical potential.
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Rotating QCD in Euclidean space: gluon action

The gluon action is a quadratic function in angular velocity:

1 v (e a a QQ
ngﬁfd4x\/gEgg gEBFuaFUﬁESO+51Q[+SQ7I, (9)
9y m
where
1 4 a a
So= 1 f d*zFC, F2, (10)
9y m
1 a a a a a a a a
S = — f &'z [~y 2, Fo -y P Fe + 2Fe FY + oFe FL], (11)
9y m
1 a a a a a
S2= f d*a[r? (F2)? + y* (FL)? + a? (FL)? + 20y FEL FS ], (12)
Y M

i.e. £8> =Q-Jg and Eg) < B2.
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Rotating QCD in Euclidean space: gluon action

The gluon action is a quadratic function in angular velocity:

1 Vv @ a a QQ
50:74 5 fd4x\/9_E91l§ QEBFuaFuﬁESO+31QI+S27I’ )
9y M
where
S 1 f d4$Fa FCL (10)
0= v v
49%]\/[ 13 K
1 a a a a a a a a
St = 2 [d41»' [_szyFyT _szzFZT +xFyZFzT +$Fyze7—]7 (11)
9y m
1 a a a a a
SQ = 92 fd4x[T2(ny)2+y2(F:vz)2+w2(Fyz)2+2xyF$2FZy:|’ (12)
Y M

i.e. £8> =Q-Jg and Eg) < B2.

@ The sign problem is due to the linear terms (both for quarks and for gluons, Si # 0)

o The Monte—Carlo simulation is conducted with imaginary angular velocity Qr = —i€2

e The results are analytically continued to real angular velocity, Q? < —Q?
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Lattice setup and observables

Causality restriction

@ Analytic continuation is allowed only for bounded system with Qr < 1

e Boundary conditions are important! (they influence the result in all approaches)
Qﬁg
y x o Lattice size: Ny x N, x N2 (N,=N,=Ny)
%% o “Radius” of the square cylinder: R =a(N;-1)/2
a e Boundary velocity: v} = (QrR)? < 1/2
@ periodic b.c. in directions 7, z.

different types of b.c. in directions x,y:
[A. Yamamoto and Y. Hirono, open / peI'IOdIC / Dirichlet / s
Phys. Rev. Lett. 111, 081601

(2013), arXiv:1303.6292 [hepflat]]
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Lattice setup and observables

Observables

The Polyakov loop is an order parameter, in gluodynamics (Zs symmetry).

1 s N 1
L(x,y)=FZTr[H U4(7"77)]7 L=FZL($,?/)- (13)
z z =0 S z,y
In confinement (L) = 0; in deconfinement (L) # 0. (L) = e Fo/T

The local critical temperature is associated with the peak of the local Polyakov loop susceptibility

xz(r) = (1)) = (L)) - (14)

v

We use tree-level improved (Symanzik) lattice action for Sy and chair/plaquette discretization for Si, So.t

The temperature is T = 1/Nta. It coincides with the temperature on the rotation axis Tp.

LA. Yamamoto and Y. Hirono, Phys. Rev. Lett. 111, 081601 (2013), arXiv:1303.6292 [hep-latds
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T/T.o =080, v}=0.16

T/T=0.90, v?=0.16 T/T,=0.95 vi=0.16 T/To=1.05 v}=0.16
5 .
S
<
BN
=50
d
< 5
5 0.25
~
= 0.00 - £ N ‘ ‘ ‘ ‘
—50 0 50 —50 0 50 —50 0 50 —50 0 50
z/a z/a z/a x/a

Figure: The distribution of the local Polyakov loop in z, y-plane for the lattice of size 5 x 30 x 1812 at the fixed
imaginary velocity at the boundary v% = (QIR)2 =0.16 and different on-axis temperatures, T' = 1/N;a.

o As the (on-axis) temperature increases, the radius of the inner confining region shrinks.

o Boundary is screened; Rotating symmetry is restored.

o Local thermalization takes place;

Artem Roenko

Phase transition occurs as a vortex evolution,

s of rotating QCD




T/T, =095 v?=0.04 T /T, = 0.95,

v? =0.12

T/Tg=0.95 v?=024 T/T,=0.95 v?=0.48

10

£l
=

—10 Qr = 2.93 MeV Q =7.18 MeV Q7 =10.15 MeV
= | |
5 0.25 i : 5
~
>~0.00 i L—-— .

