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Non-central collisions create rotation

Impact parameter Large orbital Vorticity in
[ b#0 j @ngular momenturg [Shear flow] [ QGP ]

L=rxp~ 10%%

% + Impact parameter

»

reaction plane strong vorticity

 Non-central HICs generate large orbital angular momentum
e Part of it transferred to QGP, giving rise to strong vorticity




Experimental evidence of vorticity

4+ Vorticity polarizes quark spins (Barnett effect)

I | I I I I I T T |
Q Au+Au 20-50%
— 8 D v A this study —
. . » @ A this stud
4+ Quark spin inherited by hyperons & | + A PRO76 024515 (2007)
6~ O A PRC76 024915 (2007) |
_ o AL |
4+ Measure global A and A polarization
Py
2 - |
+ Extract polarization from the decay 0L _
angular distribution !
hyperon polarization — R '2
dN 10 10
T X 1 + oy Py cos 6* Vsun (GeV)
COS . .
Most vortical fluid ever observed:
w ~ 10?2571

Experimental bridge from HIC vorticity to QCD under rotation




How does rotation affect QCD matter?

Angular velocity as a new thermodynamic parameter in the presence of rotation

Hamiltonian: Hyot = H — 2 - J

Rotation couples directly to total angular momentum

A new axis for the QCD phase diagram
T

\ N [ Confinement? ]

\B Hp

Q

This work: confinement / color screening — static Q-Q interactions
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A first-principles route to the rotating frame

Rotation = External gravity background

4+ Rotating matter in inertial frame <—> Static matter in a co-rotating frame

~

Rotating frame _Q
® <
Q Rotating matter
4+ Constructing rotating frame in Euclidean space
ds* = dX? +dY? +dZ° + dr? <
X =xcos(Q7) — ysin(Qy7) \) Q (AYS
Ch fli . —
elemegtn\?viethoroltg?ion: Y = 2sin(Qr7) + y cos(§;7) v =1t r? =a° + 92
7 =

ds® = da”® + dy® + dz* + (1 + Qr?) dr* + 2Q; (v dy — ydx) dr




Lattice simulations with imaginary rotation

4+ Rotation appears through the spacetime metric

1 00 0 1 0 0 ner
o1 0 0 ] o 10 —2Q;
I = 1o 0 1 0 I = 0 1 0
0 0 0 1 yQr —xQr 0 1+ Q%2 +y?)

4+ Action remains the same form but with modified spacetime metric

1 4 e
5 /d z gl%g"P Tr[F,, F,g]
9y M

SYM =

4+ Lattice discretization of the rotating-frame Yang--Mills action

1 — 1 — 1 _
Sa =BZ {(1 +120%) (1 — ﬁReTary) + (1 +y°07) (1 — ﬁReTrUm) + (14207 (1 — ﬁReTrUyz)

C C

1 _ _ _ _ _ _ _ |
+ 3 — ﬁReTr(Um + Uy +U,r) — ﬁReTr [yQI(nyT + Vier) —8UVyor + Viyer) + :cyﬂ%‘/my} }

/] d
I ! / /

U=t : 7 Ty = : p P 7 O

S (L) + (e A
e e 14 )4
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Previous lattice study on confinement under €2,

T/T. =095 v2=0.04 T/T =095 v2=0.12 T/T =095 v2=0.24 T/T =095 v2=048

* The rotating plasma becomes radially inhomogeneous
* Radial coexistence of confining-like and deconfining-like regions
« Increasing £2; shrinks the confining core

Next: a closer look at static Q-Q interactions under rotation




Probes of QQ-interactions

T ~ 0O : Wilson loop T > 0 : Polyakov loop correlator
t L(x)  Li(y)
W(r, 1) T |
V(r) and F(r) equivalentat T' = 0,
but V(r) requires less computations >

=
F(r)=-TIn <L(X)LT(y)>

. <WS (n, n7)>
aVs(na) = ey Lo (Ws(n,n, + 1))

Static potential V(r) Free energy F(r)

Static Q-Q observables directly probe how
rotation modifies confinement and screening




Three geometries

ya A z A z A
Q
o
[ |
V. (r.=na) . Vay (rzy=na) Viy (rey=na)
: _
Ry . Tz Qe o eQ ) ‘Ta:y/2 oy 2. Q

@
Q

Orientation Separation Radial position

Parallel or transverse to Q? How far apart are Q and Q? How far from the axis?

