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Motivations

= There is a growing interest in spin hydrodynamics,
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= Spin hydrodynamics involves spin. Therefore quantum methods cannot be
avoided.
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Remarks

= Spin hydrodynamics suffers from the pseudo-gauge non-invariance,
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= While spin hydrodynamics holds theoretical promise, no experimental evidence has

yet emerged to demonstrate its relevance for QGP description.
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Machinery

One of the main goals of spin hydro is to determine the constituent equations of TH¥
and SM_ For this purpose, an educated guess of the thermodynamic relation is
assumed:

1
Ts+un=p+p— iwwS””

dp = sdT + ndu + %S”"dww

where S¥ = uySM¥ and w is Spin potential.
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One of the main goals of spin hydro is to determine the constituent equations of TH¥
and SM_ For this purpose, an educated guess of the thermodynamic relation is
assumed:

1
Ts+un=p+p— §ww5'””

dp = sdT + ndu + %S”"dww

where S = uy\SM¥ and w is Spin potential.
The goal is to just use QFT and quantum density operators to derive the entropy

current, the entropy production rate, whence the constitutive equations.
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Quantum-statistical Framework for Relativistic Fluid

Local equilibrium is achieved at initial hypersurface Xy, where entropy is maximum
provided that the mean vales of energy, momentum, particle number, and spin densities
are their actual values:

5 = — Tx(plogp) t

Flpl == Tr(plogd) - [ a0 m (15~ ) (o) - [ a0 ma i~ ) ¢(o)

- f do n, (SI2" — 5") Qau(a)

Tfy ~ Tr [pTe]
TH = Actual Value
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The Lagrange multipliers are obtained by solving the constraint equations at X. Their
evolution is determined by solving the conservation equations:

o Bh s ur=pr/\/B2 T=1//82

o (=u/T

o 0y = /T

® Thermal Shear: &, = % (VB +V.uBL) Thermal Vorticity: w,, = % (VuB. — V,.B.)

At global equilibrium,

By =b, +wuz”, with b,w = const, Q=1w, ¢ = const
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Using Gauss and Divergence theorems:

L1 5 PR PR S L
p= ECXP 7'[;12}}_L (T‘“’,B,, - (3" - 59,\,,8'“"“) +'/()an TECpw + TH (U — @) — ESM V.

pLe(t) at T Dissipative Corrections
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Using Gauss and Divergence theorems:
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This implies that dissipation in spin hydrodynamics occurs when:

E£0 Q#w VQ£0
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Entropy Current and Entropy-Gauge Transformation

Near local equilibrium at the hypersuface X, the entropy is defined as:

§ = —Tr [pLe(t) log pLe(t)]

=log Zip + L dx, [Tr (ﬁLET\#y)ﬁv - (Tr(ﬁLE}“) — %Q)\p TI'(,ELES\#AU)}

Can we define an entropy current out of S 7 In other words, is it possible to show that

log Z1k is an extensive quantity?
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logZLE Nf dEM qb“
=

[F. Becattini, D. Rindori PhysRevD.99.125011]

where ¢* is defined as thermodynamic potential vector field:

T(x) !
@)= [ F (T eluna) - uo)st @I ] = Jon @S @I, ]

For a fluid at global equilibrium with vanishing thermal vorticity @, = 0:

¢* =pp*

where “p" is the hydrostatic pressure.
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Therefore, entropy current exists:

L

A
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5= [ 4B, ¢ + T8, — Citis -
=
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In quantum theory, we only have the total entropy, not the entropy current. We need to
construct an entropy current through an integral. However, this introduces ambiguities,
as several fields can lead to the same integral. However if s# — s/'- L n*,

T !
R P R o (O I )
a
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Even though the forms s* and ¢* are objective, they are not unique. It is quite clear
that a transformation,

P o o = gF + AN = st 5 st = g + 9 AM

s.tS:/dZM s"“:/ ax, s
= =

(AM is arbitrary anti-symmetric tensor)

Therefore, just like T*” and S are not invariant due to pseudo-gauge, the entropy
current s# is not uniquely defined and can be changed, henceforth defined as

entropy-gauge transformations.
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Entropy Production Rate

= Entropy production is invariant under entropy-gauge transformation, i.e.,
JT— w
Oust = 0ys

= Using the entropy current s# = ¢# + TH 3, — fQ,\ S*M | we obtain:

s’ = (TW TW;JE)) & = G = Je) OuC + (sz T#(VLE)) (= @)
— (SW — SI%) Bufrs

@ is the thermal vorticity
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1. This formula is a generalization of what was obtained c van weerr Without spin:

C. van Weert, “Maximum entropy principle and relativistic hydrodynamics,” Annals of Physics, Volume 140, Issue
1,1982 .
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1. This formula is a generalization of what was obtained c van weerr Without spin:

C. van Weert, “Maximum entropy principle and relativistic hydrodynamics,” Annals of Physics, Volume 140, Issue
1,1982 .

2. We stress that the formula is exact and not an approximation at some order of a
gradient expansion.
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1. This formula is a generalization of what was obtained c van weerr Without spin:

C. van Weert, “Maximum entropy principle and relativistic hydrodynamics,” Annals of Physics, Volume 140, Issue
1,1982 .

2. We stress that the formula is exact and not an approximation at some order of a
gradient expansion.

3. A novel feature is apparently the simultaneous appearance of the last two terms of
the right hand side [p.she et al. sciBull.67(2022)2265-2268].
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Entropy Current and Pseudo-Gauge Transformation

Q: Does the change in the entropy current induced by a pseudo-gauge transformations
boils down to an entropy-gauge transformation?
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A: If this was the case, then entropy production rate would be invariant under a pseudo

-gauge transformation.
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Applying pseudo-gauge transformation to the entropy current (for Q = w), we get

e g r d7’ A,\,u, Apv
¢ - ¢ + T [V)\ -2 f)\y] )
0

T dTI
§h = sh + f T [VadM —@Ngy, |+ VAN — Mgy,
0

The last term on the right-hand side cannot be written as a total derivative of an
anti-symmetric tensor like in the case of entropy-gauge.

Therefore, the divergence of the entropy current is, in general, not invariant under a

pseudo-gauge transformation.
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Conclusions and Outlooks

= We used first-principle quantum-statistical method to derive the entropy current
and the entropy production rate.

= Established the notion of entropy-gauge transformation.

= Entropy production rate is, in general, not invariant under pseudo-gauge
transformation.

The first next step is to:

= Calculate various dissipative currents.
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