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Notation

In this work we adopt natural units, where the Planck constant, the speed of light in
the vacuum and the Boltzmann constant are dimensionless an equal to one, h = ¢ =
Kp=1.

For ease of writing we identify tensors with their components in particular frames,
so we will have “the stress-energy-momentum tensor 7""”. We use greek indices for
four-vectors’ components, while latin indices i, j, k, [, m,n correspond to the spatial
part, so we have the four current j*, with u € {0, 1,2, 3}, including the charge density,

whilst j¢ is only the spatial current.

We also adopt the Einstein summation convention to sum over indices that appears
at least once in an upper and once in lower position, and we contract vectors with a
dot:

3
v-w = vt = vy, = Z v’ gy,
p1,0=0

Bolded letters are classical (three-)vectors or pseudo-vectors like the (three-)velocity
v or the spatial coordinate x, and contractions of the spatial part of a tensor with
the Levi-Civita symbol. So, being J** the angular momentum, J|* = ;. J7* is the
angular momentum pseudo-vector.

We use the usual notation 9, for partial derivatives, for the spatial gradient we
use Vy, so the the four-divergence of a four-vector is 0 - u and the three-divergence of
a three-vector is Vy - v.

We write versors with little hats, so @ is the direction of w. To distinguish between
quantum operators and their classical counterparts we write operators with a large

hat, except the Dirac field operator which is denoted with a capital ¥, thus Jhv
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is the quantum angular momentum, the generator of proper orthochronous Lorentz
transformations.

We take diag(1, —1, —1, —1) as the Minkowski metric signature, so time-like vectors
have positive inner product u,u* > 0.

Fore the levi-Civita symbol in four dimension e we use the convention:

1 for even permutations of(0, 1,2, 3)
e"P? = ¢ —1 for odd permutations ofi (0,1,2,3)
0 otherwise,
Oijk

SO € = €;;, or, lowering indices using the metric tensor g, €oijr = —€ijk-



Introduction

Relativistic hydrodynamics is an important tool in many aspects of modern physics,
from laboratory physics to astrophysics and cosmology. During the last decades we
have seen a renewed interest in the topic, stemming from both its phenomenological
applications and theoretic results. For instance at the very high energies and densities
reached in heavy ion collisions we can produce quark gluon plasma, a deconfined
state of matter where quark and gluons behave like an almost perfect fluid. On the
other hand the Maldacena conjecture of AdS/CFT duality provides universal limits
for transport coefficients, like the widely known relation between shear viscosity and
entropy density n/s > 1/4mr.

Relativistic hydrodynamics refers both to special and general relativity. A fluid
is relativistic if it has large enough energy and speed that length contraction, time
dilatation and relativistic covariance in general can not be neglected. It is a term
even used for gravitating fluid systems, not even having necessarily large energies or
velocity. Two important examples are the expansion of the universe and oscillations
of neutron stars. In this work we will only consider a flat space-time, limiting the dis-
cussion to Minkowski space. However our findings have many theoretical implications
on gravitation and cosmology.

Hydrodynamics arises as an effective theory valid in the long-wavelength, low-
frequency limit where the equations of motion can be expressed as conservation laws
for the total four-momentum 9,7"" = 0, as well as conserved charge(s) 0,j" = 0
if present. To our best knowledge the right description of microscopic interactions
is quantum mechanics. Being relativistic hydrodynamics a classical theory with only
classical degrees of freedom, it is usually understood that the stress-energy-momentum
tensor, like any other macroscopic object, is the average value of the corresponding

quantum operator T = (TH").
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The quantum stress-energy-momentum tensor is not uniquely defined in quantum
field theories, unlike its spatial integrals, the hamiltonian H and linear momentum P
operators. An interesting question is thus if different quantum Thv operators will give
the same macroscopic, average, results. Or otherwise, what observables change if we
take a different fundamental tensor.

The main purpose of this work is to answer these questions. We will se that
the problem is strictly related to the presence, or absence, of a fundamental spin
tensor S, The spin tensor is an operator which contributes to the total angular
momentum along with T in the operator sense. Once we take the average value for
the macroscopic system, it amounts to the internal angular momentum of fluid cells.

We found that previously thought equivalent pairs of stress-energy-momentum
and spin tensors are actually inequivalent. The inequivalence does not show for the
familiar grand grand-canonical ensemble, but it is enough to have a rigidly rotating
system at global equilibrium to find different linear and angular momentum density.
In addition we found that total entropy and transport coefficients are different, out
of equilibrium, if we take different couples of quantum tensors.

An important consideration is that we provided in principle a way to distinguish
between couples of tensors without considering gravity. A measurement proving that
the usual stress-energy-momentum tensor is not the right one would have major con-
sequences in gravitation and cosmology. The presence of a spin tensor and, more
importantly, a non vanishing antisymmetric part of the stress-energy-momentum ten-
sor, for example, would point toward theories with non vanishing torsion, namely

affine theories.



Chapter 1
Relativistic fluids with spin

This chapter is a brief introduction to relativistic fluids with internal angular momen-
tum. We will start in the next section from the general notions of relativistic hydro-
dynamics, and the link between quantum field theories and relativistic fluids. Later
we will show a canonical procedure to build the stress-energy-momentum operator
Thv knowing the action of a system. From the very same procedure the fundamental
spin tensor S g introduced. We will see that there is class of transformations,
called pseudo-gauge transformations, which allows to change the fundamental opera-
tors {f , S }. One particular transformation eliminates the spin tensor. Since pairs of
tensors linked by a pseudo-gauge transformation are commonly believed to be phys-
ically equivalent, we can ask if it is necessary to have a fundamental Shuw operator.
The aim of this work is to study the effects of these transformations on observable

quantities, and we will show that different pairs are actually inequivalent.

1.1 Quantum field theories and relativistic fluids

Relativistic hydrodynamics is a model to describe the behavior of a continuous, macro-
scopic, system with classical -i.e. non quantum- degrees of freedom!. The equation

of motion is the local conservation of four-momentum:

LCausality forbid rigid bodies in special relativity, as they require superluminal propagation of
information to maintain the same relative distances during acceleration. Every relativistic system
can be seen as a fluid or, in general, as a viscoelastic system.
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9,7 (z) = 0.

