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Heavy-ion collisions:

o Non-central relativistic heavy-ion collisions create global rotation of
matter, which may induce spin polarization.

o Emerging particles are expected to be globally polarized with their
spins on average pointing along the systems angular momentum.

nucl-th/0410079, nucl-th /0410089, arXiv:0708.0035.

before collision

Source: CERN Courier
Jinitial = Linitial = Lfinal + Stinal
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Global polarization:
First positive measurements of global spin polarization
of A hyperons by STAR
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thermal approach — Py = ET + -
Becattini, F., Karpenko, L, Lisa, M., Upsal, L , Voloshin, S. , PRC 95, 054902 (2017)
the hottest, least viscous — and now, most vortical - fluid produced in the laboratory ...
w= (PA + pK) kgT/h ~ 0.6 — 2.7 x 10251
L. Adamczyk et al. (STAR) (2017), Nature 548 (2017) 62-65
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Even larger than...

;Magnetic g
‘/Vﬁelquines

[
|
Neutron star

Radiation

Beam rotates” b

around spin-axis
Ny

Figure: PSR J1748-2446ad (7165~ ') & Nanodroplets of superfluid helium
(107s71).

10.1126/science.1123430, Science 345, 906-909 (2014)

Rajeev Singh (IFJ PAN) Spin Hydrodynamics 4/22


https://science.sciencemag.org/content/311/5769/1901
https://escholarship.org/content/qt5fc2k9r2/qt5fc2k9r2.pdf

Global polarization:

o Good agreement between experiment and models based on local
thermodynamic equilibrium of spin degrees of freedom.
0711.1253, 1304.4427, 1303.3431, 1501.04468, 1610.02506, 1610.04717, 1605.04024, 1703.03770, etc...to co

o But...
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Longitudinal polarization:

o Good agreement between experiment and models based on local
thermodynamic equilibrium of spin degrees of freedom.
0711.1253, 1304.4427, 1303.3431, 1501.04468, 1610.02506, 1610.04717, 1605.04024, 1703.03770, etc...to co

o But...
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Figure: Longitudinal polarization of A-A (1905.11917)

Rajeev Singh (IFJ PAN) Spin Hydrodynamics 6/22


https://arxiv.org/abs/0711.1253
https://arxiv.org/abs/1304.4427
https://arxiv.org/abs/1303.3431
https://arxiv.org/abs/1501.04468
https://arxiv.org/abs/1610.02506
https://arxiv.org/abs/1610.04717
https://arxiv.org/abs/1605.04024
https://arxiv.org/abs/1703.03770
https://arxiv.org/abs/1905.11917

Bigger picture:

o This study will help us to know the formation and characteristics of
the QGP, a state of matter believed to exist at sufficiently high
energy densities.

o Detecting and understanding the QGP allows us to understand better
the universe in the moments after the Big Bang.
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Canonical:

ih - < -
Lo(x) = 5 ()" 9 wo(x) — mp(x)i(x),
Energy-momentum tensor and spin tensor:
A TR =4, y
Te" =59 0"y —g"Lp.
A v B s e
St = —EEA“ VY 5.

which are the parts of the total angular momentum tensor as
ey v - X\, v
Je = XETE =XV TE + 5.
Since the total angular momentum is conserved, we have
Expur _ vy
NS =T

2007.00138
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https://arxiv.org/abs/2007.00138

Ambiguity in decomposition of orbital and spin angular
momentum:

One can define a new pair of tensors 7/ and 5 connected to the
canonical currents through the so-called pseudo-gauge transformations
~ ~ 1 ~ ~ ~

_ v ) A, A VA
THY  — TC + 50/\((1) HY | QUHA L IV )
Sy SAu_ ZA v 7 1WAp
S = 5S¢ Y 0,7
where, SN and ZHAP are arbitrary differentiable operators called

super-potentials satisfying
DMV — _PAVE and THAP — _ ZVIAD — _ ZhvipA

— The newly defined tensors preserve the total energy, linear momentum,

and angular momentum after integrated over the freeze-out hypersurface.
— Conservation laws are unchanged.

9, T =0, o =0,

2007.00138
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de Groot, van Leeuwen and van Weert (GLW)

Pseudo-gauge:

N ih2
(D)\,,uu — ;-71/1(0)\“?” . UAV?;Lﬁﬁ’
m
2w =,
Thus, we obtain

R P =
T o0 pnav

GLW am? o oYy,

SR L Ao
Set = oo ($0m T = e iy,

2007.00138, 1705.00587, 1712.07676, 1806.02616, 1811.04409, S. R. De Groot et. al., Relativistic Kinetic Theory: Principles

and Applications (1980).
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Our approach:

o Include spin degrees of freedom into the ideal standard
hydrodynamics to form spin hydrodynamics formalism.

o JHoB(x) = xOTHB(x) — xP TH(x) + S (x)

o And, conservation of total angular momentum, (9,\J)‘7W(x) = 0 gives
ONSM(x) = TVH(x) — TH(x)

o For symmetric energy-momentum tensor, T/ (x) = T& w(x),
we have 8>\Séfvuv(x) =0

o Hence conservation of the angular momentum implies the
conservation of its spin part in the de Groot-van Leeuwen-van Weert
(GLW) formulation.