Rotation breaks the usual geometric equivalence of static Q-Q configurations




Workflow on the lattice

1. Background
Generate quenched SU(3) gauge configurations with rotation at £2;

2. Boundaries C=5
PBC in Euclidean time T and z, OBC inx and y N o= 0

3. Measurements
Wilson loops at T ~ 0, polyakov loop correlators at T > 0O

4. Geometries
Longitudinal, on-axis transverse, and symmetric-transverse pairs

5. Boundary control
|dentify a bulk region where boundary effects are negligible

6. Scan the response
Dependence on £2;, temperature, separation and radius




Lattice setup

Nt 5 T/Tc Q] [MGV]
0 10115]20(25(30{40
A  Essd SR
OBC:1
6.1 | 1.02 | 100 [20]20({20({30{20
6.12| 1.0 | 100 |20{20|20{30(20
8 16.14 1.09 | 100 (40(20|20(30|20] -
6.17] 1.14 | 100 |20{20({40|30(20
6.2 | 1.19| 100 [20(40(40|32{40
6.3 | 1.38 | 100 [20({40(10{24{40

No. of configurations in units of 1000

* One lattice spacing for each temperature

e Both zero and nonzero velocities at each temperature
Focus on vicinity of 7
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V(T = 0): no visible rotational effect

0.9% P —— 0.9 P— 0.9 P
3 < W,(4,n;) > PBC, Q, = < Wiy (4,n7) > PBC, Q= <Wy(4,n;)> PBC, Q=
1° In s & O0BC, Q=0 19 In—ram—ys & O0BC,Q =0 19 1 <W?:(4(.:r+)1)> & O0BC, Q=0
0.8 - A OBC,Q=20MeV | g A OBC,Q=20MeV | (g | A OBC, Q=20 MeV
@ OBC, Q=30 MeV @ OBC, Q=30 MeV @ OBC, Q=30 MeV
OBC, Q; =40 MeV OBC, Q, =40 MeV OBC, Q=40 MeV
0.7 1 0.7 - 0.7 1
S s o
| g _ ks _ s |
0.6 . 0.6 0.6
ceh4d w494
0.5 - - - - - - - - 0.5 - T - - - - . - 0.5 . . T . . T . 1
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 1 2 3 4 5 §) 7 8
ne N+ Ne
. <0
VORY o
i@ Q @ueenen °®Q 0 ende
F.(Ray,72) Fay(ray) F2, (1)
0.7 0.7 0.7
aV,(an) a ?E} S | aVi(an) av;‘y(an) Qﬂj
0.6 g 0.6 o S5 | 0.6 ©
& g . ﬁé e@m
& e
0.5 0.5 1 0.5 1
&x ®d PBC,Q =0 S d PBC,Q =0 e d PBC,Q =0
$ OBC, Q=0 $ OBC, Q=0 $ OBC, Q=0
0.4 1 A OBC,Q=20Mev | 0.4 A OBC,Q=20Mev | 0.4 A OBC, Q=20 MeV
@i OBC, Q=30 MeV @ OBC, Q=30 MeV M@ OBC, Q=30 MeV
S OBC, Q, = 40 MeV | &= OBC, Q; = 40 MeV OBC, Q; = 40 MeV
0.3 - - - - - - - - 0.3 - T - - - - 0.3 T T .
1 2 3 4 5 6 7 8 1 2 3 4 5 6 2 4 6
n n n
« Clear plateaus allow a stable extraction of the static potential
« OBC and PBC results at £2; = 0 agree within errors —> boundary effects are mild
« No significant dependence on £2; is resolved up to 40 MeV
. V., V., and V agree within uncertainties —> no rotation-induced anisotropy
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F.(R,,, r,): distance-dependent screening

2400 Fz(Rxy, rz) [MeV]
23001 ST LU L DL LY S
2200 - ;tg“‘h‘“ﬁtﬁhﬁ“&“ﬂf
2100{ Rk
Y Ry =10a
2000 - - A
1900 - T=1.14T, é gxy—;ga
§ =0 Ry = 24a
1800 —mm——m—m——m———m——@™@™@@—m———@——
0.0 0.5 1.0 1.5 2.0
ry [fm]
. Atfixed R, F (R, T,