This means that the stress-energy-momentum tensor 7" corresponds to four-momentum

flux. The total four-momentum P* then reads:

Pi(t) = [ dxTOa),

and it is constant, provided that the four-momentum flux at the spatial boundary

vanishes, as it is usually required:

/ dSn; T*"(x) =0,
ov

where 7 is the direction of the infinitesimal surface element.The stress-energy-momentum
tensor thus includes the energy density 7%, that is the energy of a microscopic cell;
the linear momentum density 7%, and the four-momentum flux 7%. The ideal fluid
[1] reads:

" = (e +p) u'u” — pn,

where " is the Minkowski metric, u* is the four-velocity of the elementary cell, ¢ is
the proper energy density, namely the energy density as measured in the comoving
frame, and p is the pressure. As the presence of the pressure suggests, the stress-
energy-momentum tensor contains the relativistic generalization of the stress tensor
(pressure, and dissipative currents for the non ideal fluid), whence “stress”. We will
return in detail to the topic of the general form? of T"* in chapter 4, showing that
the local four-momentum conservation 9,7"" = 0 for perfect fluids corresponds, in
the non-relativistic limit, to the continuity equation and the Euler equation.
Quantum field theory embodies both special relativity and quantum Mechanics
axioms. It is the most common tool to deal with microscopic interactions at relativistic
energies. Relativistic hydrodynamics on the other hand is a classical theory with
classical degrees of freedom. We know that classical observables amounts to the

average value of corresponding quantum operators:

2including the non-ideal case.
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Oq =tr (,3: O :),

where p is the density operator, which describe the state, either pure or mixed, of the
system. So the average value is taken both with respect to the quantum and to the
statistical fluctuations. The normal ordering : - - - : is introduced to avoid zero point
infinities and, in general, it may be necessary to use renormalized operators.

The most straightforward way to study relativistic fluids taking into account mi-
croscopic quantum interactions is therefore to take as the stress-energy-momentum

tensor the mean value of the corresponding operator in quantum field theory:

T (2) = tr (;5; T (z) ;) .

where the operator T M (x) , being the quantum counterparts of the stress-energy-

momentum tensor, must fulfill the equations:

8,T" =0 pr = / Bx T (z),

so that the mean value fulfills the classical counterpart. In the next section we will
see a canonical way to build a quantum tensors fulfilling these equations, but, as we

will see in the following one, there is not only one candidate.

1.2 Canonical derivation of quantum tensors

Differently from classical physics in quantum field theory there is not a straightforward
definition of total energy, momentum and angular momentum from the fundamental
objects, field operators. The situation is even worse if we want a definition of local
quantities like four-momentum and angular momentum densities.

In Newtonian mechanics we can write the action of a system (the time integral
of the Lagrangian, or the space-time integral of the Lagrangian density for continuos
systems) so that the principle of least action gives the equation of motion for each
degree of freedom. Noether’s theorem states that the invariance of the action with
respect to a group of global transformations corresponds to a set of conserved currents.

The corresponding conserved charge is the generator of the starting transformation.
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So if we have an invariant action:

= A.I’ A[E$ 4[L‘
A—Lc<¢<>,au¢<>, )

where the infinitesimal transformation reads:

ah — =gt 4 dxt = ot 4 e XH
¢ (x) — a(§) = ¢ (x) + 09" (z) = ¢ () + 2%,

Noether’s theorem guarantees that the four current j* has a vanishing four-divergence
0-7=0:

wo | 9F X - 0)pt — LXH _ 0L o4
7= 8.\ 90,07

If we consider the the invariance under space time translation, having the total four-

momentum as the generator, we have:

dxt = get
5 (x) =0,
where e# is the direction of the space-time translation. The conserved current is
therefore:
‘ oL A
M= g5 070" =L | e,
0 (0u9?)

where 7, is naturally the Minkowski metric. From the last formula we get the canon-
ical stress-energy momentum tensor 7}":
oL
T = — = 9"¢* — L.
© O (Oue?)
The procedure remains valid even in the quantum case [4], following the same steps

we have therefore the canonical operator:

oL

mﬁy&l — "L,

S
" =
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where the fields g/gA are now operators, and the integral of the time component corre-
spond to the generator of quantum space-time translations P,

It is important now to extend a little further the discussion. For ease of reading
we will not write an upper hat on the fields, understanding that the same arguments
hold for the quantum system.

Let us consider at this point rotations and boosts, which have the total angular

momentum as the generator. The infinitesimal transformation are:

ozt = —%5ep“(Jpg)“”a:y = %eep”(égég — 5;5(‘,‘)1“;’ =cetyq,
54 (z) = —Leet(X,,)4 0%,

with e”” constant, unitary and skew symmetric. (J,,)* and (X,,)4 are the rep-

resentation of the algebra of the proper orthochronous Lorenz group. (J,,)" =
i(61dY —6564) is the vector representation, used for positions x, whilst (3,,)4, depends
on the spin of the fields.

The conserved current is:

A\ 1 a‘c A AT 8£ v A A
= [2 3 (orem) = A0 “<8<&¢A>M " C)]

Using the definition of the canonical stress-energy-momentum tensor, the latter reads:

1 oL /
A . VA LA Av v
= —— | —i——— (X" " + 2T —2"T e,
j 2 |: a(a}\(bA)( )A¢ C. C. :| H
so we have the canonical angular momentum four-current:
oL /
Auv —i v A/ A + qu)\l/ . SL’VT)\“.
j 8(8)\¢A)< )A(b c. c.
the part which does not explicitly depend on the stress-energy momentum tensor is
called the spin tensor:
oL /
8)\’“” — = (v A/ A )
c. B ( a}\ (b A) ( ) A (b

Excluding possible quantum anomalies, from the action of a quantum field theory we
can build at least a couple of canonical tensors {i_, §C} that fulfills the conservation

equations:
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9,7 = 0 8,7 — 0
N N N = R R R (1.1)
@(QW—wa—ﬂwﬂzo NS = TV — T,

and gives the Poincaré algebra generators, total four-momentum and angular momen-

tum operators, when spatially integrated:

/ dx T = P / dPx Fo = / Qi (8 T T = J*. (1)
\% 14 \%

1.2.1 Meaning of the spin tensor

We have just seen that Noether’s theorem, when we use it to find the conserved current
linked to Lorentz boost and rotation, provides a new operator, the spin tensor, a part
of the angular momentum current. Total angular momentum and angular momentum

conservation are, in the operator sense:

T =[x (S0 T F) oy (S T ) o
1%
Therefore for the average value, we have as the total angular momentum:

JW:/&M§W+MW%mT%,
|4

where we recognize the orbital angular momentum in the last two terms. Being T*
the linear momentum density, 2#T% — x*T° is the orbital angular momentum of a
microscopic fluid cell®>. Accordingly the spin tensor correspond to the internal angular
momentum of the fluid cell, 7.e. the angular momentum about the position of the cell
as the origin, hence the name spin tensor.

