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Introduction

In QFT 1n flat space-time, from translational and Lorentz invariance one obtains
two conserved Noether currents:
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However, the Lagrangian density can be changed and so, are those tensors objectively defined?
(well known problem already for the EM stress-energy tensor)



Pseudo-gauge transformations with a superpotential ®

F. W. Hehl, Rept. Math. Phys. 9 (1976) 55 (see also F. B., L. Tinti Phys. Rev. D 84 (2011) 025013)
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They leave the conservation equations and spacial integrals (=generators, or total
energy, momentum and angular momentum operators ) invariant

Free Dirac field:

EXAMPLE: Belinfante symmetrization R L o
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Canonical pseudo-gauge
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Belinfante pseudo-gauge
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Consequence of pseudo-gauge invariance

They look very much alike the vector potential in gauge theories and arbitrary up to a
quantum correction (spin tensor is proportional to h).

Naively, if one could measure energy or momentum or spin at some place
and time, then one would objectively single out
fctvely singleout (T )

In Quantum Field Theory, this 1s thought to be impossible! Only 1n classical gravity
energy can be precisely localized.

Summarized in the adage: You cannot separate orbital angular momentum and spin
in relativistic theories

Heavy ion Physics: our beloved stress-energy tensor T*Y (:U) = Tr(ﬁT“ “ (CI?))
is not objective up to quantum terms. It plays the same role as of a vector potential
in electrodynamics. What is objective are just momentum distributions which should
be invariant under pseudo-gauge transformations



Is 1t really unhackable?

’ D, 0'> Quantum free particle physical states depend on the generators P and J
Of the Poincare’ group and are independent of the pseudo-gauge, 1.e. of
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However, the coefficients may be an implicit function of (T s S )

C(p17 01,P2,02; .. °)(T,S)

More generally, one has a density operator ,/0\(T, S )
which may or may not be pseudo-gauge invariant. In this case, measurements would
break this pseudo-gauge invariance

Can we prepare a state which is NOT pseudo-gauge invariant?



Local thermodynamic equilibrium

General covariant
Local thermodynamic
Equilibrium density operator

The operator is obtained by maximizing the entropy

S = —tr(plog p)

with the constraints of fixed energy-momentum density
on a given 3D hypersurface X

Zubarev 1979, Ch. Van Weert 1982

F. B., L. Bucciantini, E. Grossi, L. Tinti,
Eur. Phys. J. C 75 (2015) 191 (B frame)

T. Hayata, Y. Hidaka, T. Noumi, M. Hongo,
Phys. Rev. D 92 (2015) 065008




Pseudo-gauge dependence analysis

Start from Belinfante pseudo-gauge:
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This operator is DIFFERENT from what we would get if we implemented Local
Thermodynamic Equilibrium using Canonical or any other couple of tensors



Pseudo-gauge dependence analysis -11

If the spin tensor 1s non-zero (non-Belinfante) angular momentum constraints must be
additionally implemented
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Can to Bel transformation

which is the same as the previous
(in form)

1
(T — Q fuz/ — §(vuﬁ1/ -+ VZ,BM) =

. B

GLOBAL THERMODYNAMIC EQUILIBRIUM




What 1s the physical difterence?

AN

,/O\LE — ,/O\LE (T, ) 1s NOT pseudo-gauge invariant, except at global equilibrium

C-invariant relativistic matter

a) with u=(1,0,0,0) T = constant

and particles-antiparticles polarized

in the same direction requires

) # @ and thus breaks pseudo-gauge
invariance.

b) Belinfante pseudo-gauge:
only thermal vorticity can sustain such a
configuration

Non-Belinfante allows to describe non-rotating polarized C-invariant matter
(NO non-relativistic Limit) as a local equilibrium state.

The question is whether we can prepare such a state.



Polarization in heavy 1on collisions

Is a spin tensor needed? NO (it is a momentum-dependent quantity) and
we cannot localize it; YES if the density operator depends on the pseudo-gauge
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Possibly pseudo-gauge dependent Pseudo-gauge independent



Leading order

F. B., V. Chandra, L. Del Zanna, E. Grossi, Ann. Phys. 338, 32 (2013)

For the Belinfante pseudo-gauge, corrections are second-order in derivatives

In any other pseudo-gauge, corrections are expected of the order
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A solution of the sign puzzle? T STAR  AusAu |5, - 200 Gev
® 20%-60%
* /sww = 200 GeV RHIC P?, \/syy = 2760 GeV LHC

fit: pﬂ+2p1sin(2¢—2'1{|}
*A - p, =0.016+0.003 [%]
#A  P,=0.015£0.003 [%]