10

-10 0 10 —10 0

10

x (fm) x (fm) x (fm) x (fm)

0.3

0.2

0.1

0.0

Figure: The distribution of the local Polyakov loop in z,y-plane for the lattice of size 5 x 30 x 1812 at the fixed
temperature 7" = 0.95T.o and different Q;; System size R = 13.5 fm.
e Mixed inhomogeneous phase may be observed for T' < T,o. For imaginary rotation, deconfinement
appears at the periphery; confinement is in the central regions.

o The confinement region shrinks with the increase in €2r;

Artem Roenkc
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Local critical temperature

The local critical temperature Te(r) is the temperature at the rotation axis when the phase transition
occurs at radius 7.

» Technical details: ~ We split the system into thin cylinders of width ér and measure Tc(r).

1 o Results for different or-T =1,...,5 are in
8 %,&gi%“” agreemen
L3 T
Sy,
0.95¢ y,, 1 e ¢b is a width of ignored boundary layer
< 5% 30 x 1812
< vj =016, T =5 e Minor difference on b.c. appears at r/R ~ 1
=090 & 6.T=1, OBC 1 o
b or-T=3, OBC y
i 6r-T=5 OBC
0sst & ér-T=1, PBC e or
¥ 6r-T=3, PBC €. 1 ob
I 6r.-T=5 PBC '
0.0 0.2 0.4
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Local critical temperature

@ The results in the whole region are well
described by the quartic formula
ag, T (r) 2 4
B33, 2 =Co-C (—) +C (—) . (15
Big o T o-C2( g “\ g (15)
g "§-§5§ ; ] o In the bulk, /R 5 0.5, quadratic fit is
~ P [+ .
= 5 x 30 x 1812, ) O, 55 sufficient (Cy = 0).
&~ Gr-T—3 8h.T—3 OBC ’”m.j“ g, h@é‘"’% ( )
[ & w2=00 v? = 0.24 "3 % ﬁ@ ]
0.7 _ 3. % $
§ 02 =008 T 0?=028 §'§m %
¥ or=012 §o?=032 '§§m§ 3 %
I v}=016 & wr=040 23
0.6 5 v =020 § v2=048 ﬁ% |
0.0 0.2 0.4 0.6 0.8 1.0
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Local critical temperature

5k N,=5, OBC ]
0995 e i 1 T @ The results in the whole region are well
50990} §§ S . i E ] described by the quartic formula
0085k E i % % ] T, (,,,) . .
= Co- c( )+c(f). 15
: : : : : : Teo ‘\Rr (15)
0.50F [ quartic fit ! Y] ) )
& quadratic fit; from 2312.13994 s o In the bulk, /R < 0.5, quadratic fit is
S oo i el sufficient (Cy = 0).
251 | R ]
’ i
0.00b % , , , R o We found numerically that
E L] Ci(v]) = a; + Kivi . (16)
g 01p i P 3 f 1 o T.(0) » Teo with few percent accuracy:
i onew » Effects of finite radius R.
0.0 ) ) ) § » Effects of averaging in layers of width dr.
0.0 0.1 0.2 0.3 0.4 0.5
UZ
1
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Local critical temperature

» Results:  The local critical temperature de-
002l creases with imaginary angular velocity.
g
To(r, Q2 2
% 1 (Qur)? (m_m(%) ) . an
0.00t_, ‘ ‘ ‘ 0
L2f~ ‘ R
_____________ ii @ The vortical curvature in continuum limit
o g E ) from quadratic fit (r/R $0.5) is universal
10 ]
___,/“/( [] uartic fi =
% 3 Zuadtratictﬁt; from 2312.13094 ra = 0.902(33), (18)
0395 e And from quartic fit (for OBC) there is
LOZO[
20300} #me J k2 = 1.051(29), k4 =0.300(34), (19)
0.9751 l >>>>>>>>>>>>>>>>>>>>>> } ] where k4 term is a finite volume correction;
0.00 0.02 0.04 0.06 o We can not distinguish ~ Q* term.
1/N?
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Decomposition of rotating action

» How analytically continue inhomogeneous phase?