From a kinetic point of view we can build a spin tensor using the average polar-

3The cross product of two vectors is not defined in four dimension. The covariant extension of
angular momentum is thus z#p” — z¥p*. If we consider the spatial components and contract with
the three-dimensional Levi-Civita symbol we recover the familiar angular momentum pseudo-vector
1P =1/2¢;5 (29 p* — xkp?).



1.3. PSEUDO-GAUGE TRANSFORMATIONS 15

ization of particles, as we have the stress-energy-momentum tensor from the particle
distribution function [1]. When there is a non vanishing polarization of particles, it
is natural to think that the spin tensor represents the density of spin per unit vol-
ume but, as we will see in more detail on the discussion at the end of chapter 2,
particle polarization contribution to total angular momentum can be included in a
fluid having only orbital angular momentum. As we shall see in the next section, the
canonical pair given by the Noether’s theorem is not the only one fulfilling the local
conservation equation and giving the Poincaré algebra generators, and it is possible
to build a pair {7, 8} with a vanishing spin tensor S = 0.

It is important to stress how the presence, or absence, of a fundamental spin tensor
should be seen from observable quantities, like, for example, energy density, momen-
tum density and total angular momentum density. The presence of a non-vanishing
internal angular momentum density in a macroscopic system is not conclusive. For
instance let us start with a spin-less fluid, a system which does not need a fundamen-
tal spin tensor to be described. We can still measure a non-vanishing internal angular
momentum density because of physical reasons. Any measuring device will perform
an angular momentum measure over a small but finite volume, it will not perform a
direct measure of density. Thus we can not distinguish between a fundamental spin

tensor S = <§0’“”> and small vortices encompassed in the volume of integration.

1.3 Pseudo-gauge transformations

Even if Noether’s theorem gives a canonical couples T\C’f” and g’c)f’“”, in quantum field
theory the stress-energy-momentum tensor and the spin tensor are not uniquely de-
fined. The canonical couple of tensors is not the only one fulfilling the conservation
equations (1.1) and giving the generators of Poincaré algebra trough the spatial in-
tegral of time components (1.2). Once a particular couple {ﬁ §} of this tensors is
found, e.g. the canonical couple from Noether’s theorem, it is possible to generate

new couple {f ' S } using a pseudo-gauge transformation:

AN AN ]_ ) ~ AN A~ AN
T/,ul/ — T =+ 58(1 (bau,u S/A,uu — S)\,;w o (I))\,,ul/ + 80{2&)\,#1/’ (13)

where:
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Gon — G _ Guaw _ Gran
)

and (TD)"“”, usually called superpotential, is an arbitrary rank three tensor antisymmet-
ric in the last two indices. The last operator ZoMH g a rank four tensor, antisymmetric
both in the {a3} and the {ur} indices. This is an auxiliary supepotential, it is seldom
considered, but is still part of the most general pseudo-gauge transformation.

It is straightforward to check that the new couple still fulfills the continuity
equations (1.1). If we take the four-divergence 8uf’“” we have the, vanishing, four-

divergence of the starting stress tensor 0HT\W, and the divergence:

1 AOC 174 = [67% AVO(
5000 (@ — oo — o),

but even the last term vanishes because 0,0, is symmetric in the o <= p exchange
whereas ®“H — W — OV i antisymmetric by construction. In a similar manner

the term we add to the total angular momentum is:

_(I)A,;u/ + éxuaagba)\,u o §$V¢a>\’u + aazo&\,uu —

1 ~ ~ ~
— 58(1 xu(bo&\,l/ . xu(boz)\,u + 2ZO¢A,;M/] )

It is the divergence on the a index of of an antisymmetric term in a <+ A exchange, so
it vanishes if we take the divergence on the A index. The spatial integrals fv Tond3x
and fV T d3x of the new tensors are invariant, thus yielding the same generators,

if the following integrals of the superpotentials ® and Z vanish:

/ 8@ <6o¢,0u _ EI\)O,OW _ 6;1,040) d3X =0
|4

/ 8@ |:xu (@O&,OV _ ao,au _ 6%@0) — gV <6o¢,0u _ EI\)O,OW _ 6;1,040) + 22040,;u/] d3X _ 0’
1%

because of symmetry (the temporal derivative is always vanishing since all the opera-
tors are antisymmetric in the o and 0 indices) and because of the divergence theorem

in three dimension we can write the integrals as boundary conditions:
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/ 4y (B0 — 30— F0) = g (1.4)
ov

/ ds ’fLZ |:ZL‘M (EI\)Z',OV _ EI\)O,iV _ EI\)V,iO) — Y (@i,OM _ 60,@'# _ 6u,i0) + 22040,uui| = 0.
ov

These conditions are usually ensured taking the superpotential as a combination of
the fields of the theory and enforcing boundary conditions for them; for instance,
the familiar periodic boundary conditions for a box, or requiring some expression
involving the field or its normal derivatives to vanish at the boundary. Usually the
same conditions on the fields ensures both the vanishing of the boundary integrals for

the suerpotentials and for the original tensors:

/ dS nT™ =0 / dS fJo = 0. (L.5)
oV oV

It is convenient to remind that the last condition ensure the constancy of the total
four momentum and angular momentum. The simplest case is to take fields (and
their derivatives up to the relevant order?) that vanish at the boundary of the region
occupied by the system, this is a covariant assumption and guarantees that in every
inertial frame the tensors are constant and both P* and J* transform as four tensors®.
This is not always possible, for instance the MIT bag model which we will use in the
next chapter. Many times the boundary conditions ensures the vanishing of the flux
only on a particular inertial frame or class of inertial frames but non all of them.
The generators are thus constant only on a class of frames and they do not change
like four-tensors under boost and rotations. We will assume in such cases to perform

calculations in the fixed frame for mathematical convenience.

In conclusion, a pseudo-gauge transformation is always possible, provided that

4We understand here that superpotentials and operators depend only on the fields and field
derivatives, up to a certain order. So they are all vanishing provided fields and derivatives are.

®They transform like tensors under boost and rotations, through the Jacobian matrix. This does
not mean they behave like tensor for general transformations, e.g. the total angular momentum
operator changes its components under translations whilst an actual tensor only change the the
application point, not the components.
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suitable boundary conditions are ensured on the superpotential. In this case the couple
{f, S } and {f’ , S } are regarded as equivalent in quantum field theory because they
fulfill the same equations, give the same Poincaré algebra generators (i.e. total energy,
momentum and angular momentum, in the operator sense) including the Hamiltonian

and thus the time evolution of the system.

