Polarization and hydrodynamics with spin-1/2 particle

Wojciech Florkowski

Marian Smoluchowski Institute of Physics, Jagiellonian University

Francesco Becattini, Bengt Friman, Amaresh Jaiswal, Avdhesh Kumar, Radostaw Ryblewski,
Rajeev Singh, Enrico Speranza
PRC97 (2018) 041901, Phys.Rev. D97 (2018) 116017, Phys.Rev. C98 (2018) 044906
Phys.Rev. C99 (2019) 011901, Phys.Lett. B789 (2019) 419,
Prog.Part.Nucl.Phys. 108 (2019) 103709 - review

40th Max Born Symposium, Three Days on Strong Correlations in Dense Matter
University of Wroclaw, Poland, October 9th - 12th, 2019

Wojciech Florkowski (IF UJ) 04.04.2019



PART 1: PHYSICS MOTIVATION
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Everything started when ...

... the STAR experiment at Brookhaven National Laboratory (USA, Long Island) made the

first positive measurements of spin polarization of A hyperons produced in relativistic
heavy-ion collisions

www.sciencenews.org/article/smashing-gold-ions-creates-most-swirly-fluid-ever

L. Adamczyk et al. (STAR), (2017), Nature 548 (2017) 62-65

Vorticity and polarization

(from Sergiei Voloshin’s talk at ,Hirschegg 2019 Workshop”)
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Non-central collisions of heavy ions

Non-central heavy-ion collisions create fireballs with large global angular momenta,
some part of the angular momentum can be transferred from the orbital to the spin part

Jinit = Linit = Lanal + Sfinal

participants

after collision

e.g w4+ —>po
(Michael Lisa, talk ,Strangeness in Quark Matter 2016”)
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The measurement of the weak decay of A brings the information about

its spin polarization

Production of a polarized Lambda

Polarization is measured through the analysis of the
weak decay

AN->p+m

Proton prefers the emission direction that agrees with
the spin orientation of A (in the rest frame of A)

(figures from Michael Lisa, talk at “Strangeness in Quark Matter 2016”)
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Einstein-de-Haas and Barnett effects
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Einstein-de-Haas effect, 1915
(Richardson, 1908 )

magnetization induces rotation
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Barnett effect, 1915: rotation induces
magnetization

Warning: the magnetic field aligns magnetic moments, those are opposite with respect to

spin projection for particles and antiparticles, for systems with zero baryon number the
magnetic field cannot induce the spin polarization
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Experimantal results from STAR

@ polarization grows with decreasing
beam energy, non-zero even for the
highest RHIC energies

@ within the exp. errors, the spin
polarization is the same for particles
and anfiparticles — most likely, the
observed effect has no connection
to magnetic fields
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(Takafumi Niida, arXiv:1808.10482, talk at “Quark
Matter 2016")
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New results from HADES

STAR. PRC76.024915 (2007)

>

STAR, Natre548.62 2017)
sA A

®

STAR, Phys. Rev. 98 2018) 14910
A A

@ Au+Au collisions at syy = 2.4 GeV
@ no effect observed

@ what really happens at low 4
energies???
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(Frederic Kornas, talk at “Hirschegg 2019 Workshop”)
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PART 2: HOW CAN WE INCLUDE SPIN POLARIZATION IN A
HYDRODYNAMIC FRAMEWORK
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Claude-Louis Navier, 1785-1836, French engineer and physicist
Sir George Gabriel Stokes, 1819-1903, Irish physicist and mathematician

C. Eckart, Phys. Rev. 58 (1940) 919

L. D. Landau and E. M. Lifshitz, Fluid Mechanics, Pergamon, New York, 1959
10 out of 671 pages about relativistic hydrodynamics, mostly outdated
Eckart-Landau theory leads to acausal behavior
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RELATIVISTIC HYDRODYNAMICS FORMS THE BASIC INGREDIENT
OF THE STANDARD MODEL OF HEAVY-ION COLLISIONS

Time—>

a

Energy Stopping Hydrodynamic

Initial state Hard Collisions Evolution Hadron Freezeout

T. K. Nayak, Lepton-Photon 2011 Conference

significant progress done in Poland:
phenomenology: Piotr Bozek, Wojciech Broniowski, Radostaw Ryblewski, ...
theory: Romuald Janik, Michat P Heller, Michal Spalifiski, Przemek Witaszczyk, ...
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Motivation & General concept

PERFECT-FLUID HYDRODYNAMICS = local equilibrium + conservation laws
one usually includes energy, linear momentum, baryon number, ...

