Dynamics of relativistic spin-polarized fluids
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Introduction & Motivation
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Main physics objects
Lanentz symme try bk=ads ta the basic oon servation laws:
L onservation of enengy and momenfum
A =0 {4 equations)
Conser vation of total angular momentum

A A0y =0 Jeafx) = —Jnfa(x) (6 equations)

Total anguiar momentum comsists of oratal and spn parts:
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One has

AT ) = ) - F ) 20

For 7% (x) 2 PR(x) the spintensor 549 (x) is not conserved
In our work 1%y} = 7% [x) (25 expected for classical partidles)and 5% [x} is conserved
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Global thermod ynamic equilibrium
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In global equilibrium §{t) should be independent of time hence §, = o, /T satisfies the Kiling equation
e + dofly = @
and
s = — zl (A= afi) — camst (thermal varticity)
Thermal war toity Wy = identifisd with the spin paolarzation tensar [
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Methodaol ogy

PRESENT PHE RO MEROLOGICAL PRESCRIPTION USED TO ESCRIBE THE WNATA:-
1} Bun any l';p:nl'l'q'dm.pu‘l'-n:tw wsoaus, ar branspart, ar whatsaever, ...

2} Find 1 Tx)

I)Ca = ::u'md wrhcityﬂ-

4} Identify thermal warticty [ ﬂ:h the spin polarzation tensor W

5} Maie predictions about spin polarisation

THIS TALK:
In local equilbrium thermal vorticty and spin polanzation tensor are independent
B a(xy and e [x) enabee independ ently = esentualy, may become =iated i 3 systemn reaches glabal equilarium




Local distrbution functions for particles with spin-1/z

mﬂqg.an:ii::lﬂn;lgum: fiar spin=1f2 partichss {+ ) and antipartiches |« (22 spin demsity matrioss)

£l ) = =Bl ada), Falng) = —3= Tl %)

where
i o[£ - 8, ()" | 0
A" = ep [:%q.u{x}ﬁ'"]
with
[l
- il
m = mass af particles

1 = T jpeer ol re

ol = four velocity {u® 1)
Lo = S -pakar zation tensar
e [tlaj]. 1] = =nin aperatar




Energy-momentum tensor

The enengy -momentum tensor =
S ke e, B e Lo, e 1S s W, Fleiored i el Theaony ranaipiedd oo A sl conace 1 eial)

, d7n " ) . )
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wihene the enengy density and pressane are

¢ = 4 cash{L} cash{ Lhrg, [T

¢~ & cash(C) cash{ £) Ay (T)

and
‘-'.:m'[r:' = & - g} g = the snergy densty of spin«, neutral Batzmann partiches

Po(T) = —4ip-p— (- gl - the pressure af spin-d, neutral Botzmann parfices
=J'|',£'PE{'":'E-FP - thermal average
P
Variahle C may be thus trested 2= a {spin) chemical potential i divided by temperature
Expreming { = ! mm L = i/ I means that all ther madynamic variahles are functioms of u, fEand T
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Charge current

The charge current s
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where the change density =
ne= & coshfCysnh{ ) e 1)

A1) = u-g) . - e charge demsity af spin-0, neutral Balizmann particles




Entropy current

The entropy current =

&t -—fmi—;%p"'{mlf{mf— 1 :|| o g | ¥ (I &~ —1:|]1I|-.m"'

£ F—n—is
5-upﬁ-f
wihere 0} is defined thmugh £ = 00T and

¥ - ﬂ-mrrl:r'.:lmm{.'::m,:u,l.

[Relations abowe suggest that £ should be treated as a thermody namic varable of the grand cananical potential, in
additian ta T and u

Talting the pressume & = F(T, 1 1) one has
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Relativistic hydrodynamics for particles with spin 1/
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Basic lpdrodynamic =quations folow fram =1=ngy and mometum oonss st an

A, T - i)

Its transyerse pmjpection {with respect to o ) gives. the Buber aquatian
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CHANGE OF THE POLARLE ATION MAGH ITUDE DESCRIBED BY THE B ACKGROUND EQUATIONS




Spin dynamics

Sinoe we have T = TP the spin bensor 547" hae o e conoereed separaiely

far 5% we use the farm
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using the spin demnsity comnservation lawand introducing the nesc aled spin-polarization tensor
A al™{[20Y |5k a1 2%
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TRAMSPFORT OF THE SPIN POLARIZATION DIRECTION ALONG THE FLUID STREAM LINES
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Stationary vortex - global equilibrium with rigid rotation

Cansder a stationary cylindrically symmetric wh=pi, -y, O &
hypdradynamic flow with the companents

alt = ¥y, ) = 11, — Sy, 0}
= 1741 — £ - Larentz factar {{} s & constant}
r o= yx? 4 §? - distance from the variex {2} aos
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Hydradynamic bachgraund egquations are satisfied if
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Stationary vortex - global equilibrium with rigid rotation
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Stationary vortex - global equilibrium with rigid rotation

The possitle soubons for the spin e msaor oompa nents ane:
* Unpolarized fluld with wy,,y =0 = iy = 0

+ Polariped fluld with ; &0
In this case the spin-palarzation tensar has the structurs

¢ o a o
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v yr, o o

¢ 0 a o

wihens the parameter T, has been introdwced ta kesp LU dime=n sian less.
B a result Do o o Jai iy -ﬁn‘{il'n:l.ﬂm due ta £ =t /T, imoles &~ 2 (i

In this case the spinpolarzation tensor agree s with the ther mal vortidty, namely
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Vortex in the static medium