An important transformation of this class is the Belinfante symmetrization, where
the superpotential is PN is the spin tensor itself, and 0a2a)"“” is vanishing. After
the transformation the resulting spin tensor gS/’\B. is vanishing:

)

-\ ~ ~ ~ ~
SB,.MV — 8)\’“” o (I))\,;w — 8)\’“” - 8)\’“” =0

and the new stress-energy-momentum tensor 75" is symmetric in the u < v exchange

because of four-momentum and angular momentum conservation:

AT = oy (' Ty — Ty ) = Ty — T
thus the name symmetrization.

This transformation has a particular significance in gravitation [2]. Einstein Field
equation is a classical -that is non-quantum- equation that links geometry and matter.
Geometry through the Einstein tensor, and matter through the -non quantum- stress-

energy-momentum tensor.

Being quantum mechanics our best description of microscopic interaction it is
usually assumed that the classical tensor is the average value of the corresponding
quantum operator. The classical tensor, the average value of the operator, must
be equal to the Einstein tensor. General relativity in its simplest formulation uses
the Levi-Civita connection as the generalization of ordinary partial derivatives to
curvilinear space. Levi-Civita connection only depends on the metric tensor, and it is
both torsion free and compatible with the metric. These properties entails that the

Einstein tensor is symmetric by construction, and so T* has to be symmetric too.

Using the Belinfante procedure the resulting tensor, other than being symmetric,

correspond to the Hilbert sress-energy-momentum tensor®:

6This tensor, unlike the canonical tensor, does not stem from space-time translation invariance
and it is not trivial that gives the Poincaré algebra generators once integrated.
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. 2 8(£matte7" V _g)
vV —9 aguu ’

where ¢ is the determinant of the metric ¢ and L,,4er is the matter term in the

Einstein-Hilbert action:

1
SE.H. = /d4ZL‘\/ -9 (%R - Ematter) .

The Euler-Lagrange equation for the Einstein-Hilbert action is the Einstein field equa-
tion with the Hilbert stress-energy-momentum tensor.

In our work space-time curvature and gravitational coupling have been disre-
garded. For each tensors created with the transformation (1.3), it should be shown
that an extension of general relativity exists having it as a source, this is possible for
example with the canonical tensors, namely Einstein-Cartan theory [3], and Belin-

fante tensors (Einstein-Hilbert), but could not be always possible.
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Chapter 2

Thermodynamical inequivalence:

equilibrium

As seen in the previous chapter, within quantum field theory on a flat space-time, it
is possible to generate apparently equivalent couples of stress-energy-momentum and
spin tensors. In particular we can have different stress-tensors which are e.g. symmet-
ric or non-symmetric. Indeed, gravitational coupling provides an unambiguous way of
defining the stress-energy tensor; in General Relativity, it is symmetric by construction
and the spin tensor vanishes. However, in a likely extension known as Einstein-Cartan
theory (not excluded by present observations) the spin tensor is non-vanishing and
the stress-energy tensor is non-symmetric. A non gravitational way to distinguish
between different tensors would have major consequences in hydrodynamics, gravity
and cosmology.

During this chapter we will see that, despite giving the same total four momentum
and angular momentum, couples of microscopic tensors linked by a pseudo-gauge
transformation (1.3) have different momentum and angular momentum densities!' in
general. Thermodynamics can be used therefore to prove if a particular couple of
microscopic tensors is wrong, without the need to resort to gravitation.

In classical physics we have a stronger requirement with respect to a quantum
theory: we would like the energy, momentum and angular momentum content of any

arbitrary macroscopic spatial region to be well defined concepts; otherwise stated, we

1 As reported in our work [5].

21
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would like to have objective values for the energy, momentum and angular momentum
densities. If these quantities are to be the components of the stress-energy-momentum
and spin tensors, such a requirement strongly limits the freedom to change these
tensors. It is important to stress how these requirements are for the classical tensors,

the average values of the microscopic quantum underlying tensors.

2.1 The equivalence condition

The classical counterpart of a pseudo-gauge transformation can be easily calculated
by applying the expectation value to both sides of the quantum transformation. This

obviously leads to:

1
T =T 4 S0, (DU — M — o) (2.1)

Sl)\,,ul/ — 8)\’“” o (I))\,;w 4 aaza)\,,ul/’

so the new angular momentum J’ is:

j/)\,uu — j)\,ul/ + (22)
+%aa [ZL‘M ((I)a)\u _ (I))\,ow o (I)V,QA) — v ((I)oz,)\u _ (I))\,ocu o (I)u,oz)\) + QZoz)\,uu] )

For a macroscopic system, we would like the mean values of the stress-energy momen-
tum 7" and angular momentum tensors J** to be invariant under a pseudo-gauge
transformation, and not just their integrals P* and J*”. This is because, as previ-
ously mentioned, energy, momentum and total angular momentum densities classically
must take on objective values, independent of the particular quantum tensors. Actu-
ally only four momentum and the spatial part of angular momentum are observable
quantity, there is no clear physical way to measure the boost generator. A minimal

requirement would be the invariance of the aforementioned densities, that is:

10 0 045 0.ij
TH:TH jl]_jzg’
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however, this is a frame-dependent requirement; a Lorenzt-boosted frame would mea-
sure a different energy-momentum density if only the first row of the stress-energy

tensor was invariant under pseudo-gauge transformations in one particular frame:

(TR = ASNGT™P = AJAGT + AIAYT"O £ ASAGT + ADNGT = (TR,

where (- - - ) means that the Oy components are taken in the boosted reference frame
Jr, and A is the Jacobian matrix of the boost. In a similar manner the spatial
components of the angular momentum density are not invariant in every frame of

reference.

We are thus to enforce a stricter requirement, namely:

T = T, (2.3)

whilst for the rank three angular momentum tensor, we can make a looser request:

j/)\,uu — jA,w/ + nAﬂKV _ 7])"’[(“7 (24)

where K is a vector field. Being the Minkowski metric n** diagonal in every inertial
frame, if we limit ourselves to spatial indices u,v = 1,2,3, the above equation is

enough to ensure that the angular momentum densities, with A = 0, remain the same.

