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Rotation of QGP in heavy ion collisions

reaction plane

> QGP is created with non-zero angular momentum in
non-central collisions



Rotation of QGP in heavy ion collisions

STAR, Nature 548, 62 (2017)
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Angular velocity from STAR (Nature 548, 62 (2017))
> Q= (Py+ Px)"8T (Phys. Rev. C 95, 054902 (2017))
» O~ 10 MeV (v ~ c at distances 10-20 fm, ~ 10%2571)
» Relativistic rotation of QGP

How relativistic rotation influences QCD?
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Study of rotating QGP

» Our aim: study rotating QCD within lattice simulations
> Rotating QCD at thermodynamic equilibrium

» At the equilibrium the system rotates with some €2

» The study is conducted in the reference frame which
rotates with QCD matter

> QCD in external gravitational field

» Boundary conditions are very important!



Details of the simulations

» Gluodynamics is studied at thermodynamic equilibrium in
external gravitational field

» The metric tensor

1-720%2 Qy —Qx 0

B Q -1 0 0
9w =1 _Qz 0 -1 0
0 0o 0 -1

> Geometry of the system: N; x N, x N x N, = Ny x N, x N2

QEQ




Details of the simulations

» Partition function (H is conserved)

Z=Trexp|-BH| = / DUDy DY exp [—5]

» Euclidean action(in the cylindrical coordinates)

S = Sp+ 5.9+ 5,07
_ 1 -
S = /d4x r < F’raiprT F;ZF,?Z} + w’)/4D¢¢ + 2¢’)/40'12’¢)
talk of A. Roenko
: 1 a a
52 = —@ d41' 7'2 I:(F@Z)Q + (F’I“Lﬁ)2:|

» S total momentum, S5 centrifugal force

» Competition of S| and S5



Details of the simulations

» FEhrenfest—Tolman effect: In gravitational field the
temperature is not constant in space at thermal

equilibrium

T(r)\/goo = const =1/
T(r)V/1—1r292=1/8

»> We use the designation T =T(r =0) =1/
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Details of the simulations
Boundary conditions

» Periodic b.c.:

» Upp =UsinNin
» Not appropriate for the field of velocities of rotating body

» Dirichlet b.c.:

> Uﬂw‘mer =1, A“‘IGF =0
> Violate Z3 symmetry

» Neumann b.c.:

» Outside the volume Up =1, F),, =0

» The dependence on boundary conditions is the property of all
approaches

» One can expect that boundary conditions influence our results
considerably, but their influence is restricted due to the screening
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Details of the simulations

Sign problem

1 4 a \2 a \2 a \2
Sa = g [ | (PP (R 4 (FLP +

HFL)? + (1= (Qr)*) (FL)? + (1= (r)?) (F)* +

rTeTTr PpzT TZ

+2irQ(F,F®. — F% F° )]

v

The Euclidean action has imaginary part (sign problem)

A\

Simulations are carried out at imaginary angular velocities
Q —iQ I

» The results are analytically continued to real angular velocities

v

This approach works up to sufficiently large

A\

Sometimes instead of Q% we use v? = (QR)* and v7 = (Q; R)?
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EoS of rotating gluodynamics

» Free energy of rotating QGP

F(T, R,Q) = Fy(T, R) + Co02 + ..

» The moment of inertia

Q\ 00

» Instead of I4(T, R) we calculate Koy = —%

» Sign of Ko coincides with the sign of Iy(T, R)

1 1 (OF
Co =~ I(T.R), Io(T,0) = _( )
T,2-0
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EoS of rotating gluodynamics

>

A\

v

Classical moment of inertia
(R) = [ st (o)
1%

Related to the trace of EMT T4 = po(x )c?

Generation of mass scale in QCD and scale anomaly
2 2 2
Th ~(G*) ~ (H* + E7)
In QCD the gluon condensate (G?) # 0

One could anticipate: pg ~ (H? + E?)?

IO = [mech, + ],7,(,!,,, valid f()f QCD/
Imech = <JZZ> - (<f]2>)2 ~ <512>
Imagn = %/ (]'5.’1‘/‘2<H2> ~ <S._)>

14



Moment of inertia of gluon plasma

=

- - - rational fit |
cont. limit
5% 40 x 417 ]
6 x 40 x 41%
7 x40 x 412
8 x 40 x 412

12 11 1. 16 T8 20
/T,

» [(T,R) = —Fy(T, R)K2 R?
> [ <0forT<1.5T.and I >0 for T > 1.5T,
» I < 0 is related to magnetic condensate and the scale anomaly

» We believe that the same is true for QCD
15



Moment of inertia of gluon plasma

o Ne=6 N:=6
; § total o9 LB § tol
) s {  mech : '. ¥ magnetic
- L [} magn. 25 ". § clectric
10 15 2.0 25 3.0 35 1 2 3
T/T. T/T.

