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Relativistic hydrodynamics

Heavy-ion collisions

1st part
Spin polarization of hyperons
Standard hydro efforts
Why spin hydro? -]
2nd part
GLW spinydro J ) First formulation of spin hydro

Groot, Leeuwen, Weert, Relativistic Kinetic Theory. Principles and
Applications. North Holland, 1, 1980
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Flow around a wing, satisfies the Euler equations—Wiki

&
¥

or an ideal, neutral, uncharged, one-component fluid e o

v+ (v-0)v=—-0p,

Continuity equation

Euler equation

v = fluid — velocity
p = fluid — mass — densi

= pressure



shear viscosity

—

for an ideal, neutral, uncharged, one-component fluid

bulk viscosity

1
v+ (v-0)v = —;Bp,

O;p+p0-v+v-0p=0.

when dissipation is included

Fuler equation generalizes to the “Navier—Stokes equation”
Ov* = Lov*  10p 100"
ot ozk —  pdxt  p Ozk
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oxk  Ox* 3 8:1:

shear viscosity 4 bulk viscosity 7




Relativistic 1deal flurd dynamacs
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Relativistic tdeal flurd dynamaics deal relativistic Euler
equations are strictly
hyperbolic because their

ub = dz" (d’]’)2 — glwda;ltdmlf — (dt)2 _ (dx)2 , eigenvalues are real and

dT : distinct
= (dt)® |1 — (Z—j) = (dt)* |1 — (v)?]

0Tl =

AFY = g —utu”



Relakivistic hvdrcdvmamms

/= number density
& = energy density
9P = pressure

— Conservation of Baryon Number o _
d,N 0

N%x) =N U%+ n”
N

ideal

U% = fluid four — velocity = y(1,v)

_ 5egns. 5 unknowns

ap T(x), p(x), v
— Conservation of Energy-momentum tensor aaT Z — O

T"(x) = (& + P) UFU" — P(&) n* + T

For this talk, | will work only
W with idea hydro (no dissipation)

+ - - - Minkowski flat space

7 Ideal
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Figure: BNL

At high beam
CF B energies we
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Figure: CERN

The study of QGP
possible
only indirectly
through the
energy and
momenta of
emitted particles

Figure: Nature Physics 16, 615-619(2020)



He&vvwiam collisions and Q&GP

—— As per thermal history of our Universe, it is expected that Early
Universe was in a state of quark-gluon plasma (QGP). | | |
Annual Review of Nuclear and Particle Science 2006 56:1, 441-500

——Then phase transition happened, when T . ... ® 200 MeV
& Age ~ 107°sec, from QGP to confined hadrons.

universe

—>— QGP properties and phase transition can be studied using
relativistic HI collisions. This is crucial to understand the

existence of nuclear matter and confinement.
Prog.Part.Nucl.Phys. 72 (2013) 99-154 —>— Experimental evidences of QGP showed that it behaves as a
strongly-coupled system as perfect fluid.

._>_ Due to very small kinematic shear viscosity obtained from the nucl-th/0002042, Nucl.Phys.A757:184-283,2005
transverse momentum spectra of charged particles.

Nucl.Phys.A750:30-63,2005
Prog.Part.Nucl.Phys.62:48-101,2009
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Initial conditions Partonic matter — QGP Kinetic freeze-out

Initial high Q? interactions Hadronization and chemical freeze-out

Figure: Evolution stages of ultra-relativistic heavy-ion collision. Time in the horizontal axis has

9 the unit of fm/c and Q2 denotes four-momentum transfer squared.
(Nucl.Phys.News 30 (2020) 2, 10-16)



Schematic diagram of the initial angular momentum orientation in non-

10

S P E;V\ PO {'Qr Eﬁ z&% E;O M Hot QCD White Paper (arXiv:2303.17254) Final detected

particles

Freeze-out
Hadronization @ .7

QGP phase L .

Phys.Rev.Lett. 94 (2005) 102301, Phys. Rev. C 77, 024906
—— Non-central UR-HIC, due to spatial inhomogeneity, create large

OAM, L. ... ~ 10° A.

nitial 7

Time: 0fm/c <1fm/c ~10 fm/c

—— This OAM is along y-axis (orthogonal to reaction plane) & may

polarize spin of the QGP constituents.