The procedure used to get the primed tensors impose an additional constrain on
the auxiliary vector field K*. Being T" given by the average of the quantum tensor
(2.1), equation (2.3) leads to:

1
500 (DU — B — o) = ), (2.5)

while comparing equation (2.4) with equation (2.2), if we take the last formula into

account, we obtain as a condition for the angular momentum:
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n)\,uKu o nAqu — (26)
— %aa [SL’“ ((I)a)\u _ (I))\,au _ (I)u,a)\) — ((I)a,)\,u _ (I))\,au _ (I),u,a)\)] + &IZQ}\’W/ _

— % ((I)M,)\u _ (I))\,uu _ (I)V,;D\ o (I)V,)\u + (I))\,Vu + (I)u,u)\) + 8aza>\,uu —

— _(I))\,;w 4 aaza)\,,uu.
Plugging this last result back into equation (2.5) one obtains:
K" —n (0-K)+ 0,0s (Zo‘“’ﬁ" + Zo"”ﬁ“) =0. (2.7)

If we take the divergence of the last equation, contracting with d, we get the trivial

equation 0 = 0, but contracting with 9, we have:

9 (0-K) =0, (2.8)

where naturally [J = 9,0" is the D’Alembert operator. Whilst if we instead take the

trace of (2.7), we have:

3(0- K) + 20,0327 , = 0. (2.9)

Equations (2.5), (2.6), (2.7), (2.8) and (2.9) define a set of non trivial conditions to
be met for the average values of the superpotentials. However in order to prove that
different tensors give different macroscopic results we can consider a subset of pseudo-
gauge transformations, namely the ones with a vanishing? Ze M This subset include
the Belinfante transformation and, as we will see in this chapter, it is enough to prove
the inequivalence. Being the terms on the auxiliary superpotential A vanishing, we

have a simpler condition on the mean value of ZI\D, as the (2.5) reads:

_(I))\,;w — nAuKV _ n}\l/Kﬂ’

2 Actually only 9, Z*M* have to be vanishing, but this depends on the state of the system, being
Z the mean value of an operator. Taking 0, A = 0, or directly a vanishing Z ensures that the
average value is vanishing too, even if it is not the most general case.
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whislst (2.9) became:

- K) =0,

and thus (2.7) simply reads:

K" = 0. (2.10)

Therefore the equations (2.5) and (2.6) imply that the vector field K is a constant
field. Therefore, as long as we consider only transformations with a vanishing Z
term, in order to verify if the equivalence conditions (2.3) and (2.4) are fulfilled, it is

sufficient to compute the mean value ® and check if it is of the form:

MY = — (PMEKY — VKM, (2.11)

with a constant K*, otherwise the equivalence condition is not fulfilled and inequiva-

lence of the microscopic couples is proven.

It should be emphasized how the conditions on the superpotential, from the simpler
condition for the restricted class (2.11) to the generic conditions from (2.5) and (2.9),
do not need to apply to the quantum tensors ® and Z , which only have to meet
the boundary conditions (1.4) we have seen on the previous chapter. In fact, it may
happen that the mean value ¢ fufills equation (2.11), or more generally that the
superpotentials fulfill (2.5) and (2.6), even though their quantum correspondents d
and Z do not. This can be possible because of specific features of the density operator
p. In this case, the couples {f, S} and {17, S } are to be considered equivalent only
with regard to a particular density operator, that is, for a specific quantum state.
We will see in the next two sections that the equivalence between couples of tensors
crucially depends on the symmetry properties of the physical state p (either mixed or
pure). Particularly, we shall see that if p is the usual thermodynamical equilibrium
operator, proportional to exp (—ﬁ[ /T + u@ / T), any quantum tensors ® and Z will
result in a mean value fulfilling equations (2.5) and (2.6). This means that all possible
quantum microscopic stress-energy and spin tensors will yield the same physics in

terms of macroscopically observable quantities.
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2.2 Grand-canonical ensemble

In non-relativistic statistical mechanics the grand-canonical ensemble is a system at
equilibrium with determined average energy and particle number, in contrast with a
constant, non fluctuating, particle number (canonical and micro-canonical ensemble)
and energy (micro-canonical). Particle number is not conserved at relativistic ener-
gies, because of pair production and annihilation, so the chemical potential refers to a
conserved charge @, like electric charge or baryonic number, instead of particle num-
ber. The thermodynamical equilibrium distribution (in the thermodynamical limit

V — o00) of a quantum system is then:

1

Ee_ﬁ/Tﬂ@/T’ (2.12)

5=
where H is the Hamiltonian, and Z is the grand-canonical partition function:

7 =tr (e_ﬁ/T’L“@/T) .

The state of the system is remarkably symmetric. It is space-time translationally
invariant, since both @ and H commute with translation operators :I\'(a) = explia- ﬁ]
This entails that the mean value of any space-time dependent operator zzl\(x), including

stress-energy and spin tensor, are independent of the space-time position:

tr (ﬁg(l' +a) :) = tr (ﬁ:?(a)ﬁ(x)?(a)_l :) =tr (,’o\'/lz(a) A\(x) :I:(a)_1> =

- (T(a)—lﬁﬂa) A) :) — tr (5:21(3;) ;) : (2.13)

where the ciclicity of the trace and the transparency of the normal ordering with

respect to translations have been used 3. As a consequence, the average value of any

3Here a comment is in order. The transparency of the normal ordering with respect to a conju-
gation transformation, that is : AF(¥)A~1:= A : F(¥): A~! where A is a translation or a Lorentz
transformation and F a function of the fields and its derivatives, is guaranteed for free fields pro-
vided that the vacuum |0) is an eigenstate of the same transformation, which is always the case. For
interacting fields, we will assume that the definition of normal ordering (for this problem, see e.g.
ref. [6]) is such that transparency for conjugation holds; anyhow, for the examined case in Sect. 3 we
will just need transparency for a free field.



2.2. GRAND-CANONICAL ENSEMBLE 27

space-time derivative vanishes, and so will do the divergences on the right hand side of
equation (2.1). Therefore the classical, macroscopic stress-energy-momentum tensor,
the the expectation value of the quantum operator, will be the same regardless of
the particular microscopic quantum tensor used. For instance the canonical and the
Belinfante symmetrized tensors will result in the same average, macroscopic tensor,
despite having in general different algebraic properties in i <+ v exchange. In addition
the mean value 0,Z%M¥ is vanishing, therefore all couple of tensor give the same

macroscopic in the gand-canonical ensembe if ¢ fulfills (2.11), as we will see later.