The action of rotating gluons is a quadratic function in €y,
Sac=5S0+ Si1Qr+ SzQ? , (20)

where S1, Sz are inhomogeneous;
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Decomposition of rotating action

» How analytically continue inhomogeneous phase?

The action of rotating gluons is a quadratic function in €y,
Sa =So+)\1S1QI+/\QSQQ§, (20)
where S, Sz are inhomogeneous; we introduce switching factors A1, As.

@ 51 = Shmech 1s an angular momentum of gluons (in laboratory frame) — “mechanical” coupling.

@ 52 = Siagn is related to the chromomagnetic fields FZQJ — “chromomagnetic” coupling.

The following regimes of the rotation are possible:
Iml) Ai=1, X=0; Q7>0
Im2) A =0, Xa=1; Q2>0
Iml2) A=1, XA=1; Q>0 (physical regime; it is already considered above)
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Decomposition of rotating action

» How analytically continue inhomogeneous phase?

The action of rotating gluons is a quadratic function in €y,
Sa =So+)\1S1QI+/\QSQQ§, (20)
where S, Sz are inhomogeneous; we introduce switching factors A1, As.

@ 51 = Shmech 1s an angular momentum of gluons (in laboratory frame) — “mechanical” coupling.

@ 52 = Siagn is related to the chromomagnetic fields FZQJ — “chromomagnetic” coupling.

The following regimes of the rotation are possible:
Iml) Ai=1, X=0; Q7>0
Im2) A =0, Xa=1; Q2>0
Iml2) A=1, XA=1; Q>0 (physical regime; it is already considered above)

Note that in the case A1 = 0 there is, actually, no sign problem:

Re2) A1=0, X2=-1; 02<0 (real rotation) = a.c. of mixed phase may be checked
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fferent regime

T/To=1.014, v?=0.16 T/T,=0.95 v?=0.16 T/T=0.95 v?=0.16 T/Ty =105 v!=-0.16

0.4
.
0 0.3
]
= 0.2
—50 0.1
S — 0.0

0
z/a z/a z/a z/a

Figure: The distribution of the local Polyakov loop in @, y-plane for lattice size 5 x 30 x 1812, open boundary
conditions (OBC) at fixed velocity |v?| =0.16 and different regimes. Temperature was chosen to see mixed phase.

o In the regimes Im1 and Re2, the rotation produces confinement phase in the outer region at T > T¢o.
Regime Re2 realizes real rotation for S system.

o Phase arrangement is the same in Im2- and Im12-regimes.
The radius of the inner region in regime Im2 is slightly smaller, than in regime Im12.
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Imaginary vs real rotation for different regimes

The distributions of the Polyakov loop for real and imaginary rotation (S term is omitted).

5x30x 1812, [0} =0.16, A\ =0, =1
04F ¥ 7/T=095 Im2, OBC T/To = 1.05, Re2, OBC
¥ T/T. =095 Im2, PBC ®  T/T.n =105 Re2, PBC
o Re2: T =T+ AT
0.3f 1 for real rotation v? = 0.16
=
502 o Im2: T'=T.0- AT
27 for imaginary rotation v7 = 0.16
0.1} 1 Confinement < deconfinement
with approximately the same position.
0.0p ]
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Imaginary vs real rotation for different regimes

The local critical temperature in these regimes has different behaviour.

1.3 T T T . .
5x 30 x 1812, [|v?| =0.16 %i
# Iml, OBC ¥ Re2, OBC -
1.2F % Iml, PBC # Re2, PBC A 1
¥ Im2, OBC $ Iml2, OBC .i
Im2, PBC & Iml2, PBC
< 1.1t ]
; e
PR
= 1.0
0.9 ]
i £ %
. ]
0.8t 6r-T=3, 6b-T=5 1
0.0 0.2 0.4 0.6 0.8 1.0

r/R

m Roenko (JINR
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o In the Iml-regime, T,(7) ~

o In the Im2-regime, T,(7) \

. Im2 Im12
the vortical curvature .\ > x{™?)
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Imaginary vs real rotation for different regimes

The local critical temperature in these regimes has different behaviour.