Phys. Rev. Lett. 94 (2005) 102301
—— Spin polarization is expected to be transferred to the

hadrons leading to their global spin polarization.

Predicted in 2005

> Among various spin-polarizable hadrons, A(A) hyperons are
special as they are self-analyzing.

Beam-beam

counter N
/ SYysS

\3//‘\.\
o,
/

1 Beam-beam
= | counter

-

Quark-gluon
plasma

Impact parameter

Forward-going
Schematic diagram of a Au + Au collision (not to scale) where fsys s the beam fragment

direction of the angular momentum of the collision.
(Nature 548 (2017) 62-65)

central heavy-ion collision.
(Prog.Part.Nucl.Phys. 108 (2019) 103709)
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L. Adamczyk et al. (STAR) (2017), Nature 548 (2017) 62-65 ~2% - small but measurable effect
[ | I | | | | L I | g
N q ﬁ :“;‘:‘;_20;5(10% Self-analysing parity-violating
N—" - IS Stuay —
_ @ T ihis study _ hyperon weak decay allows to
I % A PRC76 024915 (2007) measure polarization of A
6 O A PRC76 024915 (2007) |

. antiparticle
particle

2_
i # itﬁm Small difference in the

ol ® L7 %] magnitude of A & A possibly
due to initial magnetic field

\/s GeV
w (GEV) Figure: T.Niida

QGP is the hottest, least viscous, and most
vortical fluid ever produced

w= (P, +P:)kyT/h ~0.6—-27x10%s""

P. ~ Px first direct observation of spin
. A A » P



Spin onmriz.aﬁmm .
E STAR /syn =200 GeV @z 4
- [ AutAu 20—60%

} Spin polarization x = -
along the beam %
may result from <=

the transverse §
=
o0
2

Observation of A(A) global spin polarization provided
— . .
evidence of QGP vortical structure.

T T 1 |

. . . . | oL
—— Shows decreasing behavior with increase in 4 /snn olane flow -
~ structure. .
} Differences between A— A polarization may be due to _0.0005 — f
e ey : : o - it: p +2p sin(2¢-2¥
initial EM fields caused during the collisions. s Pgt2P Sin(20 [/]2) o
- p =0.016+0.003 [% ,
| =g | P T || [ I I |||||| [ [ [ |l||l| I I T 1 B _ 1 o 132301
Q STAR Au+Au 20-50% - —0.001 [~ A P, =0.01520.003 [%]
l—l8_ Natur654862(2017) — 1(|)1||11||1||2|11113|11
. i ﬂ — UrQMD-IC+vHLLE, A PRC76.024915 (2007) - ¢ — alrad
- "‘ : === AMPT, A A A AN _
3 o] -
61— i : - = Chiral kinetic, A+X PRC9S.014910 (2018) 3 O Ru+Ru&Zr+Zr \/s, = 200 GeV
. mA O — :
— S == YangMills-IC+PICR, A — TVE o/._AN°
i : SnoTET PRC104.L061901 (2021) P - Centrality: 20%-60%
Ly ===+ 3FD model, A vA ) i
i ] i ? 0.0005
al \ PRL126.162301 (2021) Q :
I Y ¥ E+T 2 Q40 (20-80%) | ~ j
_ m  ALICE Pb+Pb 15-50% i 3 oL
} PRC101.044611 (2020) - = _
ol "' JE . & ’ + A & K | Finite differences 2 -
i % RN HADES 10-40% | (Open question!) I
37 W T PLB835(2022)137506 ~0.0005} | |
0, = 0.732£0.014 = Jall EPP ¢ A Au+Au ] i fit: p,+2p_sin(3¢ - 3¥)
ol ozzorssxo0z T PRAGAI s NEw | *A P =0.006+0.002 [%]
i v _0.001- 4K P, =0.010+0.002 [%]
I I I I I | I I I I | el | I I I | I I I I i l : | 1 l 1 1 1 l 1 1 1 |
2 3
1 10 10 10 PRL 131, 202301  ° 2 : °

12 (S [GEV] (2023) 3(¢ - ¥) [rad]
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Spin polarization is a
new and interesting
probe to help us to
know the formation

and characteristics of

the QGP

Detecting and
understanding the
QGP indirectly allows
us to understand
better the universe Iin
the moments after the
Big Bang