Before that we can use the symmetry properties of the state of the system to obtain
the components of T*”. The density operator (2.12) manifestly enjoys rotational
symmetry, for H and @\ commute with rotation operators /R\é(é’) = exp (iG . 3)4. This
implies that most components of average tensors vanish. To show that, it is sufficient
to choose suitable rotation operators and repeat the same reasoning as in equation
(2.13). For instance, choosing the Ry(7) operator, i.e. the rotation of 180 degrees
around the 2 (or y) axis, changing the sign of 1 (or x) and 3 (or z) components and

leaving 2 and 0 unchanged, in the z = (¢,0) one has:

T2(z) = tr (ﬁ:fl?(:c) :) — tr <§2(7r),3§2(7r)*1 . T12(z) ;) - (2.14)
= tr (pRa(m) " T"2(2): Ro(m) ) = tr (PRa(m)Ra(m)2 : T (Ro(m) () 1) =

= —tr (§ TR Ro(m) H(@):) = —tr (7:T2(2):) = ~T"%(w),

where, in the last equality, we have taken advantage of the point independence of all
average values shown in eq. (2.13); thus, T'((¢,0)) = 0 and, in view of the transla-
tional invariance T'?(x) = 0 Va. Similarly, by choosing other rotation operators, it
can be shown that all off-diagonal elements of a rank two tensor vanish. The only
non-vanishing components are the diagonal ones, which, again owing to the rotational
symmetry (if we choose R;(7/2) and repeat the above reasoning it follows immedi-

ately), are equal:

4Here Ji = €ijk JI* | with giji the Levi-Civita symbol in three dimensions, and J is the angular
momentum operator.
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Tll(l‘) _ T22(l‘) — T33(l‘),

The component T%(z) can also be non-vanishing and its value is not related to the
other diagonal ones. Altogether, the average stress-energy-momentum tensor can only

have the diagonal (symmetric) form in the rest frame:

™= = (e +p)t"t" — pg",

o o o o
co oy o
o o o
N O O O

where  is the unit time vector with components (1,0) and ¢ and p have the physical
meaning of proper energy density and pressure. It should be stressed that, for a system
at full thermodynamical equilibrium described by p in equation (2.12) they would be
the same regardless of the particular form of the quantum stress-energy tensor; e.g.
for the free Dirac field the canonical tensor is not symmetric but the average value
in the grand-canonical ensemble is nonetheless diagonal, and so symmetric, like the

average value of any other possible microscopic tensor.

As far as the superpotential is concerned, it is easy to calculate, by using suitable

rotations as in the previous case, that the only non-vanishing components are:

(1)1701(1') — (I)Z’OQ(ZL‘) — (133,03(1,) — _(I)l,lO(l,) — _@2,20(1,) — _@3,30(1,)'

Hence, being the average of any tensor point independent, one scalar function B in-
dependent of x, is sufficient to determine difference in angular momentumthat stems
from the pseudo-gauge transformation, for a system at full thermodynamical equilib-

rium:

(I))\,;w — B<n)\l/£u o n)\,uil/)

This tensor has exactly the form for a “good” superpotential because using eq.s (2.1)
and (2.2) the new primed tensors automatically fulfill the conditions (2.3) and (2.4).
In conclusion, any possible pseudo-gauge transformation will yield the same energy,

momentum and angular momentum density for all inertial frames and so, all quantum
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stress-energy-momentum and spin tensors are equivalent as far as the density operator

(2.12) is concerned.

2.3 Finite angular momentum

In the previous section there was equivalence between any possible couple of micro-
scopic tensors {§ T } and {g’ T } because of the symmetry properties of the density
matrix (2.12) of the grand canonical ensemble. It is reasonable therefore to expect
a remarkably different situation for a less symmetric state, e.g. a thermodynamical
system having a macroscopic non-vanishing total angular momentum. In this case, in
its rest frame (defined as the one in which the total momentum vanishes) the density
operator reads [7, 9] :

]_ ~ ~ ~
p= —e H/THed/T+uQ/T (2.15)

Zy
where w has the physical meaning of a constant, fixed angular velocity around which
the system rigidly rotates. The factor Z, is the rotational grand-canonical partition

function:

Zf,u — tr (efﬁ/Ter-/J\/T‘FH@\/T) (216)

The density operator (2.15) is much less symmetric than that in (2.12), it has a
privileged direction @, and this has remarkable and interesting consequences on the
allowed transformations of stress-energy and spin tensor. The surviving symmetries
in (2.15) are time-translations T(¢) and translations along the w axis (& which we
choose to label z axis, without any loss of generality) T(z), rotations around the w
axis Ry(¢) and reflection II; with respect to planes orthogonal to w (assuming for
simplicity a parity-invariant hamiltonian i ).

The density operator (2.15) can be obtained as a limiting macroscopic case of a
quantum statistical system with finite volume and fixed angular momentum in its
rest frame in an exact quantum sense, 7.e. belonging to a specific representation of
the rotation group SO(3) (or its universal covering group SU(2)). This point of view
was presented and the calculations were carried out in ref. [10]. However, for a truly
macroscopic system, it can be more easily obtained by extending to the relativistic

case an argument used by Landau [7], or by maximizing the entropy with the constrain
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of fixed angular momentum [11]. It should be pointed out that H , Q\ and the angular
momentum operator along the w direction commute with each other, so that the

exponential in (2.15) also factorizes.

The density operator (2.15) implies that, in its rest frame, the system is rigidly
rotating with a velocity field v = w x x. The classical, non-relativistic derivation by
Landau [7] shows this in a very simple fashion by assuming that the system is made
of macroscopic cells. To show the same thing within a quantum formalism, implies a

little more effort, which is nevertheless quite enlightening.

If we consider a vector field ‘7(33) and calculate its mean value at a point z + a by

using space-time translation operators, we have:

n(ﬁ:V%x+wn)::u(ﬁ?anzﬁwxinM*ﬂ)zqm(?myJﬁ?an:V%xy)
_ Zitr <'/I:(a)’1 o H/T+w3/T+pQ/T -T'(a) :‘7u<x) :> _

w

_ itr (ef?(a)_1I/-\I:I:(a)/Ter-?(a)_1./]\?(a)/T+u?(a)_1Q\:I:(a)/T :‘7'1/<x) :>

w

_ Zitl" (efﬁ/Ter-?(a)—lj?(a)/T+,u@/T :‘//\'V(x) :) ’ (217>
where known commutation relations [@, P"] = 0 and [H, P"] = 0 have been used
in the last step. Now the angular momentum is not translation invariant, from the

theory of Poincaré group is known that:

T(a)""JT(a) =T +ax P,
s0(2.17) reads:

N 1 _ SO SN
tr (ﬁ:V”(:}c +a) :) = St (e_H/T+“"(J+aXP)/T+“Q/T V() :) = (2.18)

w

_ Zitr (e—ﬁ/T—l—(wxa)~13/T+w-3/T+M@/T :ﬁu(x) :> '

w

We can now use the four-temperature, a four vector defined as:

f=7(l,wxa),
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or equivalently:
1

1
f=qu=g0), (2.19)

where v = w x a, v = 1/v/1 —0v2 and Ty = 7. The vector v is manifestly the
tangential velocity field of a rigid rotation, while Tj is the inverse modulus of [, i.e.
the comoving temperature which differs by the constant uniform 7" by a v factor

[12, 13]. The mean value of V¥(z + a) in eq. (2.18) becomes:
. 1 PO
tr (ﬁ:V”(:c + a) :) = tr <e_5(“)'P+“"J/T+“Q/T VY (z) :) (2.20)

