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Non-zero v, in p+Pb collisions “Ridge structure” in pp and pPb collisions
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v2 IN p+p, p+Pb, Pb+Pb COLLISIONS
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Hydrodynamic flow in small systems
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a dozen particles can be described by fluid dynamics?”
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Another way to probe fluid:

Vorticity

o Vorticity represents local mechanical rotation of fluid

Liquid flow

. l— |

Takahashi: Nature Physics 12, 52-56 (2016)
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Another way to probe fluid:

Vorticity

o Vorticity represents local mechanical rotation of fluid

Liquid flow

. l— |

o Vorticity 1s a spin-current
source.

200S 1 ) 462
Vi’ = —p° — —cw

Takahashi: Nature Physics 12, 52-56 (2016) /1 00 h

U’ - spin voltage

A - spin-diffusion lenght

0y - clectric conductivity

&- related to fluid viscosity caused by angular-momentum tranfser
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Vorticity

Fig by Mike Lisa

Possible to measure via polarization:

Spin-orbit coupling produces an observable electron
polarization proportional to the local fluid vorticity
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Vorticity nature
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Polarization via self-analyzing decay of A = p 4+ n~

Vorticity

a : (1+ P 9*)
= — a COS
d cos(0) * 2 gl
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Polarization via self-analyzing decay of A = p 4+ n~

Vorticity

1.1
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scaled using ap = 0.732

STAR 20-50% Au+Au, 2(
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Polarization via self-analyzing decay of A = p 4+ n~

Vorticity

1.1
m,, .- (GeV c?

dN | —

GLOBAL des@= 2

LOCAL

Effect of elliptic flow

STAR Au+Au SNN =200 GeV
20%-60%

scaled using ap = 0.732

STAR 20-50% Au+Au, 2(

fit: p0+2p1sin(2¢-21112)
*A p =0.016=0.003 [%]
%A P, =0.015x0.003 [%]

0

P, oc (cos 0))
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Vorticity:

Present (In physics) for ages

On Integrals
of the Hydrodynamic FEquations

@, That Correspond to Vortex Motions

9. L Helmbolts,

Helmholtz (1858)

Persistent vortical toroids (smoke rings) are
quintessential fluid behavior

Photo: Andreas Wilkens, Institute of Flow Sciences, Herrischried, Germany

Figures from book: Subtle Agroecologies

Since the first Minuteman launches from Cape Canaveral in 1961, nearly every missile has generated a
perfect ring of smoke.

M. Stefaniak-Theohares: Physics with high-luminosity proftis et TSRS
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Photo: Andreas Wilkens, Institute of Flow Sciences, Herrischried, Germany

Figures from book: Subtle Agroecologies

Vorticity:

Present (In physics) for ages

Expanding smoke ring can be

quantified by:
non-relativistic
—> ~ —
ji = ( @nr (X Veen)
N TXV ]
cell
¢
Curl of flow velocity v :
. 1 A,
W Ap = — V
NR =

f - thrust vector
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Vorticity:

o Surface friction with “wall” decreases
velocity of the fluid

animation: M. Stefanick Black arrows - velocity of fluid cell

Higher v in the center of the “tube”

Differences of v induce an azimuthally
oriented vorticity structure

The strength and sense of created
vortex toroid structures:

,uvpa
R Qﬂny pn
fluid i ‘eﬂypgn ‘
v-p 6

Q , - proxy for vorticity

c*'P? - Levi-Civvita tensor, fully asymetric in four dimentions

n - normal vector of the fluid cell
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Vorticity:

o Spin-orbit coupling produces polarization proportional to the local fluid
vorticity

o In relativistic treatment vorticity (thermal):

|
a)lf“’ — 5[6” (wh/T) — *(u”/T)]

h

o Measured hadrons are not part of evolving fluid, but they are created in process of hadronization

o The hyperon polarization is dictated by the fluid vorticity distribution on “freeze-out”

hypersurface 2:
1 J dz/l p/lnF(l o nF) wpa ny -Fermi-Dirac distribution
SH(p) = 2 el IdZ > more details: F. Becattini, et al: Annals Phys. 338, 32 (2013)
m n
AP Np
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Vorticity:

o In [1] authors use the Cooper-Fry procedure to switch from hydro

paradigm to hadrons
S v -\ spin four-vector

P, - A\ momentum four-vector

UUPO z ULUPO z
o eF e nt u, e S nyt,p,

| S||e#ron,i,p,|

Proposition of Toroidal vorticity probe in HIC:

A S,A‘(Z\/Xﬁ;\
|2 X PA
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(") - three-vectors in NN frame
eraniak-T'heohares: PhysICS 1 high-luminosity proton-nucleus collisions at [T M Lisa, et al: Phys. Rev. C 104, 011901 (2021)



Vorticity:

Proton drilling a nuclei:

b) The edges of the cylinder flow more in the nuclei-going
direction than fluid cells at the center of the cylinder.

24
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Vorticity:

Simulations with MUSIC [1] :

o O [ SRRy AN e 00V | | P e S | 3 With TV

—(a)A -(a) 5 \ R — ] .
—-(b)A w(b) A | A Accordmg to [1]

@ Dependent of 4 /Syy

@ No need to measure Event Plane!
o Signal present also for Lambdas!

As opposed to the known hadronic high-x

production-plane polarization effect
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