. I
> iy = WJ%J_’ Iy = Ipeen + Imﬂ!]”

Tnech = <Jz2> N ((Jz>)2 ~ <Sl2>
Imagn - %j d'3,777“2 H2> <SZ>
» Gluon condensate: (G?) = (E?) + (H?)
> (Th) = e —3p = B20(G?), By(as) = —(33 —2ny) g

2
s
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Barnett effect

» Rotation polarizes spins of ferromagnetic

the picture from doi: 10.3389/fphy.2015.00054
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Negative Barnett effect(?)

J=nf= (), J=L+§

But the spin S is quantum

vvyVvyVvyy

L ™ ﬁ, §T¢ 0 might lead to

For classical motion J = L and Iy >0

The term (H?) is related to spin of gluons

fTiﬁandIo<O

18



Inhomogeneous phase transition in QGP

» Ehrenfest—Tolman law

_ Ty _ T
\/1 — (Qr)? \/1 + (Qyr)?

> Rotation effectively heats the system: T'(r) > T'(r = 0)

T(r)

Inhomogeneous phase: confinement in the center and
deconfinement in the periphery
(M. Chernodub, Phys. Rev. D 103, 054027 (2021))

» For imaginary rotation: deconfinement /confinement in the
center /periphery

19



Inhomogeneous phase transition in GP

T/Ty =080, vi=016 T/Ty =090, v}=016 T/Ty =095 o} =016 T[T,y =105 v}=0.16

y/a

L LL

-5 0 50
z/a z
Huge lattices are required for simulations

z/a

»
» Cylindrical Symmetry is restored

» The results for PBC and OBC coincides in the bulk
»

Confinement in the center and deconfinement in the periphery

In disagreement with Ehrenfest—Tolman law

v

Inhomogeneous phase takes place below T

Confinement/deconfinement phase transition as a vortex?

20



Inhomogeneous phase transition in QGP

T/Ty =095, v} =004 T[Ty =095, v}=0.12 T/Ty=095 o}=021 T[Ty =095, v}=048
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» The phase transition is induced by rotation
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Inhomogeneous phase transition in QCD

/Ty =093, v} =000

T/Ty =093, v}=016 T/Ty =093, v}=032 T/Ty =093, v}=048

20
0.20
3 0.15
S
0.10
-2 0.05
=0.2 w W W
o
5
:00 W W
"0 0 20 =20 0 20 -20 0 20 -20 0 20

z/a z/a z/a v/a

» It remains to be true for quarks (Preliminary results!)
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Local critical temperature 7.(r, ;)

=U. - a %I [ ?’ ¥
=5 5% 30 x 1817, T )
S lerr=3 6-7T=5 OBC ”m}“hh& g“?%
07l & d-om 2 =021 "]% ﬁw% ﬂk}
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» Our results can be well described by the formula

TG — 1 (@ wa(@r)? (R) 4 @)

» Within the uncertainty w =1

» Weak dependence on the simulation parameters 23



Analytical continuation to real rotation

0.0

AT/T.(0) 70
12} ez 002 )
B3 005
=010
10} &5 017
= 026

confinement
0£0

deconfinement

r (fm)

4 decenfinement 7
74 0.2
. Qr#£0
2 1 7 imaginary ////////4
confinement rotation
S S S S S T

Q7. Q (MeV)

> Analytical continuation Q? — —Q%:

T = 14 ()2

» Inhomogeneous phase can be realised for T' > T

» Deconfinement in the center and confinement in the periphery
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Decomposition of the action

» Rotating action in the cylindrical coordinates

S =50+ 507+ SQQ%

> Si=-L [diar [FgﬁFgT - FgZF:Z]

> S = 5l [ d' r? [(FE)? + (Fe,)?]
» S5, is the total angular momentum and gives I > 0
» S5 is the centrifugal force and gives I < 0

How S and SS9 influence on the inhomogeneous phase
transition?

25



Decomposition of the action

T/Ty= 1014, v}=0.16

/o L : rfa L L zfa

» S5 is similar to the total acton and gives the dominant
contribution

> 5 effect is the opposite to the the total acton

T/Ty=09%, v=0.16 TTo=0%, v}=016  T/To=105 v=-016
*

rfa

26



Decomposition of the action

1.3 ‘ ‘ T T "
5% 30 % 1812, |02 =0.16 'F&
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> S| increases the local critical temperature
» S5 decreases the local critical temperature

» The contribution of S5 is dominant



Local thermalization hypothesis

1 a a a a
- o [ s [(Fﬂ)? (PO 4 (FL) 1 (FO) +

+ (1= (Qr)?) (Fg)* + (1= (2r)?) (Fp)?