As long as [ is timelike, that means provided that v < 1, it is possible to find a

Lorentz transformation A such that:

TOﬁ,u = Uy = /\O;L = 90)\/\2- (221)

The most convenient choice is the pure Lorentz boost along the v = w x a direction.
Being 0, the direction of the velocity w x a, ortogonal to w, the boost leaves the

product J - w invariant:

N\ = exp[—iarccosh(v)v - K],

where K; (i = 1,2,3) are the generators of pure Lorentz boosts. Thereby, the trace

on the right hand side of the eq. (2.20) can be rewritten:
tr (e_AO“ﬁ“/TOJF“"j/TJr“@/T :?”(x) :) =tr (e_xflﬁ"x/TOJr“"j/TJr“é/T 17(:16) :) =
— tr <efﬂfl(13°/To+7w-3/To+qu/To)K v () :) _
= tr (7\\* e PO/ Totyw 3/ TonQ/To :17”(3:) :) =
= tr (e_ﬁO/TOH“"j/TmLW@/TOK \7(:16) A1) =

= (N (e P TRl D (A (1) (2.22)
Finally, from (2.20) and (2.22) we get:

N 1 ~ ~ ~ N
tr (ﬁ:V”(:zc +a) :) = ("t (e—P°/TO+W~J/TO+wQ/T0 VH(A(z)) ;) . (2.23)
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which tells us how to calculate the mean value of a vector field at any space-time point
given its value in some other specific point. The most interesting feature of eq. (2.23)
is that the density operator on the right hand side the same as p on the left hand side

with the replacement:
ToTy=1@T w—r(w p—(ap (2.24)

If we choose x = (0,0), the origin of Minkowski coordinates, and a purely spatial
a = (0,a) the eq. (2.23) implies:

tr (ﬁ;fﬂ(o, a) ;) - Ziw(/\—l);tr <e—ﬁ°/TO+W3/TO+w@/TO 710, 0) :) . (225)
That is the average of the vector field at any space-time point (it should be kept in
mind that p is invariant by time translation and so any mean value is stationary)
is completely determined by the mean value at the origin of the coordinates, with
the same density operator, modulo the replacement of thermodynamical parameters
in (2.24). This particular value is strongly constrained by the symmetries of p. We
already identified the w direction as that of the z (or 3) axis (see fig. 2.1) and consider
the reflection M, with respect to z = 0 plane and the rotation Rz(7) of an angle 7
around the z axis; by repeating the same reasoning as for eq. (2.14) for V*(0) we
can easily conclude that the time component V°(0) is the only one having a non-
vanishing mean value. Note, though, that the mean value on the right-hand side of
(2.25) depends on the distance 7 from the axis because the density operator is modified
by the replacement of the uniform temperature 1" with a radius-dependent Ty = ~T.
Therefore, according to eq. (2.25) and using (2.21), the mean value of the vector field

can be written:

Vi(z) = tr (f)\:‘//\'l,(x):):

_ Zi(/\l)uotr <e*130/T0(T)JF’Y(T)w'j/To(T)JF’Y(T)AL@/TO(T) :7°(0) :) = Ao,V (r) =
= V(r)u,. (2.26)

This means it has to be collinear with the four-velocity field u = (,vyv) in eq. (2.19)

and, therefore, its field lines are circles centered on the z axis and orthogonal to it.
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Similarly, we can obtain the general form of tensor fields of various rank and specific

symmetry properties as a function of the basic four-velocity field.

However, the previous derivation relies on the fact that the system is infinitely
extended in space. Indeed, at a distance from the axis such that |w x x| > 1 the
velocity surpass the speed of light in the vacuum and the system has a singularity.
We cannot, therefore, take the strict thermodynamical limit V' — oo for a system
with macroscopic angular momentum. Instead, we have to enforce a spatial cut-off
at some distance and figure out how this reflects on the most general forms of vector

and tensor fields.

Enforcing a bounded region V' for a thermodynamical system implies the replace-
ment of all traces over the full set of states with a trace over a complete set of states
|hv) of the fields for this region V, that we indicate with a subscript V:

tr—try =Y (hy|...|hy).

hy
The density operator p is still the same as in (2.15), with the difference that the
partition function is now obtained by tracing over the localized state. It may be

convenient to introduce the projection operator:

Py = lhv)(hv]

hyv

which allows us to maintain the trace over the full set of states, provided that we

replace the density matrix p with Py p ; indeed for a generic operator A we have:
tI‘V (ﬁ;{) =tr (Pvﬁ;{) y

which amounts to state that the effective density operator is now py:

5y = Zipve—ﬁ/Twﬁ/Twé/T (2.27)

where now, as the rotational partition function, we have:

Z., = tr (Pve—ﬁ/T+w-3/T+u@/T)> — try (e—ﬁ/T+w~3/T+©/T> _
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In order to maintain the same symmetry of the density operator in (2.15), Py has to
commute with jz, I/j\f, ﬁz, the Lorentz boost along z RZ and the reflection operator
with respect to any plane parallel to z = 0, ﬁz (see fig. 2.1). These requirements are
met if the region V is a static longitudinally indefinite cylinder with finite radius R
and axis w, and we will henceforth take this assumption.

There are two important consequences of having a finite radius R. As first, because
of the presence of the projector Py, the previous derivation which led us to express
the vector field according to the simple formula (2.26) cannot be carried over to the
case of finite (though macroscopic) radius. The reason is that Py does not commute
with the Lorentz boost along v or, otherwise stated, a Lorentz boost along a direction
other than z will not transform the set of states |hy) into themselves, as needed for
completeness. So, one the one of the crucial steps in eq. (2.22) no longer holds and

specifically:

o <PV//{_1e_ﬁ0/TO+7w-3/T0+VNé/TOR . ?U(x) :> #

£ tr (Pye P I T snOITR () A1)

As a consequence, general vector and tensor fields will be more complicated than in
the unphysical infinite radius case and get additional components. The most general
expressions of mean value of fields in the cases of interest for the stress-energy and spin
tensor will be systematically determined in the next section. The second consequence
is that boundary conditions for the quantum fields must be specified at a finite radius
value R, but we will see that those conditions alone cannot ensure the validity of of

the equivalence conditions, which are local conditions.

2.4 Tensor fields in an axisymmetric system

In this section we will write down the most general forms of vector and tensor fields
in an axisymmetric system, i.e. a system with the same symmetry features of the
thermodynamical rotating system at equilibrium studied in the previous section. The

goal of this section is to establish the conditions, if any, to be fulfilled by the super-
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-

Figure 2.1: Rotating cylinder with finite radius R at temperature 7. Also shown the
inertial frame axes and the spatial parts of the vectors of tetrad (2.28).

potential to generate a good transformation of the stress-energy-momentum and spin

tensors.