o In the Iml-regime, T,(7) ~

1.3 : : , , ,
5% 30 x 1812, [v?| = 0.16
Lol % ;21 Sgg ; ;f; Sgg o In the Im2-regime, T,(7) \
1§ 2, 0BC F—JIm2, ac., OBC the vortical curvature .\ > x{™?)
Im2, PBC Im2, a.c., PBC
[ $ Iml2, OBC ¢ Iml2, PBC ] . .. .
I~ 11 o The Re2-regime is in agreement with a.c. of
-~ the Im2-results in a bulk
51.0 (a.c. within Eq. (17))
0.9} 1 o Contribution from S2 = Smagn dominates.
0.8 i
0.0
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Imaginary vs real rotation for different regimes

The local critical temperature in these regimes has different behaviour.

o In the Iml-regime, T,(7) ~

1.3 : : , , ,
5x 30 x 1812, [0?] = 0.16
§ Iml, OBC RC‘Z‘ OBC o In the Im2-regime, T,(7) \
1.2t & Iml PBC & Re2 PBC 1 . (fm2) _ (Im12)
¥ Im2 OBC F—JIm2 ac, OBC the vortical curvature r, > Ky
Im2, PBC Im2, a.c., PBC
[ & mi2, OBC m12, PBC . 1 L .
S L & e b /&4:/:"?"5 o The Re2-regime is in agreement with a.c. of
= LI Lt PR & the Im2-results in a bulk
i\/]llo ............. ; . ®. . ..... ‘ ..... ‘ ..... (a.c. Within Eq. (17))
,,,,,,,, e
0.9} 1 o Contribution from S2 = Smagn dominates.
- % The results resemble the decomposition of I
087 or-T=3, 6-T=5 ] [V. V. Braguta et al., Phys. Rev. D 110,
0.0 0.2 0.4 0.6 0.8 10 014511 (2024), arXiv:2310.16036 [hep-ph]]
r/R (see below)
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Local approximation for inhomogeneous action

Two major effects of rotation:
o Inhomogeneity:  coefficients depend on coordinates (z,y).

@ Anisotropy:  chromoelectric and chromomagnetic components are affected differently by rotation.

The approximation of local thermalization: ~ We consider a small subsystem at distance r¢ from the
rotation axis, (z,y) = (r0,0), for which the coefficients in action is approximately constant.

The homogeneous local action is
1
[ f d'w [Fi, Fe, + Fy Fyy + F&Fly + FLFL +
29y m
+(1+u?) By Fy, + (1 +u?) Fgy Fiy + 2up (B Foy + Fy F2) ] . (21)

where ur = Q7o is a local velocity.

Local thermalization approximation

o The system (21) is simulated using standard lattice methods with PBC.

o Local approximation is free from the effects of finite R and the influence of boundary conditions.
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Results for local action: different regimes

1.3

1.2¢

1.1t

1.0

To(u)/Te

0.91

0.81

T

fi Iml, OBC ¥ Im2, OBC
§ Iml, PBC Im2, PBC
¢ Iml, local ¢ Im2, local
¥ Re2, OBC ¢ Iml12, OBC
% Re2, PBC  § Iml2, PBC
% Re2, local § Im12, local
fou "Q’é"'"*-“uﬁ
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0.1

Properties of rotating

o The results for local action and for full
system are in a good agreement with each
other in all regimes.

o The data are well described by the
polynomial:

TC(UI)

=1+ kou® + kau (22)
TCO




Results for local action: different regimes

o The results for local action and for full

2.57 ' ' 1
¢ Im2/Re2, local system are in a good agreement with each
""" 1+ e2u®) /(1 = ba?), fit e other in all regimes.
(1 + cou?)/(1 = byu?), ac.
2.01 [T 1+ fogts? + kgti?, acc. 9"' 1 o The data are well described by the
.yl polynomial:
~ 4 T.
= Lo & ] Telwr) 4, kou® + kau* | (22)
s 7 TCO
&
e Or, by the rational function:
1.0
To(u)  1+cou®
(w) _Lvesu” (23)
Tco 1- b2u2
=8 4
05 —04 —0o 00 09 04 @ The function (23) better describe all data
u? from regimes Im2/Re2.
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Results for local action

