on from shear flow
-lon collisions as a tool
g transport properties

The Light; Color, and Dense Matter Symposillik .'
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3-Dim Hydro for RHIC (PICR)
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Test: Symmetric Expansion

* Code is written in " e
Cartesian coordinates
- Starting with a
Cylindrically SymmetriC 4%5 ZIO ZIS 30 35 40 45 50 55 60 65 70 75 B‘D BIS SIOE

state -> expansion

should be symmetric 1o
» Figure shows a slice

through the centre of the A ‘, ]

matter :?5 20 25 ”“h 45 505 60 65 VW‘L:— 80 85 90 :
 EXxpansion remains fof omidde |

symmetric well beyond -

the limits of the validity of k]

fluid dynamics despite

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

using a cubic grid

March 2016 >



Varying the Number of Markers

10x10x 10
4,955,958

March 2016
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X [fm]
o

-10

-20

LHC Pb+Pb |

b=0.7 t=32 1.38 + 1.38 A TeV

\/ 500

400

300

200

100

Color indicates E Densit

J_u::n:Jr indicates n?rgy ensity | 0.00 fm/c 0 )
220 10 0 10 20

z [fm]

PIC-
hydro

Pb+Pb 1.38+1.38 A TeV,
b=70 % of b_max

Lagrangian fluid cells,
moving, ~ 5 mill.

MIT Bag m. EoS

FO at T~ 200 MeV, but
calculated much longer,
until pressure is zero
for 90% of the cells.

Structure and
asymmetries of init.
state are maintained in
nearly perfect
expansion.



Peripheral Collisions (A+A) = v, flow
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Fluctuating Intial States in
Central Heavy lon Collisions

1980s p x/m directed flow
1990s v 1,v 2, ...

2000... v_nand fluctuations in [x,y]plane
-> transport properties, viscosity

2010 Longitudinal fluctuations ?

2015 L vy, rotation, turbulence,
polarization



In Central Heavy lon Collisions

~ spherical with
~ like Elliptic flow, v, many (16) nearly
equal perturbations

(=16

10



C_______________________________________________________________]
CERN COURIER

Sep 23, 2011
ALICE measures the shape of head-on lead-lead collisions

1.015 1-* p:" 2-2.56GeV/c e & centrality
+ pI< 1 5-2GeV/c 0.30 1 = 0-2%
0 1.010 + i. PL-Pb 2.76TeV, 0-2% 0.25 — 24:!]:“ <2.5GeV/c
¥ F o oo 1,5 <p™* <2GeV/c
—= 1.005 1 $ % = & 0.20 -
@ 1.000 - Zaas % f’ "‘tﬁﬁsﬁ } 27 o
— g/t NS 0.10 -
Fo0995-% | o X
S 4.‘ __f + j“ 0.05 o -
ogs0- * + 0- Ay O
] ] [} ] 1 1 I 1 ] 1 | | ] ]
- a 1 2 3 4 1 2 3 4 & & T B
Ag (rad) n

Flow originating from initial state fluctuations is significant and dominant in
central and semi-central collisions (where from global symmetry no azimuthal
asymmetry could occur, all Collectivev,=0)!
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Angular scale

90° 27 0.5° 0.2°

6000 F I J T ]
; WMAP
o \ Acbar 3
5000 3 s ! Boomerang
: o] :
L 4000 F f | | -
E‘. 400 E \ :
§ .| i 5
. 3000 F 4 ! ‘
< : f | s
i ¢ f ]
+ 3 f * F X ¥ ’ :
= 2000 i .' " f 't + .
: ) T \ :
1000 o ?’ H' | -
i) M . 3
i .
O Lyl 1 | [N A SR NN S S | ]

10 100 500 1000 1500

Multipole moment [

Longer tail on the negative (low | ) side !
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Fluctuations and polarization, CMB

