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QGP EVOLVES HYDRODYNAMICALLY
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Well established properties of the produced QCD matter:
- Behaves like a fluid =4 hydrodynamics applicable
- Low viscosity but important for observables =2 inclusion of dissipative effects required

figure: J. Bernhard, J. Moreland, S. Bass, Nature Phys. 15, 1113-1117 (2019)



NON-CENTRAL HEAVY-ION COLLISIONS
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Non-central collisions are interesting:
- Large initial orbital angular momentum
F. Becattini, F. Piccinini, J. Rizzo, PRC 77 (2008) 024906

- Large magnetic field
A. Bzdak and, V. Skokov, PLB 710 (2012) 171-174
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MEASUREMENT OF /A AND /-\ GLOBAL SPIN POLARIZATION
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SPIN POLARIZATION IN EQUILIBRATED QGP — SPIN-THERMAL APPROACH

In thermodynamic equilibrium one can

establish a link between spin and vorticity

Becattini F, Chandra V, Del Zanna L, Grossi E. AP 338:32 (2013)
F. Becattini, L. Csernai, and D. J. Wang, PRC 88, 034905 (2013)

Fang R, Pang L,Wang Q,Wang X. PRC 94:024904 (2016) SR ARTREA e | - N N c | Y
F. Becattini, I. Karpenko, M. Lisa, |. Upsal, and S. Voloshin PRC 95, e LY . p
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Very attractive: Allows to extract polarization
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which provides u*, T and u.

space

figure: D.D. Chinellato



MEASUREMENT VS SPIN-THERMAL APPROACH: GLOBAL POLARIZATION

F. Becattini, J. Liao, M. Lisa Lect.Notes Phys. 987 (2021) 1-14
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LONGITUDINAL (BEAM-AXIS) POLARIZATION
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Flow structures in the
plane transverse to beam
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LONGITUDINAL POLARIZATION — ‘SPIN SIGN’ PUZZLE
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LONGITUDINAL POLARIZATION — ‘SPIN SIGN’ PUZZLE
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LONGITUDINAL POLARIZATION — ‘SPIN SIGN’ PUZZLE
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FLUID DYNAMICS OF SPIN?!

Spin-thermal approach does not capture properly Relativistic fluid dynamics forms
phenomena seen in experiment. the core of HIC models

¥

Nonequilibrium dynamics of spin is suggested.
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INCORPORATING SPIN IN HYDRODYNAMICS
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CONSERVATION OF ANGULAR MOMENTUM AND SPIN CHEMICAL POTENTIAL

Conservation of charge (baryon number, electric charge, ...)

&ﬁ”(x):() (1 equation/charge) » lj, — €T

Conservation of energy and momentum

— o e e N N D P S P

N - e » LY -
T ) = T () — T (1) + 5P () § y T#C ") =0 (4 equations) » T ul/
£ ~ —~— — 3 ,

zg,a’ﬂ (x)

R e The conservation of angular momentum

Conservati,f total angular momentum implies introduction of new hydrodynamic
variables — spin chemical potential

= 9,58 () = T (v) - T (v)

- O, =Tw,,
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CONSERVATION OF ANGULAR MOMENTUM AND SPIN CHEMICAL POTENTIAL

If the energy-momentum tensor is symmetric the spin tensor is conserved

W. Florkowski, B. Friman, A. Jaiswal, E. Speranza, PRC 97 (4) (2018) 041901

W. Florkowski, B. Friman, A. Jaiswal, R. R., E. Speranza, PRD 97 (2018) 116017
F. Becattini, W. Florkowski, E. Speranza, PLB 789 (2019) 419-425

W. Florkowski, A. Kumar, R. R., PPNP 108 (2019) 103709

0,T" =0, OS™™ =0, 0,N‘=0

What are the constitutive relations which enter equations of motion”?

T = TH"[B,w, €], 8" =8FY[Bw ], NF=NFPBw,

Coarse-graining of underlying microscopic theory is required!
Relativistic kinetic theory (RKT) is commonly used.