T (temperature), ut* (three independent components of flow), 1 = T& (chemical potential)

T = [e(T, ) + P(T, W] utu” = P(T, u) g

T =0, Jt=0

five equations for five unknown functions

dissipation does not appear

du(sut) =0

entropy conservation follows from the energy-momentum conservation and the form of
the energy-momentum tensor
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Motivation & General concept

FOR PARTICLES WITH SPIN, THE CONSERVATION OF ANGULAR MOMENTUM IS NOT TRIVIAL
new hydrodynamic variables should be introduced

Qv = Ty (spin chemical potential = temperature x spin polarization tensor)

HYDRO WITH SPIN SHOULD EXPLAIN SPACE-TIME CHANGES OF POLARIZATION
MAY BE NOT POSSIBLE TO EXPLAIN THE ORIGINS OF SPIN POLARIZATION
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Energy-momentum and spin tensors

. T “u,A
Canonical energy-momentum T/, and angular-momentum J:7." tensors from the
Noether Theorem:

- ~iv
8},7'0*231 = 0 &,,Jé‘anl:O.

In general, the energy-momentum tensor is not symmetric

T = T8

can can

although classical THY is always symmetric

Apt  ApY v , Je)
we _ u
Tass = N _AZH =Tass I V= £ (1906 Planck)

here pt = (E, p) is the four-momentum, while AY, is a space-time volume element, so, for exmple

o__Ap* AEAX  AE 701
T AXAyAz T AtAXAyAz T AtAyAz T
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Energy-momentum and spin tensors

Total angular momentum J**” has orbital I and spin S parts:

can can can
“uAvo AUV Vv TuA QuAV _ TuAv | TQuAv
Jcan = X 7—ca_n -X Tcan + Scan = Lcan + sca_n

9 ’jp,/\v _ ’f/\v _’fm 9 ’ST/J,/\V -0 P ’STWW _ ’va _’f/\v

H#Ycan - can can T u¥can — % #9can — ‘can can

Antisymmetry in the last two indices:

’j,u,/\v _ _’j[.l,v/\ ’B.I,Av _

TuvA o QwAv o TauvA
can — can / can — -L S - _Scan

can / can
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Pseudo-gauge transformations

Pseudo-gauge transformation
(different localization of energy density and angular momentum, global charges not changed)

’f/ W /f,uv + %a}‘ (a;/\,yv — pHAV _ a;v,/\,u) ,
§/ A /S\)\,pv _ &;A/yv
Belinfante’s construction (Rosenfeld): superpotential defined as & = S

1

THV _ Tcy;/n + 5

A QLA VA, oAUV
il 91 (Sean’ = Stan — Scan ), g’ =0

can can can Bel

in this talk the canonical tensors are considered

physical system under consideration: hadronic gas (A hyperons + ...)

Dirac’s equation treated as an effective description of baryons with spin 1/2
no EM fields included

SPIN TENSOR IS KEPT AND USED
ALSO BY THE COMMUNITY THAT STUDIES PROTON'S SPIN
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Connection of spin polarization to vorticity

Local-equilibrium density operator (Boltzmann — Zubarev, Becattini, ...)

Canonical operators

e EWIT _, g PO+ ELEQ:%eXp

- [Lam (g~ 3o T - )
>

3 is a space-like hypersurface, for example, corresponding to a constant LAB time f,
in this case ELEQ = ﬁLEQ(f)

B is the ratio between the local four-velocity u* and temperature T
(a four-temperature vector)

an antisymmetric tensor field w,, is the spin polarization tensor

Wojciech Florkowski (IF UJ) 04.04.2019



Connection of spin polarization to vorticity

Global equilibrium

in global equilibrium we require that  preg = const.

T, # Tk — B, satisfies the Killing equation
at the same time, spin polarization is given by thermal vorticity @,

1
(9/\ﬁy + av,B)\ =0, )y = _i (aAﬂv - avﬁ,\), @), = wy, = const.,, &= const.

solution of the Killing equation:

Bu=B% +@ux’, S =const, @ =-a@y, = const

uniform motion, rigid rotation (special boundary conditions)

constant acceleration along the stream lines

special case of the Tolman-Klein conditions for thermodynamic equilibrium
of fluids in gravitational fields
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Present phenomenology prescription used to describe the data

Local equilibrium - first way

based on the works by F. Becattini and collaborators

also in local equilibrium w,, (x) = @,,(X)

1) Run any type of hydro, perfect or viscous, or transport, or whatsoever, without spin

2) Find B (x) = uu(x)/T(x) on the freeze-out hypersurface
(defined often by the condition T=const)

3) Calculate thermal vorticity @qp(x) # const
4) Identify thermal vorticity with the spin polarization tensor w,,
5) Make predictions about spin polarization