1705.00587, 1712.07676, 1806.02616, 1811.04409, S. R. De Groot et. al., Relativistic Kinetic Theory: Principles and

Applications (1980).
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Steps of spin hydrodynamic framework:

©

Solving the standard perfect-fluid hydrodynamic equations without
spin.

o Determination of the spin evolution in the hydrodynamic background.

o Determination of the Pauli-Lubaniski (PL) vector on the freeze-out
hypersurface.

o Then we calculate momentum dependent and momentum integrated
spin polarization of particles in their rest frame which can be directly
compared with the experimental findings.

1901.09655
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Conservation laws:

o dyN* = d,(NU*) = 0 — Conservation of net baryon number
where N =4 sinh(u/T) Ng).

0 dy TP = d,[(€ +P) U"U” — Pg*’] =0 — Conservation of EMT
where £ = 4 cosh(u/ T)E ) and P = 4 cosh(p/ T)P ().
These laws provide closed system of 5 eqns. for 5 funcs: u, T, and three independent components of U* which need to

be solved to get the perfect-fluid background evolution.

o d S0 = d, { AL UPWBT 4+ AU UIB R 4 Ag(UBule ga[:ﬁm])] =0
!

Conservation of spin

where A; = cosh(u/T) (noy — Byoy) » A2 = cosh(11/ T) (Ao) — 3B(0)).
Az = cosh(u/T) B(o
with, B 0) = (m/T) (5(0 Jr'P )/T and .A(o) = 738(0) + 2./\/(0)

By

Here, w”7 is known as spin polarization tensor.

1811.04409
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Spin polarization tensor:

Wy is an anti-symmetric tensor of rank 2 and can be parameterized by the
four-vectors k* and w*,

B8
Wy = kpUy — kU + €ppagUW

where k& = C,xX*+ Coy Y + CozZ%, w® = CuxX*+ CuyY*+ CzZ°.
U, X, Y and Z form a 4-vector basis satisfying the following normalization
conditions: U-U =1, XX =YY =27-7Z= -1
0 el e? e3
o -t 0 —-bp* b2
T2 B 0 b
—e* —p> B! 0

e and b are LAB frame spin components.
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Spin polarization of emitted particles:

" pdﬂt(p)
_ a3 Total Pauli Lubanski t
<7r“> - E, d-'\g (F;’) %A/Zm(;niumaglénsiltlyag; ;I/Vincar(;;c/es ~ p dependent
d?p
*
[ dP( T, EpdN(P) fd3 an (P)
M) = ~ p integrated
< ll> fdPEpdN(p) fd3 dB:) g
) c dr(p) 1 / n(")ar 50 (55, p°)"
whnere, = COS e w
P d3p (27)3m T P’ o P
dN(p) 4
Ep—>=— = -=—3 [ cosh AY,\pre PP
p d3p (271')3/ (T) AP

* meaning quantities calculated in particle rest frame.

1901.09655
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Boost-invariant and transversely homogeneous flow
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Initialization of spin components:

Wy, IS an anti-symmetric tensor of rank 2 and can be parameterized by the
four-vectors k* and w*,

. - o, B
Wpy = Ry Uy — Ry U/L + E/J,V(lﬁU W,

where K% = CxX® &+ Coy YO 4+ Cz 2%, w® = CoxX® + Coy Y@ + Cu7Z°.

U, X, Y and Z form a 4-vector basis satisfying the following normalization
conditions: U-U =1, XX =YY =27-7Z= -1

Rajeev Singh (IFJ PAN) Spin Hydrodynamics
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Perfect-fluid background and spin components evolution:
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Figure: Evolution of T divided by its initial value Ty and the ratio of baryon

chemical potential 1 and temperature T (left). Evolution of the spin coefficients
C,. and C,, (right).

For the spin dynamics in 1pl, see Dr. Gabriel Sophys talk.
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Momentum dependence of polarization:
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Summary:

o Discussed relativistic hydrodynamics with spin based on the GLW forms of
energy-momentum and spin tensors.

o Showed how our formalism can be compared with the experiments.

o Obtained dynamics of spin polarization in the boost-invariant background.

o Incorporation of spin in full 341D hydro model required to address the
problem of longitudinal polarization (which will be out pretty soon, stay
tuned).

For the spin dynamics in 1pl, see Dr. Gabriel Sophys talk.
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Thank you for your time!
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Various choices of Pseudo-gauge:

Belinfante and Rosenfeld:

&)A,W _ §é7uu, 2;w,>\p -0,
with
VLT P
Syt =o0.

Hilgevoord-Wouthuysen:
S — pplelr gk[u/\%pl/]p’

~ h -
ZHAR = — (o o+ oM Y,
where .
MAY = %QZJUW?A@Z).

2007.00138
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