15



RELATIVISTIC KINETIC THEORY WITH SPIN

To include spin in RKT, we start from the Wigner function (WF) that bridges the gap between QFT and RKT

1 1
Wa,B — Z <F+ ’I/’YSP -+ ’}/“VM -+ ")’5’7“./4“ -+ EE'UJVS“V> . ZMV —_— ’[/}/[:u’fyy]

For spin-1/2 particles the WF satisfies the quantum kinetic equation

ok (p+%3> —m WaB:C[WaB]

D. Vasak, M. Gyulassy, H.T. Elze, Ann. Phys. 173 (1987) 462-492,

P. Zhuang, U.W. Heinz, Ann. Phys. 245 (1996) 311-338,

H.T. Elze, M. Gyulassy, D. Vasak, Phys. Lett. B 177 (1986) 402-408; Nucl. Phys. B 276 (1986) 706-728
W. Florkowski, J. Hufner, S.P. Klevansky, L. Neise, Ann. Phys. 245 (1996) 445-463

N. Weickgenannt, X.L. Sheng, E. Speranza, Q. Wang, D.H. Rischke, Phys. Rev. D 100 (5) (2019) 056018;
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RELATIVISTIC KINETIC THEORY WITH SPIN

From the LO and NLO of the semi-classical expansion of the WF in powers of Planck's constant, one obtains
two independent kinetic equations

scalar axial vector
Kin. Eq. k“é?“]-“(:c, k) = Cr k"uau.AV(CU, k) — CZ‘
RTA Cr=2 [feq(a:, k)— F(z, k)] B [qu(a:, k)— A (z, k)]
Dist i [P (& K) =20 fp I (=D 5) 54)(k F p) AL (z, k) =2m fp s (0 o) 5(4)(k F p)

Momentum measure — [ (---) — [ d3p/(2m)3 p°. 01 .1)
g2 =L1(1+1
Spin measure — [ (---) = (m/7s) [ d4sé(s - s+ 52)d(p - s). : 2
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CLASSICAL APPROACH TO SPIN HYDRODYNAMICS

In the classical treatments of particles with spin-1/2 one introduces internal angular momentum

tensor of particles
[M. Mathisson, APPB 6 (1937) 163-2900]

1
g — eaﬂﬁp’y S
m

Satisfies Frenkel (or Weyssenhoff)

M.Mathisson

V

In particle rest frame (PRF)

J. Weyssenhoff
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RELATIVISTIC KINETIC THEORY WITH SPIN

The distribution function in the extended phase-space is a function of spacetime, momentum,
and internal angular momentum of the particles

s r=z! p=p"' s=s"

The kinetic equation (KE) governing the evolution of the distribution function can be written as

W. G. Dixon, Nuovo Cimento (1955-1965) 34, 317 (1964).
L. Suttorp and S. De Groot, Il Nuovo Cimento A (1965-1970) 65, 245 (1970)
C.G. van Weert, thesis, The University of Amsterdam, 1970.

puag”)f:: e mf“agp)f:: - ms,ul/al(fy)f:: = C[f::]

where

s, 0 dp“

afp
: QL(L'D) = : 8(8) = Fo = Saﬁ _ ds

o\%) = o —
H & OsHv’ dr dr

OxH

Using the Frenkel condition, one can derive the force (Lorentz and Mathisson) and torque
I. Bailey and W. Israel, Commun. Math. Phys. 42, 65 (1975).

1
§F =2 P mfl — — (x = 2) Fyy 5?1 plp?

19



INFINITE CONDUCTIVITY LIMIT

In the limit of infinite conductivity, field strength tensor is
e S0 0 0y B

U’UJB’U' — 0 B'u,B'u S O

If the medium if magnetizable, then the Maxwell's equations are given by

8, HM = J7, 9, FH — 0,

HW — FHY | \[HY

20



FROM KT 10 SPIN MHD

The particle current, energy-momentum tensor, and spin tensor of the fluid can be expressed as
S. Bhadury, W. Florkowski, A. Jaiswal, A. Kumar, and R. R., Phys. Lett. B 814, 136096 (2021); Phys. Rev. D 103, 014030 (2021).

N'u: & f+_f_7
/wp ( )
Ty = [ P ),

L6 =/ f 0
pP,S

while the polarization-magnetization tensor is

MeP :m/ mP (]“L —f_)
P,S
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FROM KT 10 SPIN MHD

Assuming that the microscopic interactions preserve fundamental conservation laws one requires
S. Bhadury, W. Florkowski, A. Jaiswal, A. Kumar, and R. R., Phys. Lett. B 814, 136096 (2021); Phys. Rev. D 103, 014030 (2021).

