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Motivation: spin polarization/spin
hydrodynamics
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Observation of A(A) global spin polarization provided
— . .
evidence of QGP vortical structure.

—— Shows decreasing behavior with increase in
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—) Due to the evidence of spin polarization, there has been huge interest in the
formulation of rel. fluid dynamics with spin

— Beside the conservation of energy-momentum tensor, it has an additional
conservation of total angular momentum

fxl,m/ _ x,uj\*/ly - xvj\%,u 1 S\vl,m/

\ Conservation of total angular momentum gives

0,/ =0 = 9,8 =T — "



— But definitions of 7% and S*** are not unique.

One obtains new pair of 7#* and SAHY using T’é”a "

and S’é’”” through pseudo-gauge transformation.
al F. W. Hehl Rept.Math.Phys. 9 (1976) 55-82
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— But the conserved charges
do not change

Speranza, Weickgenannt, Eur.Phys.J.A 57
(2021) 5, 155

Florkowski, Kumar, Ryblewski
Prog.Part.Nucl.Phys. 108 (2019) 103709

QFT, ltzykson and Zuber (Saclay 1980)
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canonical currents using Noether theorem
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Groot, Leeuwen, Weert, Relativistic Kinetic Theory. Principles and
Applications. North Holland, 1, 1980
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Hence, the dynamical meaning of the spin tensor/angular momentum is still not
Clear.

For a fluid in local thermodynamic equilibrium, the quantum state of a system is
also not invariant under pseudogauge transformations

It seems that the physical measurements depend on pseudogauge

Becattini, Daher, Sheng, PLB 850
(2024) 138533
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Based on the requirement of the positivity of local entropy production rate, there
are many formulations that derive constitutive relations of spin hydrodynamics

where entropy current is obtained from an educated guess of the
thermodynamic relations

T
dp = sdT + ndu + ESW dw,, ,,

Becattini, Daher, Sheng, PLB 850
(2024) 138533




Rather than assuming a form, can one derive the form of entropy current from
first principle?

Becattini, Daher, Sheng, PLB 850
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Rather than assuming a form, can one derive the form of entropy current from

first principle? \

Yes, using the quantum statistical method
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Rather than assuming a form, can one derive the form of entropy current from
first principle? «

Yes, using the quantum statistical method

One may also wonder, whether the relations are complete for the case of spin
hydrodynamics?
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—) Rather than assuming a form, can one derive the form of entropy current from
first principle? «

Yes, using the quantum statistical method

—) One may also wonder, whether the relations are complete for the case of spin
hydrodynamics?

—_ It seems no!
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Methodology: local equilibrium
density operator

—



Entropy and thermodynamic potential current

In the quantum statistical description of a rel. fluid, IS obtained b . .
’ - - .p FLE 4 S=—-Tr(plogp)
maximizing entropy (5)

1 N
ﬁLE = ——exp(—Y)
ZLE

1 A PR DA
= —eXPp _J dzﬂ (Tﬂl/ﬁy _ C]ﬂ — _Q/IVS/MD>
ZLE > 2

B, =u,lT
C=pulT
X X Q, =w,/T
—r  Wwhere LE values are defined as: X, . = Tr (ﬁLEX> — (0| X|0)
f— dZ,M - dz n//t

Becattini, Daher, Sheng, PLB 850
(2024) 138533 | .
non-degenerate lowest lying state of Y
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Entropy and thermodynamic potential current

In global equilibrium, these Lagrange multipliers become

ﬁﬂ — bﬂ + @, x* with b,w, being constants

Q=1

Becattini, Daher, Sheng, PLB 850
(2024) 138533
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Becattini, Daher, Sheng, PLB 850

(2024) 138533 Entropy and thermodynamic potential current

Becattini, Rindori, PRD 99, 125011
(2019)
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If, Y = [ dx, (T””ﬁy Y EQMCS’MO is bounded from below and lowest
=

lying eigenstate |0) is non-degenerate

—

—r then, log Z;  can be proved to be extensive, i.e.
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Entropy and thermodynamic potential current

Once, ¢, is known

~ 4 L a 1
dz, (Tr (PLET” y) p,—CIr (pLE]'M ) - =, Tr

S =—Tr (prglogpp) = logZ g+ [ 5

2

1
— [Z dZﬂ <¢’u + Tﬂyﬂ CJLE — EQMCSW}EU>

entropy current is: st = " + T/“‘” ﬁ CJLE - %Q ”CS)/I%U Py
G

Q,
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Entropy and thermodynamic potential current

— However, in global equilibrium, S, Is defined more generally

|
sh =t + THp — (i — EQ/IUCSWU

where

L ar ]

U / . / A /

P =J = (T” [T, = wH(T'] = S, 8 [T])
0

Becattini, Daher, Sheng, PLB 850
(2024) 138533



Results: modified thermodynamic
— relations due to spin
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Local thermodynamic relations

— Contracting s* with u, gives local thermodynamic relations
s = stu —gb-u+lp—§n—l£2 U 5”’1”=q§-u+lp—ﬁn—lﬁ S
- T o T T T 2"

— v —
where pP = M/M,,Tﬂ , N = uﬂ]ﬂ

— Defining: P=T¢-u < validin global equilibrium

p,=u,lT

1

we get

Q, =w,/T

Becattini, Daher, Sheng, PLB 850
(2024) 138533



Local thermodynamic relations

—- Using ¢*, one obtains p
r dT, 7 / . / 1 AU /
p=T¢-u=T| Z5 (wTITI,~ 1T = S03,,8 (T

— TJ'TE ( [T/] _ [T/] . l S/II/[T/])
— ) T P Hn 20)/11/

0
whence the following relation can be readily _p —K
obtained
ori,,
0
—y But do these relations hold in ap — 7 P — S/IU
eneral?
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Local thermodynamic relations

We shall see that for a system of massless free fermions with rotation and
acceleration at global equilibrium

op op
S = N

d,u T o @a)ﬂy T.u

.

;é S/II/




Local thermodynamic relations

We have pressure defined as: T " 2 T °

| ; ar [ . ﬂ, —— . |
p = Tqb u, =T TCan[T]uyuﬂ — uu, J T — ~u,w,, Can[T] :
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Local thermodynamic relations

After removing vacuum terms

(temperature independent) 2274 - 2 : )2 :
p = +—puT"——T°——T
180 6 24 24

Becattini, Singh EPJC 85 (2025)
1338
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Local thermodynamic relations

2 2 N 1 _ .
l//tsz — a_T2 — a)_T2 a*=w ﬂwa}/uﬂu}/’ * = Zewp CuapyPsp®@ ﬁ”a”y
6 24 24
S = uﬂcS’M”
op ~ dp da* L op 0w?
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It seems that thermodynamic relations are not fully appropriate in
deriving divergence of entropy current

summary

Employed a quantum-statistical approach to derive the entropy
current without assuming the traditional local thermodynamic

. . %
Differential relations, —

a/’t T.w

relations

op

= n and
aa)/lv

iIn general

T,u

= S* may not be true

For a system of massless free fermions with rotation and
acceleration at global equilibrium

1
Ts+/m=p+p—5a)WS””

1
dp = sdT + ndu + ESde”

=

We also shown for

massive free fermions,

see 2506.20681
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