SUCH A METHOD WORKS WELL,
DESCRIBES MOST OF THE DATA, BUT...
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...CAN WE TAKE IT FOR GRANTED?
THERE ARE PROBLEMS WITH MORE DETAILED DESCRIPTION
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General concept of perfect-fluid hydrodynamics with spin

Local equilibrium - second way
in local equilibrium py g is approximately constant (with dissipation effects neglected)
T = tr(fieg ), S = tr (fieg ), J* = tr(Pisg )
these tensors are all functions of the hydrodynamic variables g, w,,, and &
T =T"[Bwg, S =8V we, = pwé

and satisfy the conservation laws

&H TH = Q, aAS/\,yv = TV TR &“jp _
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ent phase-space distribution functions

standard scalar functions f(x, p) are generalized to 2x2 Hermitean matrices in spin space for each value of the
space-time position x and four-momentum p

F. Becattini, V. Chandra, L. Del Zanna, E. Grossi, Annals Phys. 338 (2013) 32

frx,p) = U(p)X us(p)
fs(x,P) = =Vs(P)X"Vi(P)

X* =exp [ié(x) —ﬁﬂ(x)pf‘] M, M =exp

i%ww(x)zw]

here £#" is the Dirac spin operator, electric- and magnetic-like three-vectors
0 e e &
-e! 0 -b®  p?
- bp* 0 -p
-e3 -p?2 b 0

special case in this talk
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ent phase-space distribution functions

The spin observables are represented by the Pauli matrices ¢ and the expectation values of ¢ provide information on
the polarization of spin-1/2 particles in their rest frame

f*(x,p) = PP [1 - % P a]

average polarization per particle

1 p-b | i .
P = = Eprb-pxe Eermp] = b, (bfieldin the particle rest frame)
It [(fr+f)e] 1
POP) =5~ Frry 4l

relativistic spin is a very subtle concept, people use helicity = spin projection along momentum
here we deal with a canonical spin of massive particles, defined in the particle rest frame

,Spin in relativistic quantum theory” W.N. Polyzou, W. Gléckle, H. Witala, Few Body Syst. 54 (2013) 1667
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Equilibrium Wigner functions

X - space-time position, k - off-shell momentum, p on-shell momentum
De Groot, van Leeuwen, van Weert: Relativistic Kinetic Theory. Principles and Applications

GLW framework

W 0x,K) ZfdPé (K= p)u (P)T (P (x,P)

rs]

Way (6, k) —_-Zfdpé (k+ PV (P (P) s (x,P)

rs=1

Clifford-algebra expansion
(used in many early works on QED and QGP plasma, e.g., H.T. Elze, M. Gyulassy, D. Vasak, Phys.Lett. B177 (1986) 402)

WE(x k) = Jl[? (X, K) + fysP= (X, K) + PHVE(X, K) + ysy A (x, k) + THSE, (x, )|
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Global-equilibrium Wigner function

WF, A. Kumar, R. Ryblewski, Phys. Rev. C98 (2018) 044906
(yuK* = m) W(x, k) = C[W(X, k)]
Here K is the operator defined by the expression
KH = Kkt + igau

In the case of global equilibrium, with the vanishing collision term, the Wigner function
W(x, k) exactly satisfies the equation

(yuK* = m)W(x, k) =0

the leading order terms in /i can be taken from Becattini's W, (x, k)
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From global to local equilibrium

in the NLO in i we get the kinetic equation (well known in the literature)

K9 Feq(X, k) = O

ktdy ALy (X, k) =0, Kk AL(x, k) =0
Global equilibrium — these equations are exactly fulfiled, what about local equilibrium

Local equilibrium — only moments of the kinetic equations are satisfied, standard method
for going from the kinetic-theory description to hydrodynamics

9aNG(x) =0, 0TS () =0, Sy (x)=0

GLW — forms proposed by de Groot, van Leeuwen, van Weert

EQUATIONS DEFINED ABOVE ARE EXACTLY THE HYDRODYNAMIC EQUATIONS
WE HAVE BEEN LOOKING FOR
11 equations for 11 unknown functions of space and time
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NLO corrections in i again

LO generates corrections in the NLO

1
P = ~ 5 9 Aeau
] 1
VI = 50" Sequ
S0 = (aﬁ,(veql, =9, Vequ)

IMPORTANT IF the canonical formalism is used

Terw(X) = —tr4 f Pk kWX, k) = f Ak ki KT (x, K)

Tt (X) = f d*k kY VH(x, k)

quantum corrections induce asymmetry T4 (x) # Tok, ()

Wojciech Florkowski (IF UJ) 04.04.2019



From canonical to GLW case

Including the components of V#(x, k) up to the first order in the equilibrium case we
obtain
Tean(X) = Tapw (X) + 0Téan (%)

where
uv o I A1 Au o v,Au
OTlan(X) = =5 | KK 918eh (%, k) = =0rS ()

The canonical energy-momentum tensor is conserved

9aTetn(x) =0
S = hcosh(€) f dPe PP (ot P! + 0" pH + ' p)

o A, uv VA v,AU
- SGLW + SGLW + SGLW

The canonical spin tensor is not conserved!