/p cifl=o

/Sp“C[f]=0,

)

/p’s SV C [f] =0

Zeroth, first, and ‘spin’ moment of the KE (in absence of the torque) then lead to equations defining
relativistic magnetohydrodynamics for fluid with spin

O, N* =0

p“al(f)f: ‘I’ mF'LL@,L(Lp)f:: — C[f::] » aVT;LV - F/ia]](c)é -+ ; (a,uFl/oz) M}/a
8)\;9)"'[“/ — 1§
J' = qN*
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RELATIVISTIC MHD WITH SPIN

Kinetic equation with collision kernel in the relaxation-time approximation (RTA) reads
J. L. Anderson and H. Witting, Physica (Utrecht) 74, 466 (1974)

o) 1= 4 mpngP) g = L P g g
TR

5f:(217,p, S) == f:(mapa S) = fe:(:l(mapa S)

Using RTA kinetic equation we can write the first-order gradient correction as
5](:: — _Df::
e . U - n (1) €q’

PO 1 L mFraP) i = bl 57 » e 9 9
TR D = (Pa | fa_)
(u - p) Oz~ Op®

The equilbrium distribution function has the form

+ 1

small polarization limit

Jea = 1 + exp [5(u-p) + &

N ]’
WS

foa=fo+ 5 (@3 5) fofo.

fo={1+exp[B(u-p) — &}

23
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RELATIVISTIC MHD WITH SPIN

The expressions for dissipative currents in terms of the nonequilibrium correction to the distribution function are

Anp
3

e AZE/ p*p’ (5fT +6f7)
pP,S

FE—

/ p*pP (§fT +6f7)
p,S

N* = nu”* +n*

TY = eutu” — (P +1II) A*Y + 7k

=2 [ (6 - 8f)

S)\,p,l/ - Sg\q,ﬁ/«l/ 4 55)\,;1,1/
5S>"‘“’:/ p MY (5f+—|—5f_)
p,s

AP = " — utu”
Aﬁ;; = %(AQA; -+ A;A'g,) — %A””Aaﬂ
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BARNETT EFFECT

Equilibrium polarization-magnetization tensor is

M& = a. (T, p) w*” + ax (T, p) ’u,[""qu”]'y

In global equilibrium, spin chemical potential

corresponds to rotation of the fluid
F. Becattini and F. Piccinini, Ann. Phys. (Amsterdam) 323, 2452 (2008)
F. Becattini, W. Florkowski, and E. Speranza, Phys. Lett. B 789, 419 (2019).

WY |geq o< T = (O4B” — O” ") /2

We conclude that rotation of the fluid produces magnetization,
which is precisely the physics of Barnett effect. figure: Journal of the Physical Society of Japan 90, 081003 (2021)

S. J. Barnett, Rev. Mod. Phys. 7, 129 (1935)
A. Einstein and W. de Haas, Deutsch. Phys. Ges., Verh. 17, 152 (1915)
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CONVERSION BETWEEN VORTICITY AND SPIN

Using the spin matching condition we obtain the evolution equation for the spin polarization tensor

WMV =DM G4 DEYY (V&) +DEY Vi +DHVPE G+ DY PR Qe + DIV PPF (Y )

Qo = 00y — Oyu,)/2

fluid vorticity

We observe that the above equation contains information about the connection between
evolution of spin polarization tensor and fluid vorticity.

UV PK
DQ vanishes in absence of electromagnetic field which leads us to conclusion that the
conversion between spin-polarization and vorticity proceeds via coupling with electromagnetic field.
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FIRST-ORDER DISSIPATIVE CURRENTS IN SMHD

The expressions for dissipative currents in terms of the nonequilibrium corrections to the distribution function are

X = Teq|Bx11 0+ Bk (Vab) + Batia + BYaTas

+ B¥ 00 + BYr (VaBs) + BYS (V awﬁ'y)]’

where
X =nH, II, 7HY, §SHMHY

These expressions contain gradients of magnetic field.

Demanding that the divergence of the above entropy current is positive definite we identify
first-order dissipative gradient terms

[I=—C0, nt=rt*(VaE), 7 =n"Pogg,

JSHB — ymaBAyp (Vaws,) -
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CONCLUSIONS

We presented the first kinetic theory formulation of relativistic dissipative nonresistive magnetohydrodynamics
with spin in the limit of small polarization.

We demonstrated that multiple transport coefficients, dissipative as well as non-dissipative, are present.

We showed that our framework naturally leads to the emergence of the relativistic analog of Barnett effect.

We show that the coupling between the magnetic field and spin polarization appears at gradient order.

Simulation based on our unified framework has the potential of explaining the difference of A and anti-A polarization.

Many more interesting theory developments: see talks by Buzzegoli, Liao, Palermo, Singh, ...
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THANK YOU FOR YOUR ATTENTION.
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