2400 Fz(ny, ry) [MeV]
2300 -
2200 ) 8 ngogyat . O8 8 A ®
*§;:::i;ilii;i;;;;gi;iac;:;;;;
21001 8 sk
Y Ry =10a
20007 L 2 RX§=15a
T=1.14T. A Ry =19
1900~ Q, =30 MeV N gxy—izl:
2 xy =
800 =
0.0 0.5 1.0 1.5 2.0
r, [fm]

r,) approaches a plateau at large r,

« Without rotation, the plateau already shows a strong ny dependence (OBC effects)

« With rotation, plateau values change, and spread with ny
. AtT > 0, free energy is sensitive to both r, and R,
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F.(R,,, r,): disentangle different effects

2400

F2(Rxy, Iz) [MeV]
2300 1

00| ggrisliliiieiisiatini

2100 2 ok
¥ Ry =10a
2000 - 3R zise
1900 T= 114TC A Rxy=19a
T Ry, =22
Q, = 30 MeV 4 Poy = 22
s Xy =
weo+-
0.0 0.5 1.0 1.5 2.0
r, [fm]

axial

. Same R_, different boundary sensitivity

Xy’

diaéonal

F.(R,,,r,) Depends on r, and R, with OBC contamination

y,

. 1, = 00:removes the finite-separation dependence
« Subtract ; = 0: isolates the rotation-induced shift
from backgrounds

AFz(Rmy) = FZ(Ra:ya OO)‘QI:O T FZ(Rnya OO)’QI;A()
400 AFZ(RXy) [MeV] T=1.05T, °
] axial diagonal ®
300 ] =30 MeV —e—

] Q/=20M8V}—A—{

—a—

Q; =25 MeV —@— —s— S
—A—

Q, =15 MeV —m— —=—

200 +

100 1

. Agreement at small R, defines the bulk region
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AF,(R,,): quadratic radial dependence

120 200
AFz(Rxy) [MeV] T=1.05T, AFz(Rxy) [MeV] Q, =30 MeV
100 - axial diagonal ' axial diagonal
Q=30 MeV —e—  —— 150 T=102Tc - o
Q;=25MeV —9— Ir=1.05T. —&— - o8~
8010, =20 MeV —a—  —i- o | T=1.00Tc o —a- W
Q=15 MeV —m— e~ - T=1.19T, -m— ——— o
604 Q=10 MeV — = 100 - T=1.38T, e
s Loy = e
— ] Vm
‘m/‘/g/’@/l/u/ e o ¥ — —
oo Y AT el * A
/éi: g 408 ﬁ”%kxmj/ /l/au/ﬁ/l”@
. %ﬁ '@. —B— =
1 1 1 1 O 1 1 1 1 1
0.2 0.42 (2).6 0.8 1.0 0.0 0.2 0.42 (2).6 0.8 1.0
RZ, [fm?] R2, [fm?]

Symmetry under Q@ — — Q. AF.(Ryy) = QF [e2(T)RZ, + co(T)]

Global (dashed) and separate (solid) fit:  AF,(Ryy) = AR?Cy + B

Consistent with the expected small-£2; expansion that predicts Rfy dependence
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AFZ(ny): stronger rotation response near 1.

120
| A [MeV/fm?]

1001 & T1=1.02T.

1 & T=1.05T,

1l A T=1.09T.
80 B T=1.14T,

1 T=1.19T, P
601 ¥ T=1.38T,
40
20 -

O .