- 5 _ - _T

Bigger picture
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Cosmic Microwave
Background radiation

Accelerators is visible
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o
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Q
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t = Time (seconds, years)
E = Energy (GeV)
Key

Dark energy
accelerated
expansion

Structure
formation

Particle Data Group, LBNL ® 2014
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Lagrangian effective field theory approach

D. Montenegro, G. Torrieri, Phys.Rev. D94 (2016) no.6, 065042
D. Montenegro, L. Tinti, G. Torrieri, Phys. Rev. D 96(5) (2017) 056012; Phys. Rev. D 96(7) (2017) 076016
D. Montenegro, G. Torrieri, Phys. Rev. D 100, 056011 (2019)

Hydrodynamics with spin based on entropy-current analysis

K. Hattori, M. Hongo, X-G Huang, M. Matsuo, H. Taya, PLB 795 (2019) 100-106
K. Fukushima, S. Pu, PLB 817 (2021) 136346

Hydrodynamics of spin currents using presence of torsion
D. Gallegos, U. Gursoy, A. Yarom arXiv:2101.04759

Relativistic viscous hydrodynamics with spin using Navier-Stokes type gradient expansion analysis
D. She, A. Huang, D. Hou, J. Liao, arXiv:2105.04060

Relativistic viscous spin hydrodynamics from chiral kinetic theory
S. Shi, C. Gale, and S. Jeon, Phys. Rev. C 103, 044906 (2021)

Spin polarization generation from vorticity through nonlocal collisions
N. Weickgenannt, E. Speranza, X.-I. Sheng, Q. Wang, and D. H. Rischke, arXiv:2005.01506, arXiv:2103.04896

Spin polarisation due to thermal shear

F. Becattini, M. Buzzegoli, and A. Palermo, arXiv:2103.10917

S. Y. F. Liu and Y. Yin, arXiv:2103.09200 Not enough space to include

14 all papers. I apologize!
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Lagrangian effective field theory approach

D. Montenegro, G. Torrieri, Phys.Rev. D94 (2016) no.6, 065042
D. Montenegro, L. Tinti, G. Torrieri, Phys. Rev. D 96(5) (2017) 056012; Phys. Rev. D 96(7) (
D. Montenegro, G. Torrieri, Phys. Rev. D 100, 056011 (2019)

Papers 844 562 ;
Hydrodyna Citations 22,449 20,099 ',

h-index ® 79 76
Relativistic Citations/paper (avg) 26.6 35.8 alySiS

Relativistic viscous spin hydrodynamics from chiral kinetic theory
S. Shi, C. Gale, and S. Jeon, Phys. Rev. C 103, 044906 (2021)

Spin polarization generation from vorticity through nonlocal collisions
N. Weickgenannt, E. Speranza, X.-I. Sheng, Q. Wang, and D. H. Rischke, arXiv:2005.01506, arXiv:2103.04896

Spin polarisation due to thermal shear

F. Becattini, M. Buzzegoli, and A. Palermo, arXiv:2103.10917

S. Y. F. Liu and Y. Yin, arXiv:2103.09200 Not enough space to include

19 all papers. I apologize!



—— Models that assume LTE of spin degrees of freedom are able

Theoretical efforts

P, [%]

to explain gIobaI%pin polarization measurement.

|

What does it mean?

o, = 0.732 £0.014
0 = -0.758 £ 0.012

| IIIIIII|

—— UrQMD-IC+VHLLE, A
= AMPT, A
= = Chiral kinetic, A+A

== YangMills-IC+PICR, A
=== 3FD model, A

____________________________________________________________________gm___%:___

| llIIIII|

II-IIIIIIII| | [ 1 1 111

STAR Au+Au 20-50% —
Nature548.62 (2017) —

o A O A _
PRC76.024915 (2007) —
A A A A _
PRC98.014910 (2018) .
mA O A |
PRC104.L061901 (2021) B
vVA

PRL126.162301 (2021) -
¥E+4Z  #Q+0 (20-80%)