=

£ -55-

fax

°

T -60-

-

=65

T I

I
30 20 10 0 -10 -20 -30
right ascension (deg)

Figure 32:  The CMB radiation temperature fluctuations from the 5-year WMAP data seen over the full
sky. The average temperature is 2.725K, and the colors represents small temperature fluctuations, Red
regions are warmer, and blue colder by about 0.0002 K.
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. IS fluctuations in the
Small-x evolution — results ansverse, [x.y] - plane

o el JIMWLK evolution .
(initial condition) 003 | me0.4 GeV

0
14

12

14 (b)

12 5

v 1
14
Y=olf
K

08
086
04 5
02

08
08
04 S8 |
02

08
08
04
02

y [fm]
o

x [fm} x [fm] x [fm]

Small scale fluctuations develop and become finer and finer as
characterized by the growth of Qs(Y)

Smoothening of geometric profile and growth in impact
parameter space ('Gribov diffusion’) 7

[S. Schlichting, U. Washington, QM2017] 4



3-D Glasma Initial state

Contour plots of initial state energy density (1) in a single
2.76 TeV Pb+Pb event(

e

M x,r -

s
‘X\A

Energy deposition dominated by approx. boost-invariant flux
tubes with characteristic transverse size of nucleon

n

Gyw0.3 | Mme0.4 GeV | Tw0.2 frriic

Short & long range fluctuations (n & x), center of mass shifts (n)
[S. Schlichting, U. Washington, QM2017]
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Observable #2: Directed Flow

g :? 10-40% Centrality (a) reaction plane = 3
;‘5 . " EB95 proton @ proton - L
< 005 C1NA49 proton ) antiproton .| = .
5 g [ oe ] o' r
- = . ] target (n<0) projectie (n>0) Q2
:EE . = L/
§ S 0 " > e LB _,:_-;-_-::Z'—_——:: ' @ participant zone -
g | @i 1 ~ O projectile spectators -
= . C (O target spectators §
£
0.05 =3 g

FWN - - 5TAR ‘

(0o 1 | B, T

Eone;- .' \-\ k :m"‘*m -
« Non-monotonic energy R N o ]2
dependence of v slope d : 1=
. ay s ®
— First order phase transition? {2
— No quantitative agreement of & = | g
any theory calculation so far LT R L T e
|5, 1GeV) w

Hannah Petersen Quark Matter 2017




Periheral Collisions - Initial State

> Peripheral reactions

> d Shear = vorticity =»

» L: in -y direction

HwP: L=7

X

Projectile
pectators

Participants

Target
spectators
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Initial State — Peripheral reactions

Magas, Csernai, Strottman (2001), (2002) j
- Yang-Mills flux tube model for longitudinal streaks y
- String tension is decreasing at the periphery \

- Initial shear & vorticity is present

x, fm

10 y=3/7r 10[y=2/7r N
-4
-6 4 2 0 2 4
2z, fm
(a) X‘__,,‘ v, (C) yx ®R X
‘.: z ht—— F
(b) xT ®y (d) x 2
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Shear & Turbulence - KHI

LP. C‘-scrna,ii‘ﬂ‘j’, D.D. Strottman?®, and Cs. Anderlik?

PHYSICAL REVIEW C 85, 054901 (2012)

ROTATION - high #

- Pk+Ph
136 + 1.38 A TeV

212 NME 220 224
z

a0l

205 210215 220 225 230
i

54
52

508
= 48 ,

46
4418
42

x 48

30

KHI- low #

Pb + Pb
1.38 + 1.38 A TeV/
b=0.7 ;

200 270 220 230 240
Zz

60|
55
50
45
40 [ &

35 4.4 fm/c

i
190200210 220 230 240

>

P
60 -
x 20
40 18

30

200 220 240

z

200 220 240
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10
1.38 + 1.38 A TeV
b=0.7 tn=32
il -
E o
>
-5 |
-10L I | | IO.OO fm;‘c_l
= 5 10 15