0 5 10 1520 25 30 35
Q/ [MGV]

« Both A and B increase with €2, but decrease with T
- Rotation response is strongest near 1,




ny(rxy): suppressed by rotation

2400
Fuo(ry) [MeV]  T=1.14T, ]
2300 - i;:
gii*:'
2200 - ﬁéﬁﬁﬁﬁﬁﬂﬁﬁtﬁﬁﬂﬁﬁif gae
21004 @
i Q/ =0
2000 - ¥ Q=10MeV
§ Q=15 MeV
A Q=20MeV
1900 1 B Q: =25 MeV
9 Q, =30 MeV
804 —
0.0 0.5 1.5

2500
Fx/(ry) [MeV]  T=1.02T, f
2400 - ®
%y 7|
2300 - oSV
2200 cegese?f viiolt
20001 @ s oo
1900 - ¥ Q=10MeV
& Q=15MeV
1800 - A Q=20MeV
J B Q=25MeV
17001 @ Q:=30MeV
1600 ¢+——-r—"—r-—7"-"+""""7""" "+
0.0 0.5 .0 1.5 2.0
Iyy [fm]
2700
Fiy(ry) [MeV] — T=1.38T, J
2600 - 8
2500 - - ]
genseasngatpaninatt
24001 @
3
2300 - § Q-0
Y Q=10MeV
2200 A $ Q=15MeV
A Q=20MeV
210041 @ B Q=25MeV
Q, =30 MeV
2000 ' ' T T T T T T T T T T T T T
0.0 0.5 1.0 1.5

ryy [fm]

ny(rxy) decreases with increasing £2;

. Effect strongest near 1., and weakens at higher T
e Same pattern as longitudinal channel
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Any(rxy) V.S. AF;’}(rxy)

A A
Fay (Tay) F3, (rey)
Q g ® () E) et e ® ()
no||l 2
300 500
[ AF4y(ryy) IMeVI  Q;=30 MeV ;. [aF.(ry) IMeV] Q=30 MeV i@f
250 - axial diagonal i ] axial diagonal
T=102T, —e— o ¢ 400 1 7=1:02T: o=t == ¢ g
| T=105T. o o i% |T=105Tc - o 5 $3
2001 7=1.14T, +—a— +—2— §§ 3 | T=114T. A +—A— ¢
{T=1387, @ o 5 51 300{7=138T, -—m— - $6 $4 I
150 - ¢ 58 652 . 80 0
1 i% ¢ ® §;<I> . A 200 -
100 A A
s ¢ 1001
Ay 0-

« Both shifts decrease with increasing T°

« AF*, > AF,, atcomparable r,,

* Response depends on radial arrangement




Single-source factorization

Fz 1 A Fz

>

gj

ek
® V‘Q
Q )

1
APy (1) = 5 [AFQR, = 0) + AF.(Ryy = 12,)

1. 1
SAF, (2roy) ~ SAF(Raoy = ay)

e Single-source factorization suggests scaling relations among the three geometries




Single-source scaling

500
_ axial diagonal é
4001 85y(5)  —a—=  —o— ¢ i
] (rxy) —.—  ——
AF (2rxy)/2 —— —A— é
300 1 AFZ(nywz —y— §§§
m @
] §§3 Ll
200 g I
A ngg i% E @
100 1 ggﬁﬁi?ﬁ i T=1.02T,
; ﬂﬂﬁiﬁ Q, = 30 MeV
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Ixy OT Ryy [fm]
80
[MeV] T
l axial diagonal
Any(rxy) —e—  —o—
001 aFg(ry)  —m =
| AF, (2rxy)/2 —— —A— v § %
——
\ 4

40 A

1 Q=30 MeV

AF( )2 ——
T=1.38T,

. ﬂﬁé& f

1.0
Ixy OT Ry, [fm]
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200
[MeV] 1
° axial diagonal { %
150{ i) - o il’ i
| 6FL2r )2 s I $
DRG2 v
1001 7=1.14T, %i
50_— Q; =30 MeV gi%ﬁ b §
| § ﬁ
O_Miﬁiigiyg 7
0.0 1.5 2.0 2.5

er or Rxy [fm]

AFT(2r,
region
Supports the single-source interpretation
Agreement persists across temperatures
Deviations at large distance reflect growing
OBC contamination

y) & AF (R, = r,,)inthe bulk
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Conclusion

@ T ~ 0: no significant £2; dependence or anisotropy within present

accuracy

Q

I' > T imaginary rotation suppresses the static free energies

Q

Longitudinal response: AFZ(ny) ~ Rfy + const . in the bulk region

M Transverse response: sensitive to the radial arrangement of the static

SOUrces

™M Bulk data are compatible with a radial single-source free-energy shift
o

Rotation response is strongest near 1, and weakens at higher T