= ALICE Pb+Pb 15-50%
PRC101.044611 (2020)
+ A & K

HADES 10-40%
PLB835(2022)137506
¢ A Au+Au
+ A Ag+Ad N

10

10°

10°
\'S\n [GeV]

Average global spin polarization
for A(A) hyperons in 20-50%

centrality Au + Au collisions as

a function of collision energy.
(Nature 548 (2017) 62-65)



Theoretical efforts

In local thermodynamic equilibrium,
one can establish a link between spin

and thermal vorticity

Ann. Phys. 323:2452 (2008), Ann. Phys. 338:32 (2013)
Phys. Rev. C 94:024904 (2016)

ON*=0 0,T%=0

relativistic heavy-ion collision

Y

/ Observed

7

4 hadrons

" -8 - i - 8 - ’ X i = - 8

 - ﬂ/ "“ - ; PP g i o o K A e s
| L Jagpin (1= ), |
5 Sﬂ( ) — € UpoT A F F 5 , _‘ 1 RSP T N g _ 5
p 8 T dz ﬂ gl 4 3 :’:.:’ > ; 8 ,r"_’ .?;‘:,_; . \ | 7 . 7

i i I AP IR $ A T o 2 \ S / Chemical freeze-out

e = (it At e = - 1A g e = - S
o~ . . _ ) gt a o~ - , - _ _ L~ - ) _ ) L 12= a - 5 _ =~ -

I a——— e ‘--_ L ‘ k g .’o Hadronization
/,t : - s e ey O\ g

D 7 -
o~ . . ~_- L~ _ o~

nF=(1 eXp[ﬂ p - //tQ/T])‘

Allows to extract polarization at the
freeze-out hypersurface in any model P e

which provides u*, T'and u

—_—

Quark-Gluon Plasma

Hard scattering
and thermalization

space

D.D. Chinellato

17



—— Models that assume LTE of spin degrees of freedom are able
to explain global spin polarization measurement.

18

Theoretical efforts

There are two differences 1n the thermal
shear-spin formula

Lpo 1 L - A
—ehPor (;wmz)T - lpSoap m)

—

F. B., M. Buzzegoli, A. Palermo,
SH () 1 [dX-pno(l — ng)A* Phys. Lett. B 820 (2021) 136519
(p - , |

- 4m | f d>: - png

S. Liu, Y. Yin, JHEP 07 (2021) 188

1 1
o LPOT . AL
< E
| b'i | 1 al sy | w
| 3 F “’I)pn' ()7_ (.d/_lB) . Uv
F F. Becattini talk
rom F. Becattini ta Pj\_ __ p/\ o (u ) ]))"ll.)\. é,m/

In the LY formula, both the thermal gradient
and acceleration terms are killed by the four-velocity u replacing t and the p_L replacing p

"2

But, unsuccessful to provide clear explanation for the
azimuthal angle dependence of longitudinal polarization.

Recent progress with thermal shear have some agreement.
Phys.Rev.Lett. 127 (2021) 27, 272302, Phys.Rev.Lett. 127 (2021) 14, 142301

=~ (9.~ 0.5,)

(0,6, +0.5,)
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These discrepancies raise some
questions




ka we heed spin kvdm'%’

—>— Why spin-thermal approach does not fully capture
differential observables”?
—— Is spin polarization always enslaved to thermal vorticity?

—— Is there non-trivial space-time dynamics of spin?

20



Whv we heed SF'EM kjdrc:)?

Relativistic fluid dynamics forms
the basis of HIC models

—>— Why spin-thermal approach does not fully capture

A heavy ion collision
differential observables?