‘Wizt will hapoen if the external boundary is reduced ¥
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Vortex in the static medium
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Vortex in the static medium
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Vortex in vacuum

‘What will happen ifthe external boundary s eemoved? Expansion into extemnal vaouum.
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Vortex in vacuum
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Vortex in vacuum
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Quasi-realistic 3D model for low-energy collisions
Initial gaussiantemperature profie

} e e
To=Tgglxy.z)  glxy z) =exp —E—%—EJ

1y = 1 {b=am direction, ane can posshly use the Landsy madel)
1y = 28 and o, = 2 {fram GLISSANDD wrsian of the Glsuber Modsl, AuAu, 20-30%)
W mnd cet W, L Ryl sral | P Beea e, Cormpsar Py oo w10 (0l dels-irk
. Ryt sral, G, Sreforek, W Brons H, R ook, i Cormrman. 16 (i ) 1 T-1TTE
Initial spin chemical potential profile
By = 003 T/ 2, hence ve sl havee 208/ Ty = 0003, as in e previous cases

Initial bar yon chemical potential profile
=y g(x.¥. 2)

Initial flow profile

1 r ¥ / x [
- —tanh—, = ¥; =-—famn—, ¥ = —tann—
r iz [ fio s o

The parameter rg conttrals the magnitude of the initial angular webo oty

In the Emit iy — oo the initial angular welocty vanishes
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Quasi-realistic 3D model for low-energy collisions
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Quasi-realistic 3D model for low-energy collisions (r, = 10)
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Quasi-realistic 3D model for low-energy collisions (r, = 1)
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Quasi-realistic 3D model for low-energy collisions
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Quasi-realistic 3D model for low-energy collisions




Quasi-realistic 3D model for low-energy collisions
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Quasi-realistic 3D model for low-energy collisions
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Conclusions and Summary

- Hydradynamic framewark which includes evalution of spin density in a consistent fashion
- Minimal extension of well-established perfect-fluid hydrodynamics

- Polarization evolution in heavy-ion collisians

- Advantage to study dynamics of systems in local equilibrium

Outlook: spin-orbit interactions, asymmetric 7., dissipation, ...
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Thank you for your attention]

and ...

Feschewl o P bleanls | (IR0 ) - L T ] R



Welcome to
Quark Matter 2021
in Krakéw, October 3-9, 2021

S PededlawPpbessd @PAW: 00 =] My i



Backup slides




1. Pseudo-gauge transformation

defined with the help of arbitrary tensars @4 and 2

1 1
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2. Spin polarization - standard QM treatment

Expansian in terms of Paull matrices
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wherns the spin palarization s expressed oy the matrx
1 2 =1

aweraqe polanzation vectar
.
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3. Pauli-Lubanski four-vector (phase-space density N, (x,0))
JA e aY s the phase-space density af the angular momentum of particles

d. - d'_l""'“ ;
&% - e ATy, LB
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partichs density in the valume AT

dAN .
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EE{LF:‘
B M(xp)

By applying the Laremz transior mation we find that the PL four-vector caboulated in the PRF agress with the sgin
palarizatian {1
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4. Two-component system

In the absence of a net spin polar izatian, e, far C i, we find the standard exgressian far the net change density
n = & sinhl L myg.

Onthe ather hand, ane may consider twa Enear combinatians of the farm A, lim £ wi0*] = 0. Then, we find
A xw = dsan)us &) 1 ng ,which indicates fiat thermod ynamic quantities carrespanding ta charge and spin of the
partichss couple.

¥ can be interpreted & & chemical potential related with spin — fram a ther madynamic paint of view, 2 systemaf
partiches with spin 1/2 canbe se=n as a two companent mixture of scalar par tickes with chemical potentials ux 3.




5. Global thermodynamic equilibrium (Zubarewv, Becattini)
[Density aperator far any quantum mechanical sysiem

) = mxm

.
- de i r Foy "
|[ L g 3 ..Jr]l:l “ i) 2J i .x]--.._:.x]]

d"EI. s anelement af 2 space-fe, 3-dimemsional hypersuface El...

we can take, for =xample, :FEI. = [dV . 0.0,0%
inglobal equihrium /() should be independent of time

d, {rl""{.r}bu{x} - ‘E:r-ﬂr'.[;pq.,{x}] ~ T () (2,0} - %:r-ﬂr'{,} (gl — @

far asymmetric enemgy-mamentum tensar:




5. Global thermodynamic equilibrium (Zubarewv, Becattini)
spltting angular momentum into #s orbital and spin parrt

A — [—f I )1 i) — 3 {0 + b#{;}}uq.]]
- ""’[‘f ff:.:,.m{lﬂx}n, - %{f‘ gy — xf T h-ﬂr'{x}.}q,,.]]
- cm[—f ) {7 05) b, + ) = %h"’r'{x}map]]
Intraducing $1 natatian

fhr = B o gk

wWe may wrile

pro = x| [ AR - fieTna)

e naote that {1 is the Klng w=cior, satisfi=s the squations

1 " -
e ok iy = 0, -El:r:'.f.:-r:'f.:.ll (i1 = const  {thermal sorticity)




6. Spin-polarization tensor
as the spin-pal arization btensor i anfisymmetric it i parametrized interms of k, and w,
Wy = K 8, =k, gt il
assuming k- = o -a = 0, ane has
b =b ¥,k - %q.“,ﬂaﬂ'“ul" #heictric- and magnetic-lies campanants!

camsenient fo intraduce the dual spin-polarzation tensaor

- 1
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ane finds Jarpad™ = k- — - o and § il = 2k -

using the canstraint & -« — 0 we find the compact farm
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