+2irQ(F%FS — F2 F%)

roTTr Pz TZ

S

» For slow rotation ¢ < 1 the coefficients vary slowly

» Local thermalization approximation: study the action with the
coefficients freezed at r = rg



Local thermalization hypothesis

1.3 T
i, OBC § i2, OBC | &
7 il PBC 2. PBC | A
1of & illoal & 2 leal | l,«"'
TPOEow2,08C 3 i3 OBC ¥
T r2, PBC § B PBC | A
11 § 12 local I i3, local ! ,@’
g 1
~ [ 'Y
E » $-0 ““"""lluﬁ%
.
L
0.9 Prs o |
g%’},v"v !
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0.8 # !
i
—0.1 0.0 0.1

» Good agreement with the full action for sufficiently small €2

» A lot of advantages
» The higher order coeflicients can be found
Te(r,)/Teo =1+, ()2 T.(r=0,9)/To =1
» Weak dependence on the BC
» One can study small lattices
» Allows to understand inhomogeneous phase transition



Origin of the inhomogeneous phase transition

1
So = [ [0y (B2 + (B + (B2 + () +
1 a a
oz ((HE + (H2))

» Linear in § term can be neglected
External gravitational field leads to the asymmetric action

g—z =1-(Qr)?

» The asymmetry g?/§? is larger in the periphery region leading to
the shift of the critical temperature

» GR effect!



Conclusion

» Lattice studies of rotating gluodynamics and QCD have
been carried out

» We calculated the moment of inertia of GP. It is negative at
temperatures T' < 1.57, and positive at larger temperatures

> We observed inhomogeneous phase transition in GP:
deconfinement in the central and confinement in the
periphery regions

> External gravitational field leads to asymmetryc action and
shift of the critical temperature in the periphery regions

> We believe that all the observed effects remain in QCD

THANK YOU!
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Backup slides: Simulation with fermions
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» Lattice simulation with Wilson fermions

» Critical couplings of both transitions coincide

» Critical temperatures are increased



Backup slides: Simulation

with fermions

AE 102
- I
L00 — % b
0.08
g
_:110.00
i‘-DOl 1x 16 x 172, PBC
1x%16 x 172, PBC ~ o X :
0920 gy~ 0.0 . [mps/my = 0.80 N
T, from x; { 002F T from \2ES L
000f ¥ Qo=0. Qr#0 - [ L QA0
i Qp =0 . ooof ¥ L Qp=0
0sal ¥ fu Qp £0 T 040, Q40 ™~
000 001 002 003 004 005 006 007 008 0.00 001 002 003 004 005 006 007 008
i /e
M . p— J \J - -
» QCD action: S = S¢(Qp) +5,(Q¢)
» One can introduce velocities for gluons Q¢ and fermions Qg
> Qp #0,Q¢ = 0 decreases critical temperatures
> Qp =0,Q¢ # 0 increases critical temperatures
» The gluon sector gives the dominant contribution
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Backup slides:
Simulation with fermions (e-Print: 2307.05755)

T =100 MeV |
T =109 MeV
T =142 MeV ||
T = 166 MeV
T = 212 MeV
T = 249 MeV ||
T =276 MeV

[ ® T=100MeV § T=212MeV

T T=109MeV 4 T =249 MeV
15 T=12MeV % T =276MeV
3 T =166 MeV

. 2
0»'::m:g;:%:.@...,...r,..‘..‘.a;:-.:..g,.--- e ‘ . ‘
0 002 004 006 008 01 012 0 002
Yla]

» Increase of the bulk average critical temperatures of both

transitions
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Backup slides:
Simulation with fermions (e-Print: 2307.05755)

-0.85 G T=10MeV F T=212MeV -0.016 T @ T=INV§ T2
I T=100MeV £ T=249MeV I T=109MeV & T=249MeV
T=142MeV & T =276 MeV T=12MeV & T =276MeV
-0.8 L..% & T =166MeV 0.014 § T=166McV
By gt .
) S .. T
S NN
= -0.75F = -0.012
2 STTTTRY S 3
[ISY IS
07F -0.01
-065 ‘ ‘ ' ‘ ‘ -0.008 - : : : ; :
002 004 006 008 01 012 002 004 006 008 01 012
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»> Rotational rigidities: pj, = S{E‘z, PL; = oie

» Spin susceptibility: ¢y = §
» Negative moment of inertia
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