K © Y

b T T 4
/;
/,
7/
e
( 7
\\ ,,
N (
N / 98
N N ,’,J,’
SN P
~ - /,
SRS 0%
N . ’,
AN ’/ Vi
/, %
4
’/’ /7
/7

—— Is spin polarization always enslaved to thermal vorticity?
Observed

hadrons
R\
—— Is there non-trivial space-time dynamics of spin? Nt [ 1] e reeseon
R Chemical freeze-out

~~~~~~
————————

Quark-Gluon Plasma

Hard scattering
and thermalization
>

space

Most of the time

- — \\ L .
e close to equilibrium
e gl P but the dissipation

IS also important




Relativistic (ideal) hydrodynamics with spin
Prog.Part.Nucl.Phys. 108 (2019) 103709

|
X* =exp |£E&(x) — B, (x)p” [1 + —w U(x)ZP”’]
—)— Using Wigner function (in equilibrium) We,(x, k) = WZ(x, k) + W (x, k) [ " ] 27

=@M r'], ) = pplT,  Bx) = UMT

z=mlT

L 70
(lh - + }/'uklu — m) Weq(xa ky=n C[Weq(xa 9] “+” means particle contribution

2
“—” means antiparticle contribution
+ 1 ~ (4) r /S + |
Weon k) = — 3 [P 3Ok = p) %7(p) 2 (p) f5(x. p)

Transport equation

r.s *
1 " _
W&](X, k) — Z dP 5(4)(]{ + p) %S([)) ‘7r(p)f,;(x, p) Groot, Leeuwen, Weert, Relativistic Kinetic Theory. Principles and
2 | Applications. North Holland, 1, 1980
r,S

and ansatz for local equilibrium distribution functions

| | _ 1 _ . .
fi06p) = 5= X)X U(p) = 5— U (p) exp | =B,(0p" + EW)| |1 + 50, (02" | % (p) < — Dree seinors
2m 2m : _ 2 | °
) 1 ) ] 1 ) /
faep) = = =T (D)X (p) = = 5— 7 (p) exp | =B, p* = £ |1 = S0, (02" | 7/ (p)
m 2 m _ 2 ¢ — -

We obtain

_ Spin polarization tensor

N 1 | Bt (4 _ 1 (Spin chemical potential)
Wi (x, k) = dP e PPEc Wk £ p) [2m(m £ y*p) = — w, (Y*p, £ m)Z*(y*p, £ m)
22 Am | _ H 9) H U J7; —




Relativistic (ideal) hydrodynamics with spin

Prog.Part.Nucl.Phys. 108 (2019) 103709 = (i) r|, E@) =pglT, B(x) = UMIT
—— Decomposing Wigner function using Clifford algebra expansion ¢ = cosh(5), A" =" —(U'U")/(U-U)
C8”00 g)O
%, 0) :_Z22 (); =, dg = 240 —3%Bg
_ o . z=mlT
One can derive the constitutive relations for
® Net baryon current @® Energy-momentum tensor
. . 1, — (- THV .
N%x) = Cyriy:) T w®) = Ty )
_ 4 + - 1 _
= tr[d kya (Weq(-xa k) o Weq(xa k)) = — trJd“k kH k¥ (We_l(_](x, k) + Weq(X, k))
m
N%x) = N U° 17 &) = (E+ P)UFU" = P g
with
N =4 sinh(&) N (T) P = 4 cosh(§) P(T)
o, %(T)—iz[K()HK()]
Yoy =07k OF T gt BT AR




Relativistic (ideal) hydrodynamics with spin

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

m

: h i
® spintensor S, = (: Se, ) = 7 Jd“k tr ({aﬂy, r} o+ (yPrrlye — yay[ﬁkﬂ)) (W;(x, k) + W (x, k))

24

sadr = e ( oty & + ot UV ) U5> e <U[/3a)y]a + golf ") U5>
\Fluid—flow four-velocity '\ Spin polarization tensor

with

Thermodynamic coefficients coming from

o _ aff
0,N*=0,0,T% =0

=@My, §0) = pg/T, Bx) = UMT
@ = cosh(&). AW = gt — (UFUMY/(U - U)
2 o)t P

By = —
(O) Zz T

, gy = 2N 9= 3B

z=mlT



Modeling of the spin polarization dynamics

Mean spin polarization per particle

) (momentum-dependent)
dI1,(p)’ i W _p
=P (*.pP)* i | four-v
<]Z- > B Ep d3p B (2][)3’% ICOSh(f) Azﬂp e (wﬂﬁp ) 4 f Pauli Lubanski four-vector
HIP dV (p) 4 JCOSh(f) AZ;L p,1 e—Pp < f Momentum density of all particles
P p (2r)3 g

" Freeze-out hyper-surface element

25



—— Non-boost-invariant and transversely homogeneous