Now, switch on the full rotation, Im12
o The data are well described by the

Lo Ny=4,local & N, =4, full ] polynomial:
N, =5,local ¢ N,=5, full
’ ' Te(u
| N, = 6, local Ny =6, ful | Te(ur) =1+ kot + kau?, (24)
0.9 N; = 8, local Teo

@ And by the rational function:

=
0.8¢
§ Te(u) 1+ cou® (25)
E TCO B 1- b2u2 ’
0.7r
o In continuum limit the coefficients are
0.6} k2 =0.869(31), ks =0.388(53). (26)
c2 = 0.206(66) , be =0.694(101). (27)
0.0 01 02 w2 03 04 05 @ The local critical temperature increases
! with real velocity u = Qr.
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Ehrenfest-Tolman effect in rotating (Q)GP

Ehrenfest-Tolman effect: In gravitational field the temperature isn’t a constant in space at thermal
equilibrium, 7'(r)./goo = To = const. In the co-rotating reference frame:
T T
T(r) = s - ‘.
V1-Q2r2 \/1+Q§r2

(28)

TE law suggests that the rotation effectively heats the periphery. Let’s derive T ©(u) from an assumption
T(r) = Teo, then the local critical temperature decreases:

TTE
CT(’IL):«/lfu2%170.5u2+..., (29)
c0
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Ehrenfest-Tolman effect in rotating (Q)GP

Ehrenfest-Tolman effect: In gravitational field the temperature isn’t a constant in space at thermal
equilibrium, 7'(r)./goo = To = const. In the co-rotating reference frame:

T T
1-Q2r2 \/1 +Q%r2 '

T(r)= (28)

TE law suggests that the rotation effectively heats the periphery. Let’s derive T © (u) from an assumption
T(r) = Teo, then the local critical temperature decreases:

TTE
CTiw):«/lquzlfo.5u2+..., (29)
c0

External gravitational field generates asymmetry in the coupling constants of different components of the

Sc—fd z |B((F5)? + (F, T)r"+(F;‘T)2+(F$Z)2)+B((F;z)2+(F;y)2)], (30)
where § = 31 and f = (1= (2r0)*) 8= (1 + (ur0)*) 8

» 3/B>1 (imaginary rotation) = 7. decreases; » B/B<1 (real rotation) = T increases.
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Equation of State and Moment of Inertia

A mechanical response of a thermodynamic ensemble to rigid rotation €2 = Qe is described in terms of the
total angular momentum J. The energy in co-rotating reference frame is

E=E"Y_jg.Q, F=E-TS, dF=-SdT-J-dQ+...,

The moment of inertia is a scalar quantity, J = I(T,Q)€,
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Equation of State and Moment of Inertia

A mechanical response of a thermodynamic ensemble to rigid rotation €2 = Qe is described in terms of the
total angular momentum J. The energy in co-rotating reference frame is

E=E"Y_jg.Q, F=E-TS, dF=-SdT-J-dQ+...,

The moment of inertia is a scalar quantity, J = I(T,Q)€,

Q 9]

For a classical system with characteristic radius R the moment of inertia is given by
I(T,Q) = f P a?p(T,x.,Q) ~ apo(T)VR?,
v

The free energy may be represented as a series in angular velocity (or linear velocity vg = QR)

i2(T)
2

F(T,V,Q) = Fo(T, V) - @

Q*+0(Q") = fo(T)V - Vo +O(vy),

where Fo(T,V) = f2(T)V = I(T,V,Q = 0) =i(T)VR?, and i»(T) is a specific moment of inertia; Ko = —ia/ fo
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Results of lattice simulation with non-zero imaginary angular velocity

Symanzik gauge action; we calculate f = F//V using
standard relations

B
- -N} fﬂ df'As(8),

where As(f8) = (s(8))r-0 = (s(B))r = —(s)-
o N, x 40 x 417 lattices with Ny = 5,6,7,8;
° Nt(T:O) =40 for T =0 subtraction;
o v? « 1, where v = R, R=a(N, -1)/2.

e vy =const < Q;/T =v;/RT = const.
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Results of lattice simulation with non-zero imaginary angular velocity

Symanzik gauge action; we calculate f = F//V using
standard relations

f(T) 4 p / !
T =N [ﬂ df'As(8),
where As(B) = (s(8))r-0 - (s(B))r = —(s)-
o N x40 x 41? lattices with N, = 5,6,7,8;
° Nt(Tzo) =40 for T = 0 subtraction;
o v? « 1, where v = R, R=a(N, -1)/2.

e vy =const < Q;/T =v;/RT = const.

o T, N\ with the imaginary angular velocity.
o Fit by the quadratic function (fo = -p <0):

FT0r) = fo(T)(1 - SEa(Tef).