=15

Kelvin —
Helmholtz
Instability
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Rotation and Turbulence - (2015-16)

)
o~
\--/8
i
(ol
6
4
108 11 112 1.14 116 o
Jm__. (GeV/c™) =/ (= 3
o = e e ; - - 4
0

® STAR results
[M.A. Lisa, et al. (STAR Collaboration), Invited talk, QCD Chirality Workshop - UCLA,
February 23-26, 2016, Los Angeles, USA. ; QM2017 ; arXiv:1701.06657v1 21

A this study
A this study
A PRC76 024915 (2007)
A PRC76 024915 (2007

<> <4

Au+Au 20-50%
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10 1 i
\ Sy (GeV)



[Yilong Xie,: Dujuan Wang,.and Laszlo P. Csernais

Observable PHYSICAL REVIEW C 95, 031901(R) (2017)]
consequences
504 v
45. - @-PICR model
- A A inSTAR
4.0 w A inSTAR
= 3.5-
~ 3.0- - v
2254 "\ v
= 20/ ’\. v
4 ‘a A v
N 1.5- A R e &
1.0 b ‘-x -l
o054 A ¥FTTTomoe- -
Mike Lisa & 0.0 —_— ™
STAR: 10 100
Vs(GeV)
Angular mom.—>
Vorticity (rot v)> FIG. 4. (Color online) The global polarization, 2(Ilgy)p, in

our PICR hydro-model (red circle) and STAR BES experi-
ments (green triangle), at energies /s of 11.5GeV, 14.5GeV,
19.6GeV, 27GeV, 39GeV, 62.4GeV, and 200GeV. The red The
experimental data were extracted from Ref[Mike Lisa|, da2p-
ping the error bars.

N & anti- A
polarization



Present parton kinetic models

HIJING, AMPT, PACIAE

10F  Au+Aud0-50%

Different space-time configurations

[Long-Gang Pang, Hannah Petersen,
Guang-You Qin, Victor Roy and Xin-Nian

Wang, 27 September - 3 October

2015, Kobe, Japan; and Long-Gang Pang,
Hannah Petersen, Guang-You Qin, Victor
Roy, Xin-Nian Wang, arXiv: 1511.04131 ]

[Wei-Tian Deng, and Xu-Guang Huang, (=wzy) (fm™)
arXiv: 1609.01801] ‘
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Present parton kinetic models
-  HIJING, AMPT, PATHIA

g
o

g
o

o
&

Different space-time configurations

L.
o

[Wei-Tian Deng, and Xu-Guang Huang,

arXiv: 1609.01801] s 0 5 0 5 10 15
x(m) \ax Wy is at x=0 N

& . 0.10f @
0.10: Au+Au ] [ ALH'AU, \/;=200G9V_( '::‘....,::.i‘)
” ‘ I L N
= 0.08} based on energy flow - TE ﬁf::"' by
£ 0.06 70=0.4 fm <
e [ =
3 0.04 3
L [ 3o _
0.02} il wp(of vi) === wp(of v)
" = wi(Of vy)  smemeree ws(of vo)
50 100 500 1000 5000 0 2 4 6 8 10 12 14
J; (GeV) b(fm)
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Initiative: new L.S. in 1,1 coordinates = x,y,z,t

Thus for each streak, i, we can get the origin of the =7, hyperbola, t,, & z;.

200

100

x (fm)

150

Energy density GeV/fm3
propagated to the c.m. hyperbola
6 L
E 47
1
2 L
0 L

-1.5 -1 -0.5 0 0.5 1

1.5

10

150 w

LN O N B O ®

0.5

n

0.5

25
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Consequences — vorticity (2017):

- Vorticity is max. at the edges, at high +/- X
- Consequence of the Bjorken type model

- Contradicts to AMPT and parton cascade results of
[Wei-Tian Deng, and Xu-Guang Huang, arXiv: 1609.01801],

where max. 1s at  x=0.