20

<7Tx>l9|)’p =pgo=0

v

Non-trivial quadruple structure

yet to be seen?

4 ‘ )

0.0028

0.0020

0.0012

0.0004

—0.0004

—0.0012

—0.0020

—0.0028

Py [GeV/c]

g # 0 plots not shown as they
are qualitatively similar

<7Ty>P‘)’p =gy =0

'S negative as expecte

Impact parameter

—-0.01628

—-0.01672

—0.01716

—0.01760

—0.01804

—0.01848

—0.01892

—0.01936



—— Non-boost-invariant and transversely homogeneous

27

Py [GeV/c]

are qualitatively similar

pg 7 0O plots not shown as they

<7T2>P Yp=2,1pp=0

not shown as it vanishes

O
O
—

i + 7 maoatr s/
|\ | L

T QM a
uc U oylinrictly

agr )(cos 9;)8“]0

0.001

0.0005

0.00112 = 0

0.00080

0.00048

0.00016

—0.00016

—0.00048

—0.00080

—-0.00112

=

o0
0

—0.0005

—0.001

-STAR /sy =200 GV @z 4
| AutAu 20—60% |

fit: po+2p1sin(2¢-2‘P2)
*A p, =0.016+0.003 [%]

YA P, =0.01510.003 [%]

0 1 2 3
¢ — Uyrad]




Modeling of the spin polarization dynamics

Mean spin polarization per particle

) (momentum-dependent)
d,(p)’
- L, ;319 B )3m Icosh(f) A2, p Le PP (@ ﬂpﬁ)* »- f Pauli Lubanski four-vector
T = —
Hip Ep da;’/;l?) (2 3 JCOSh(f) Azﬂp e—ﬂp 4 f Momentum density of all particles
Freeze-out hyper-surface element
dV(p)
|dP (m,), E z
Mean spin polarization per particle <7T,u> — AN (p)
: (momentum-independent) IdP E
d°p
Transverse momentum Azimuthal angle
| | dIT¥(p) dIL(p)
L [dg, sin24,) E, = Jprdpr E,—
p P
<7T/,¢(pT)> — AN (p) <ﬂﬂ(¢l?)> — duN(p)
o8 Id¢l9 EP d3p qubp pT E d3p
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Py [%]

0.5

STAR Au+Au |/, = 200 GeV

| 20%-60%, n|<1

o

—

b

hydro, primary A

* A — UrQMD IC
A - - -Glauber+ilt IC

Work in progress!
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mid-rapidity
region

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

gy i | | II | | | | | 1 II | |
/ § Au+Au 20-50%
2 ~8 % A this study —
O b20 =0.] / |Q§ i @ A this study |
: + A PRC76 024915 (2007)

" Interpolation P \‘\\ 6 O A PRC76 024915 (2007)
15 ! _ _
) 4 — —
rg\? /,‘ B n
— ;1,696 oL ol B

AL /
t\?x / i E+ﬂ * # ]

7 L ~ @ N 2
\V o 1.694 @ Y /. o s L B
/ / AN / \ O
// / .\ /. \\
// \.\ N i i
0.5* ,’/ 1692% ¢ L 11 || l I I L1 11 || I
R e- 10 102
169L oo
“06 -04 -02 00 02 04 06 /S (GeV)
O | | | |
-4 -2 0 4
W Yp

Still needs to
be confirmed

Work in progress!



Sunn mMary

—)— Spin polarization provides a sensitive new probe of QGP properties

—— Disagreement between theory and experiment motivates development of dynamical models
Rel. viscous spin hydro is work in progress!

-

&— Thiscan be solved, work in progress!
—- Spin hydro also depends on pseudo gauge

——Spin can be incorporated naturally in relativistic (viscous) fluid dynamics

— Also incorporated EM fields in spin hydro, qualitatively explaining the A—A

differences APPB 54 (2023) 8-A4
NPA 1035 (2023) 122656

PRD 105 (2022) 5, 054007

(
—~ Inclusion of non-local collisions gave spin-orbit coupling term in our approach PRD 106 (2022) 1, 014018
PRD 103 (2021) 9, L091502
(2021)

PRD 103 (2021) 9, 094034
—)— Spin polarization dynamics can be studied in various (conformal) fluid backgrounds PRD 103 (2021) 7, 074024

PRC 99 (2019) 4, 044910
31