A, v Vi v LAV VAL
NSt () =Tk — T = _3/‘S£}LW(X) + 8,\SGL{N(X)
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From canonical to GLW case

Auv
can

if we infroduce the tensor ¢ defined by the relation

Auv _ ouAv v,Au
®ean = SoLw ~ SoLw

we can write

s/\,yv _ S/\,pv cb/\,yv

can GLW ~ T can
and
1 Ay A pA
W puv SV V. n
Tcan - TGLW + 519/\ (q)ca_n + ¢can + ¢can)

The canonical and GLW frameworks are connected by a pseudo-gauge fransformation.
Similarly to Belinfante, it leads to a symmetric energy-momentum tensor, however, does
not eliminate the spin degrees of freedom.
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Pauli-Lubanski vector

we introduce the phase-space density AT, of the Pauli-Lubanski vector

dan,(x,p) ] astve(x, p) pf
EDTP = —Eeymﬁ AZA(X) Epr E
only the spin-part contributes here, the results are the same for the canonical and GLW
versions dividing by the total density of particles and antiparticles, we find

Aly(x,p) no
mu(X, P) = AN, P) = TIm w,uﬁpﬁ
in PRF
0 =0, = —%

This is an important result showing that the space part of the PL vector in PRF agrees with
the mean polarization three-vector
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Quaisi-realistic model for low-energy collisions

Simulations done by R. Ryblewski

10

y [fm]
)

Figure: Initial conditions for a quasi-realistic model
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Quaisi-realistic model for low-energy collisions

y [fm]
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Conclusions

1. Foundations for the theoretical framework of perfect-fluid hydrodynamics with spin
have been laid.

2. Relations between different definitions of the energy-momentum tensors have been
clarified in this context.

3. Intensive work is going on now aiming at the numerical implementation of our ideas
and making more detailed comparisons with the experimental data.

4. More conceptual work is needed to include dissipation.

more in Prog.Part.Nucl.Phys. 108 (2019) 103709

DEAR DAVID, ALL THE BEST ON THE OCCASION OF YOUR 60TH BIRTHDAY!
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PART 3: BACK-UP SLIDES
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Back-up slides 1: Jan Weyssenhoff’s circle
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Jan Weyssenhoff’s circle

jagellonlan

university | \/, | theoretical

Institute of Physics, Reymonta 4, 30-059 Krakéw . POLAND , tix 322723 ifuj pl
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CRACOW INVESTIGATIONS IN THE THEORY

OF RELATIVISTIC SPIN PARTICLES
Bronislaw Sredniawa

Institute of Physics, Jagellonian University, Cracow

Abstract

apers of M. Mathisson on the theory of relativistic spin particles, witten

in carly thirtiesin Warsaw are presented. Then the beginnings of the work on ths theory
i Cracow, performed by J. Weysseahoff, M. Mathisson aad their collaborators n the
last years before the outbreak of the [T World War i described. Further the development
of this theory by Weyssenhoff and A. Raabe during the years of the war i discussed

Their work demonstrated the similarity o the propertis of elativistc spin particies with
those of Dirac's lectron.  After the end of the war Weyssenhoff and his collaborators,
B. Sredniawa, 2. Borelowski and A. Biatas studied the propertiesof spin particles, working
especially on the canonical formalism of tis theory and on the radiation and motion of

maguetic dipoles. The research in these problems lasted in Cracow until the late sixtis.

CERN LIBRARIES, GENEVA

LTI

TPIU 10/94
April 1994

department of



Jan Weyssenhoff’s circle

Jan Weyssenhoff
1889-1972
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J. K. LUBANSKI
Obituary notice by L. ROSENFELD, Manchester.

The circle of Lubafiski's friends was not large. During the
wartime which was so difficult for him he lived very retired and he
was rather shy and taciturn. But those who were in closer contact
with him have been able to discover his sensitive and refined person-
ality. Alter the liberation a striking change came over him, that made
us only then understand how much he had suffered during the war.
He surprised us by an unknown alacrity and optimism. His new tas|
in Delit gave him great satisfaction and he fulfilled it with an enthu-
siasm and energy that authorised the grealest expectations for his
scientific and personal future. This made the shock the more violent
for his friends when the news reached them of his unexpected death
on the 8-th December 1946, after only a very short illness.