Artem Roenko (JINR, BLTP)

L4 6 x 40 x 412

§ w2 =0.000

12 3 v? =0.015

i 0?=0030

1.0F ¥ v2=0045

v? = 0.060

1‘ 0.8F 4 =007

~ 3 o X

S

0.6
0.4
0.2
0.0

5.00

5
150 175 200 2%
/.

250

[V. V. Braguta, M. N. Chernodub, A. A. Roenko, and
D. A. Sychev, Phys. Lett. B 852, 138604 (2024),
arXiv:2303.03147 [hep-lat]]
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Results of lattice simulation with non-zero imaginary angular velocity

o The moment of inertia of gluon plasma ] e s

I(T)|gey = ~K2FoR?,

becomes zero at “supervortical” temperature

K,

- - - rational fit

Ts = 1.50(10)Tc. cont. limit

§  5x40x41% ]
and it is negative for T" < T. T 6x40 x 412
¥ 7T x40 x41%
1

8 x 40 x 412

1.2 1.4 T 1.6 1.8 2.0
T/T,
[V. V. Braguta, M. N. Chernodub, A. A. Roenko, and
D. A. Sychev, Phys. Lett. B 852, 138604 (2024),
arXiv:2303.03147 [hep-lat]]
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Results of lattice simulation with non-zero imaginary angular velocity

o The moment of inertia of gluon plasma ] e s

I(T)|gey = ~K2FoR?,

becomes zero at “supervortical” temperature

K,

- - - rational fit

T, = 1.50(10)Te..

cont. limit

§  5x40x41% ]
and it is negative for T < T. T 6x40x 412

o 7x40x412 |
I 8x40x41?

@ The result for the system with OBC is SE . . . d
1.2 1.4 T 1.6 1.8 2.0

T. = 1.53(15)7T- T/T.
[V. V. Braguta, M. N. Chernodub, A. A. Roenko, and
D. A. Sychev, Phys. Lett. B 852, 138604 (2024),
arXiv:2303.03147 [hep-lat]]

m Roenko R, P es of rotating


https://doi.org/10.1016/j.physletb.2024.138604
https://arxiv.org/abs/2303.03147

Results of lattice simulations with zero angular velocity

Taking the derivative at €2 = 0, we obtain:

2
7= -pdloeZ

902 = T(«Sf M+ <<S2>>T) )

Q=0

where (O)7r = (O)r — (O)r-o corresponds to the
thermal contribution to (O).

f/(T'LY) =0T,

Artem Roenko (JINR, BLTP)

0.50 -
0.25 Lo #
— 000} E-- - 8
& = )y
S ' ‘ 1
< 70 i & T 5x16x2
T 05 ‘ ’ P 5% 20 x 212
—0.50 ) ¥ T 5 x20x ]
Vo P 5x20x%25°
—0.75 o T o5x20x312
[ =2
—1.00 E- 4 To5x24x25 ]
1.0 15 2.0 25

/T,
[V. V. Braguta et al., JETP Lett. 117, 639-644 (2023)]
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Results of lattice simulations with zero angular velocity

Taking the derivative at €2 = 0, we obtain:

8*log Z
o002

I=F=T =T((ST)r +(S2)7),

Q=0

where (O)7r = (O)r — (O)r-o corresponds to the
thermal contribution to (O).

f/(T'LY) =0T,
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0.50 _.-=%
P S
0.25 "
3
_ 0.00FF=- 3 B
= \ ot
& —0.25 \ ’
& A
= _0.50 vE
\\ //3[/
0.5 “:\“ m T 4x16x212
&, ¢ 5x20x 252
& /
—1.00 L § 6x24x31%
1.0 15 2.0 2.5
T/T.