F. B., I. Karpenko, Phys. Rev. Lett. 120, 012302 (2018) STAR coll. Phys. Rev. Lett. 123, 132301 (2019)



Hydrodynamics with a spin tensor

W. Florkowski, A. Kumar, R. Ryblewski, Prog. Part. Nucl. Phys. 108 (2019) 103709
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Is it all relevant to heavy i1on collisions? Strictly speaking, the prepared initial state are
two colliding nuclei, which 1s not pseudo-gauge dependent. However,

If pseudo-gauge invariance is really broken, what is THE spin tensor?
In the Einstein-Cartan gravity theory, this is the dual of the axial current

|
3 ,3 d

1 -
T — T+ YT = 5" SMY = SU{yt, D

F. W. Hehl and Y. N. Obukhov, Conservation of energy-momentum of matter as the basis for the gauge theory
of gravitation, arXiv:1909.01791



Summary and questions

e Pseudo-gauge invariance implies that the spin tensor is arbitrary and that the
stress-energy tensor is not objective up to quantum corrections

» Physical observables in QFT 1n flat spacetime are supposedly pseudo-gauge invariant
- such as spectra, elliptic flow, polarizations etc.

e Quantum states can be defined which break such an invariance: they can single
out a particular stress-energy and spin tensor.

e (Can we prepare such states? Is QGP one of those? In this case, what is the “correct”
spin tensor?

e Polarization in heavy ion collisions could be the most sensitive observable to probe such
an invariance in QFT
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Revisiting

F. B., V. Chandra, L. Del Zanna, E. Grossi, Ann. Phys. 338, 32 (2013),

These results deserve some discussion concerned with the physical meaning of the spin tensor,
which has been the crucial ingredient to obtain (52) and the ensuing formulae. In principle, the
definition of the polarization vector (50) involves the total angular momentum of the particle; hence
the formula should be invariant under a change of the stress-energy tensor and spin tensor operators
keeping the integral of the total angular momentum density invariant, a so-called pseudo-gauge
transformation of the stress—energy tensor [22] (see also detailed discussion in Refs. [9,10]). However,
in a formula like (52), one defines the local value of polarization and, therefore, a dependence on the
particular spin tensor is implied. It could be expected that a space-integrated expression like (58)
would be independent of the spin tensor choice; in fact this is not the case because of the explicit time-
dependence of the local equilibrium density operator (see Discussion in Section 4). Such a dependence
does not enable us to write the mean value of the divergence of an operator as the divergence of its
mean value, thus breaking the pseudo-gauge invariance of the total angular momentum, For instance,
had we used the Belinfante symmetrized stress-energy tensor, the ensuing value of polarization
at local thermodynamical equilibrium (58) would vanish. To summarize, the choice of a specific
spin tensor operator is necessary to calculate the polarization of particles and we have chosen the
canonical spin tensor (see Eq. (16), which is the same used in Ref. [23]) to calculate the polarization
of electrons. Even though it might appear disturbing that polarization at local thermodynamical
equilibrium depends on the particular quantum spin tensor (whence the stress-energy tensor) of the
theory, it has been recently shown that in thermodynamics this is a general feature [9,10].

This 1s incorrect because it 1s not true in general.
Its validity 1s limited to the approximated expression
of the Wigner Function (De Groot et al.):
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Global thermodynamic equilibrium

Independent of the 3D hypersurface X if

8'u5y + a]/ﬁlu = aMC =
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The density operator becomes
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True statistical operator (Zubarev theory)

With the Gauss theorem
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Local equilibrium, non-dissipative Dissipative terms
terms

W (z, k) = Te(3W (z, k))



Local thermodynamic equilibrium: leading order

Wiz, k) = %Tr (exp[—ﬁ(x) P+ %w(:c) : JA]/W(m, k))

The exact solution at global equilibrium is still missing

Educated ansatz of the Wigner function of the Dirac field at global equilibrium
F. B., V. Chandra, L. Del Zanna, E. Grossi, Ann. Phys. 338, 32 (2013)
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See also R. H. Fang, L. G. Pang, Q. Wang, X. N. Wang, Phys. Rev. C 94 (2016) 024904

W. Florkowski, A. Kumar and R. Ryblewski, Phys. Rev. C 98 (2018) 044906

Y. C. Liu, L. L. Gao, K. Mameda and X. G. Huang, Phys. Rev. D 99 (2019) 085014

N. Weickgenannt, X. L. Sheng, E. Speranza, Q. Wang and D. H. Rischke, Phys. Rev. D 100 (2019) 056018




Global thermodynamic equilibrium

Independent of the 3D hypersurface X if
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