Energy Weighted classical wy

6l e— | 0.05
E 1 -01
4t
= 0.15
=5l 0.2
0.25
Op .
b 0 1
26



Consequences — vorticity (2017):

- Vorticity in x direction is max. at the edges, at high +/- y
- The two edges point to opposite directions, +/- X, 1.e. cancel in total o,

Classical W

5 | | —
0.2
Eo 0
> -
-0.2
-5 J——
T 0 1

rrl 27



|.S. — z-directed vorticity

.S.: v, & v, vanish everywhere, 3, & 8, too
=> Initial w, = 0 =» init. class. 1, =0.
(except surface effects)

y-directed vorticity

—~Classical polarization, I1, , is negative
(-y directed),

—~Rel. polarization, 1, , may have small
negative domains

x-directed vorticity

Integrated w, = 0, = integrated class. I,
vanishes, p-dependence is symmetric.
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Consequences — vorticity (2013):

- Will be similar to the 2001-2 I.S. in (t,z) coordinates
- More compact = vorticity may survive better
- The earlier results will remain qualitatively similar:

n, (p,.p,)

Target
spectators

0
P, (GeVi/c)

Fig. 3 The vorticity calculated in the Fig. 4. The dominan‘F y component .0f
reaction (xz) plane at t = 0.17 fm/c after the observable polarization, I1y(p) in

the start of fluid dynamical evolution. the A s rest frame.

The initial rotation can lead to observable vorticity (Fig. 3),

and polarization (Fig. 4): Leading vorticity term.

The initial angular momentum can be transferred to the

polarization at final state, via spin-orbit coupling or equipartition.
[L. P. Csernai, et al, PRC 87, 034906 (2013)]

[F. Becattini, et al. PRC 88, 034905 (2013)] 2



Consequences:

Based on Ref. [Becattini, 2013], A polarization can be
calculated as:

() = 2 J dVnp(z,p)(V x B) Vorticity, 1st
P Sm f dVnp(z,p)
L [ dVnp(z,p)(0:8+ VY) Expansion, 2nd
CSm f dVnp(z,p) .

where|B"(x) = [1/T(x)]u*(x)|is the inverse temperature
four-vector field. Then thermal vorticity isjw =V X 8.

The polarization 3-vector in the rest frame of particle can be
found by Lorentz-boosting the above four-vector:

P

Iy(p) = I(p) — P (p? + m)

I(p)-p,

[F. Becattini, L.P. Csernai, and D.J. Wang, Phys. Rev. C 88, 034905 (2013)]
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Relativistic corrections in the new L.S. :
The time derivative atﬂ is not included in the I.S. but the gradient term,

Vﬂo , has finite contribution (on T =0 hypersurface):

X component of ~ gradient y component of v gradient

5 | - lo.z
| - | _‘
6 80.5 0.1

< L >
2r X 0.1
or B . S . | 0.2
1 0 1 -1 0 1
n
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Yilong Xie,' Dujuan Wang.” and Ldsz16 P. Csernai'

Consequences:

Global A polarization in high energy collisions
PHYSICAL REVIEW C 95, 031901(R) (2017)

P (GeVic)

i)

P (GeVi/c) P (GeVic)

Fig. 6 The first (left) and second (right) term of the dominant y component of
the A polarization for momentum vectors in the transverse plane at p, = 0,for
the FAIR U+U reaction at 8.0 GeV

> The y component is dominant, is up to ~20%, as we can
compare it with x and z components Ilater.
> 1st & 2"d terms are opposite direction. Result into a

relatively smaller value of global polarization.
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Consequences

21_[ 1x(pxl' py)
T

4 4
| —

[ c.m. !