[V. V. Braguta et al., JETP Lett. 117, 639-644 (2023)]
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Results of lattice simulations with zero angular velocity

2 F
Taking the derivative at Q2 = 0, we obtain:
1,
0*log Z
[=F=T2=  =T((ST)r+(S2)r), 0
o0 o,

where (O)r = (O)r — (O)r-o corresponds to the gi
thermal contribution to (O).

f/(T*LY) =ia) T, Ka =i2/(~fo) -4y = from 2303.03147
B ¥ from JETP Lett. 117, 639 (2023)
5k ]
1.2 1.4 1.6 1.8 2.0
Results of two methods (a.c. from ; and 9a|o-0) T,
c

[V. V. Braguta et al., PoS LATTICE2023, 181 (2024),

are in agreement.
arXiv:2311.03947 [hep-lat]]
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Negative moment of inertia and magnetic gluon condensate

Taking the derivative at €2 = 0, we obtain:

0*log Z
002

I=F=T

=T((ST)r+(S2)r).

Q=0

Using the exact forms of Si,S2, we get
1= ]Ine(',h + [magn

where ((J) =0 for any T') and

Lo = ({20 = (I3 20,

1 3 2 a2 «Q 2 2
Tnsen = 5. [ @2 a2((F) )y = GVE((Conosn) )

J = Jg is the total angular momentum of gluon field.

e Mass density po(T) < ((Gmagn)>)r/3.

Artem Roenko (JINR, BLTP)

’ /
o ;//i/i/f/—’/;J
O e
3 L
= N
B/ §  total
Ll { mech.
—4r f magn. |
L0 15 20 25 30 35

T/T,
[V. V. Braguta et al., Phys. Rev. D 110, 014511
(2024), arXiv:2310.16036 [hep-ph]]
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Negative moment of inertia and magnetic gluon condensate

Taking the derivative at €2 = 0, we obtain:

2
I:FQZTB log Z

e |  =T((SD)r + (Sa)r),

Q=0

Using the exact forms of Si,S2, we get
1= ]Ine(',h + [magn

where ((J) =0 for any T') and

Lo = ({20 = (I3 20,

1 3 2 a2 «Q 2 2
Tnsen = 5. [ @2 a2((F) )y = GVE(Grneen) )1

J = Jg is the total angular momentum of gluon field.

e Mass density po(T) < ((Gmagn)>)7r/3.
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’ /
o ;//i/i/f/—’/;J
O e
3 L
= N
B/ §  total
Ll { mech.
—4r f magn. |
L0 15 20 25 30 35

T/T,
[V. V. Braguta et al., Phys. Rev. D 110, 014511
(2024), arXiv:2310.16036 [hep-ph]]
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Negative moment of inertia and magnetic gluon condensate

Taking the derivative at €2 = 0, we obtain:

0*log Z

[=F =T

=T((ST)r+(S2)r).

Q=0

Using the exact forms of Si,S2, we get
1= ]Ine(',h + [magn

where ((J) =0 for any T') and

1

Tmeen = f(«f»T ~()7) 20,

magn = / d T J. ( ) » VR <<(Gmagn)2>>T~
J = Jg is the total angular momentum of gluon field.

e Mass density po(T) < ((Gmagn)>)7r/3.

o Magnetic gluon condensate reverse its sign at ~ 27%.

e In QCD fermionis (Jy) contribute only to Imech.
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[V. V. Braguta et al., Phys. Rev. D 110, 014511
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Interpretation of the results: negative Barnett effect

Total angular momentum J = I€2 is a sum of the orbital and spin parts:
J=L+S, (31)

and I <0. The possible physical picture: instability, or negative Barnett effect for gluon .
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Interpretation of the results: negative Barnett effect

Total angular momentum J = I€2 is a sum of the orbital and spin parts:
J=L+S, (31)

and I <0. The possible physical picture: instability, or negative Barnett effect for gluon .

In the temperature range Te ST < Ts ~ 1.5T%: J

(i) a sizable fraction of the total angular
momentum J = L + § is accumulated in the

spin of gluons S; Q Ml o
(ii) therefore, S 11 J and S 1| L . /\/\ /\ C :
Let’s introduce L = I, €2, S = Is€2, therefore —— 3

Ip>0, Is<0, I=I.+Is<0. (left) usual Barnett effect
(right) negative Barnett effect

[V. V. Braguta et al., Phys. Rev. D 110, 014511
(2024), arXiv:2310.16036 [hep-ph]]

Fof classical system Ig = 0.