Jozeph Kazimir Luba i s ki was born in 1914 in Rumania from
Polish parents. He spent his youth in Russia; only in 1926 did he
come 10 Poland where he studied Physics at the Universities of Wilno
and Krakéw. In Krakéw he worked under the direction of the very
original theoretician Mathisson (who died in England during the
war); his first paper in 1937 is based on Mathisson's theories. Until
the autumn of 1938 Lubanski was assistant at the Institute of
Theoretical Physics at Wilno. In December 1938 he came to Leiden
with a stipend from the Polish Government to work under the di-
rection of Professor K ram ers. Since that time he lived in Holland,
where he was greatly helped during the war by the Lorentz Fund.
As a Polish citizen he was forced already in 1940 to leave the coastal
region and after a short stay in the country-side he settled in Utrecht,
where he stayed until his appointment at Delit in October 1945.

In Leiden he worked with Kramers and Belinfante on
the Theory of Particles with arbifrary spin. His investigations on this
subject are set-out in three papers, published in the Dutch journal
Physica. These papers witness his profound knowledge of the
abstract theories of modern algebra and his mastery in applying them
to fundamental problems of theoretical physics. The same qualities
characterize his further publications which contained the results of
the work he did in Utrecht.

Acta Physiea Polonlea T - 5
e
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Back-up slides 2: classical treatment of spin
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Classical freatment of spin 1

internal angular momentum tensor s*#
M. Matthison, Neue mechanik materieller systemes, Acta Phys. Polon. 6 (1937) 163.

1
s — Ee‘*ﬁ”ﬁp)/s@. m

s-p= 0, & = %neaﬂybpﬁsyé @

A straightforward generalization of the phase-space distribution function f(x, p) is a spin
dependent distribution f(x, p, s)

de...:% fd456(s~s+ #)5(p-5)... ©)
LN PR P
B 72(1+2)74 @
m Aes 2
fdsz5fdso(s~s+ﬁ)é(p~s):2 )
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Classical freatment of spin 2

equilibrium distribution functions for particles and antiparticles in the form

. 1
fea (X, P, s) = exp (—p SB(X) £ E(X) + iw“ﬁ(x)s“ﬁ)‘ ©6)
conserved “currents”
Nig = f dr f ds p* [f(x, p,5) - (X, P, 5)], %)
o= [op [aspe [fnpe) + )] ®
i = [P [aspt e [Eh0p ) + g9 o)

For lwyw| < 1 we obtain the formalism that agrees with that based on the quantum
description of spin (in the GLW version)
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Classical freatment of spin 3

PL vector can be expressed by the simple expression

Bup O
nH:—anﬁ% L(P3), 0

where L(x) is the Langevin function defined by the formula
L(x) = coth(x) — % an

in PRF the direction of the PL vector agrees with that of the polarization vector P. For small
and large P we obtain two important results:

P 3
m——ﬁ’s, || = 8= @ if P> 1 12)
and
P P P
— g2 = 2—:— i
.= —§ 3/ AR 3= if P<T. a3
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Back-up slides 3: pp collisions
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pp collisions

Known effect in p+p collisions [e.g. Bunce et al, PRL36 1113 (1976)]

e Lambda polarization at forward rapidity relative to production plane

no integrated effect at midrapidity
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Back-up slides 4: GLW expressions
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GLW expressions

charge current
NEpw = nu, n=4sinh(&) ney(T)
energy-momentum tensor (with a perfect-fluid form)

Taw() = (e+P)uu’ =P

c=4 COSh(E) 6(0)(T) , P=4 COSh(E) P(O)(T)
n(o)(T), s(o)(T), P(O)(T) — particle density, energy density, and pressure of classical particles at the temperature T

spin fensor

ficosh(é& a
St = "5 [[apetept (mhur + 20tplu) = S+ Sir

only Sgg’v was used in WF, B. Friman, A. Jaiswal, E.Speranza, Phys.Rev. C97 (2018) 041901
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Back-up slides 5: consistency checks
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consistency checks 1

d"“’ﬁe sy N
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“emsov S

S
PSewdo — Gomge
o sforumatiouws

: Spiu Yemsov Srad
velakwiske J,
VY deuc,H—\.\
S?\Mo&\é% Roaki- Lubonsled  Veckov-
t, =
5 V: (x |\’>
Troustorualiow
Yo e poulcye
veat Qrome,
= e
Toetng it P (xie)
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