1. Anti-symmetry

2. Trivial.

P (GeVic)
(GeVrc)

P (GeV/c)

P (GeVi/c)

Fig. 7 The first (left) and second (right) terms of the x(up) and y(down)
components of the A polarization for momentum vectors in the transverse
plane at pz = 0,for the FAIR U+U reaction at 8.0 GeV

Py [Gav]

2_

[Becattini, et al., Eur. Phys. J. C 75, 406 (2015).] éf'
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Consequences FAIR

a The modulus of polarization is very
similar with the y component of
polarization, both in magnitude and
the structure. I. e. the other x and z
components do not contribute to the
polarization, which is in line with
previous observations in this work and

P (GeVic) other papers.

P (GeVic) P (GeV/c)

Fig. 8 The y component (left) of polarization vector in center of mass
frame and A’s rest frame. The right sub-figure are the modulus of the 34
polarization in A’s rest frame. At FAIR, 8.0 GeV at time 2.5+4.75 fm/c.



Consequences NICA

|2I1,(p,.P, )|

211, (p,.p,)

P,(GeV/c) P (GeVic)

Fig. 9 The y component (left) and the modulus (right) of the polarization for
momentum vectors in the transverse plane at pz = 0, for the NICA Au+Au reaction at

9.3 GeV. The figure is in the A’s rest frame.

> Similarity between y component and
modulus of Polarization, in
magnitude and structure.

> Similarity between NICA and FAIR'’s
polarization results.

> The net polarization is still negative,
which means the first term is larger
than the second term, at this time.



Consequences FAIR

1211 (p,.P )|

P (GeV/c) P (GeV/c)

Fig. 9 They component (left) and the modulus (right) of the polarization for
momentum vectors in the transverse plane at pz = 0, for the FAIR U+U reaction at
8.0 GeV, but at an earlier time t= 2.5+1.7 fm/c. The figure is in the A’s rest frame.

> Initially, the first term is very
dominant
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Polarization and EbE c.m. determination

Earlier EbE ¢c.m. determination =» increased V, by a
factor of 2 [Cs.,E..M., (2012)].
Now polarization in x and z directions is symmetric in
EbE c.m. framel!l!
=» integrated x & z polarizations vanish (except random
fluct.)
=» finding EbE c.m. is possible by

* Minimizing integrated 1, & I,

* Maximizing integrated -/1,

37



Summary

Collective flow is the most dominant collective feature
of HI reactions.

Dominant observables change with time, ie v1, v2, for
the EoS and higher harmonics for fluctuations.

Now peripheral reactions show shear, vorticity
(turbulence) for small transport coefficients.

|.S. is of utmost importance, it can be implemented in

(t, z) and ( 7, 77) hydro codes
Different components, -y, x, z, and momentum

dependence do show the weight of different dynamical
flow patterns.

= Highly sensitive diagnostic tools
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Happy birthday Charles!
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Slides from QM2017 Chicago
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Global A Polarization and

¢ Spin Alignment
305
A—>pr ¢ —

T 0-4 T T T T T | T T T T T
| | |
N duicr i | Au+Au (20-60%) i <1

— 8 ¥ A this study — L :
ei: L @ A this study | 0.38 * ¢-meson (0.4 < p,<3.0 GeV/c) —
| % A PRGJ6 024915 (007) | averaged p,, (Statistical errors) _
6 O A PRGC76 024915 (2007) | L j
036~ - . _
4 = — Qg : * * " :
. L
i ] 0-34_ (=] -
2 L %I | : ....... : ............................ _. ........................U....E
%ﬂ ; P F L by, = 113 A
I $ L l 0.32/- ]
A= STAR preliminary |

i | | | | L | ] i oo b by by

10 10—2 0 50 100 150 200

ISy (GeV) \'SnN (GeV)

» Positive /A signal = positive vorticity A Submitted
* First time non-zero signal observed! |I arXiv:1701.0665
* A> A (?) 2 magnetic coupling

* First measurement on ¢ meson spin alignment

February 5-11 Alexander Schmah - Quark Matter 2017