Artem Roenko (JINR, BLTP) Properties of rotating QCD


https://doi.org/10.1103/PhysRevD.110.014511
https://doi.org/10.1103/PhysRevD.110.014511
https://arxiv.org/abs/2310.16036

Rotating QCD: various rotation regimes

1.02
1.02 [
1.00
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0.98 0.98
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& 0 g R
g 0.96 £0.96
<094 =
- £0.94
c 4% 16 % 17, PBC & 1% 16 x 172, PBC
0.92 mps/my = 0.80 m,)ﬁv/my [: 0.80
The from xp, 0.92r T from \{If"‘{’\|,,”,.
0.90f & Q=0 Q:#0 E00=0, 000
T Qu#0, Q=0 090f ¥ QA0 Q=0
0ssf & W#0. Q#0 $ A0, Q#0
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Figure: The (bulk-averaged) pseudo-critical temperature as a function of imaginary linear velocity on the boundary
for various rotation regimes (full, only gluons, only fermions). [V. Braguta, A. Kotov, A. Roenko, and D. Sychev,
PoS LATTICE2022, 190 (2023), arXiv:2212.03224 [hep-lat]]

QCD action: S =Sa(Qag) +Sr(QF)

Rotation in fermionic and gluonic sectors have different influence on (bulk-averaged) Tpe. Gluons dominate.
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Inhomogeneous phase in QCD (prelimin:

T/T,=0.93, v?=0.00 T/T=0.93, v?=0.16 T/T,=0.93, v?=0.32 T/T=0.93, v?=0.48
20 asm
(preliminary ) 0.20
3 F0.15
<
>
+0.10
—20 F0.05
=~02f ° ' '
o . R
= (p1 eliminary )
S

50 0 20 —20 0 20 —20 0 20 —20 0 20
z/a z/a z/a z/a

Figure: The distribution of the local Polyakov loop in z, y-plane for the lattice of size 4 x 20 x 492 at the fixed
temperature T = 0.93 T¢o and different vy; QCD with Wilson fermions (Iwasaki action), mr/m, = 0.80.

e Mixed inhomogeneous phase takes place also in QCD! (work in progress ...)

Artem Roenko (JINR, BLTP) Dri ies of rotating



Conclusions

o Using lattice simulation with imaginary angular velocity, we found the mixed phase in rotating
gluodynamics at thermal equilibrium. For imaginary rotation, it takes place for T < T,o with
confinement phase in the center and deconfinement at the periphery.

@ The local critical temperature in rotating gluodynamicsdepends on the local velocity u = Qr:
To(r, )
TcO

Te(u) 2 4 Te(u) 1+ cou®
=1+k k e
T +kou” + kqu”, or T " 1—bul’

The approximation of local thermalization gives consistent results. Note that  7T¢(0) ~ Teo.

=1+ ko (Qr)? [bulk of full rotating system], (32)

[local action], (33)

e For real rotation, the inhomogeneous phase may arise for T > T¢o with confinement (deconfinement) at
the periphery (center).

o We demonstrate the validity of analytic continuation using Im2/Re2-regimes.

e The magnetovortical coupling generates asymmetry in the action for chromomagnetic fields. Linear
coupling play subleading role. This mechanism can not be accounted for by TE.

@ Gluon plasma has I < 0 below the supervortical temperature Ts. Possible physical explanation: NBE.
Results for a.c. from Q; and dq|q-o are in agreement.

o We expect similar picture for QCD (work in progress).
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Local Polyakov loop at high temperatures

v} =048
1.20} ﬁ ¥ 1/7.=113 ]
%@ b T/T.=144

i ” /T, — 181 ] e T'>Ts~1.5T: I1>0
S il i T/T.=248 )
10 T/T. = 369 ] o T2 2Teo: (B7) >0
O»
% L05 ] @ Local Polyakov loop decreases with r at

’ high temperatures T" 2 27T¢o
1.00} ] (local temperature from TE decreases with
r for imaginary Q)
0.950 (preliminary) ]
~10 —05 0.0 0.5 L0

z/R
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