2.4.1 Vector field

The decomposition of a vector field will serve as a paradigm for more complicated
cases. The idea is to take a suitable tetrad of space-time dependent orthonormal
four-vectors and decompose the vector field onto this basis. The tetrad we choose is

dictated by the cylindrical symmetry:
u=(wv)  T=(wv) =01  k=(0k) (2.28)

where 1 is the radial versor in cylindrical coordinates, while k is the versor of the z
axis, that is the axis of the cylinder (see fig. 2.1).

Due to symmetry for reflections with respect to z = const planes, the most general
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vector field V' has vanishing component on k, and therefore:
V = A(r)u+ B(r)r + C(r)n, (2.29)

where A, B, C are scalar functions which can only depend on the radial coordinate r,
owing to the cylindrical symmetry. Note the presence of two additional components
with respect to the infinitely extended cylinder case in eq. (2.26). For symmetry
reasons the only surviving component of the field at the axis is the time component,
so B(0) = C(0) = 0.

If the field is divergence-free, then C(r) = 0.

2.4.2 Rank 2 antisymmetric tensor field
Any antisymmetric tensor field of rank 2 can be decomposed first as:
AW = P X jup + YHu" = YVuk,

where:

1
X = —iepaﬁ“’Aaﬁu,y Y? = AP%u,,

and, thus, X and Y are two space-like vector fields such that X -u =Y -u = 0.
Because of the reflection symmetry with respect to z = const planes, one has A,, =
Ay, = Ap, = 0 and this in turn entails that, being u, = 0, the only non-vanishing
component of the pseudo-vector X is along k. Conversely, Y is a polar vector and it

has components along 7 and n which must vanish in » = 0. Altogether:
A = D(r)e"" kyu, + E(r)(tHu” — 77ut) + F(r)(nfu” — n"u"), (2.30)
with E(0) = F(0) = 0. Since:

uvpo T 7 vV, [
e kug = nf't" —ntrh,

(which can be easily checked), the expression (2.30) can be rewritten as:
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A = D(r)(nf1" — n"m") + E(r)(tHu” — 7°u*) + F(r)(n*u” — n"u"). (2.31)

2.4.3 Rank 2 symmetric tensor field

For the symmetric tensor S* we will employ an iteration method in order to write

down the most general decomposition. First, we project the tensor onto the wu field:

S = G(r)ufu” + ¢"u” + ¢"ut + O,

where ¢ - u = 0 and ©*”u, = 0. Then, we decompose the space-like polar vector field

q according to (2.29):

q=H(r)r +1(r)n,

with H(0) = I(0) = 0, and we project the tensor © in turn onto the vector field 7:

S = G(r)utu”+H (r)(T*u”+17u?)+1(r) (n*u” +n"ut )+ J (r) T +hH TV +hY T 21

being h-u = h-7 = 0 (whence h = K (r)n with K(0) = 0) and =" 1, = =*u,, = 0. This
procedure can be iterated projecting = onto n and the thus-obtained new symmetric

tensor onto k. Thereby, we get:

SH = G(r)utu” + H(r)(t'u” + m7u”) + I(r)(n*u” + n"ut)
+J(r)ythr" + K(r)(nt 7" + n"7m") + L(r)n*n” + M(r)k"k". (2.32)

However, since uu” — 7#17%7 — n#n” — k*k¥ = g"” the last term can be replaced with
a linear combination of all other diagonal terms plus a term in ¢g"” and the most
general symmetric tensor can be rewritten, after a suitable redefinition of the scalar

coefficients, as:
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S = G(r)utu” + H(r)(tHu” + 77ut) + I(r)(ntu” + n"ut)
+J(r)m*r" + K(r)(nm" + n"7") + L(r)n*n” — M(r)g"”

where H(0) = I(0) = K(0) = 0.

2.4.4 Rank 3 spin-like tensor field

The decomposition of a rank 3 tensor is carried out in an iterative way, similarly
to what we have just done for the rank 2 symmetric tensor. First, we project the
tensor onto the vector u and, taking the antisymmetry of pv indices into account, one

obtains:

MY = P (fru” — frut) + ur T 4 DM — S 4 YA (2.33)

where all vector and tensor fields have vanishing contractions with u for any index.
Particularly, using the general expressions (2.29) and (2.31), the vector field f and

the antisymmetric tensor I' read:

f=E(m)t"+ F(r)n* '™ = D(r)(n*1" — n"1H) (2.34)

with F(0) = F(0) = 0. The tensor ¥ can be decomposed as the sum of a symmet-
ric and an antisymmetric part; having vanishing contractions with u, according to
egs. (2.31) and (2.32), it can be written as:

YM = N(r)(n " — nt7) 4+ P(r)m " + Q(r) (7 + n#7) + R(r)n*n* + S(r)k k"
(2.35)
wiht Q(0) = 0. The tensor T is projected in turn onto n and the above procedure is

iterated. Then, similarly to eq. (2.33):

TA N | (B — Ryt @MY — @Mt 4 A (2.36)
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where all tensors have vanishing contractions with v and n. The antisymmetric tensor
x must be orthogonal to v and n and, therefore, according to eq. (2.31), vanishes. On
the other hand, the vector field h can only have non-vanishing component on 7 and
so h = T'(r)7 with 7(0) = 0. Finally, the tensor © must be orthogonal to n, besides
u, hence, using egs. (2.31) and(2.32), can only be of the form:

OM = U(r)r i + V(1) k" (2.37)

Likewise, the tensor A can be decomposed onto 7 and, because of vanishing contrac-

tions with u and n, it can be written as:

A)\,,ul/ — W(T)/{ZA(/{?“TV _ kVTH) (238)

Putting together egs. (2.33), (2.34), (2.35), (2.36), (4.11) and (2.38), the general

decomposition of a rank 3 tensor with antisymmetric pv indices is obtained:

M = D(r)(n*t" — n”T“)u)‘ + E(r)(thu” — T”u“)u’\ + F(r)(nfu” — n”u“)u)‘ +
N(r)(n " — M’ — N(r)(n " — 0’k 4+ P(r)m (THu” — m7°ul) +
Q(rY(n " + n M’ — Q(r)(n Y + n’ M + R(r)n*(nfu” — n"u”) +
S(r)kMEru” — kYut) 4+ T(r)(thn” — 7°n)n> + U (r)m (th'n” — 77nH) +

HV ()R K0 — K0t + W ()R (KA — k) (2.39)

+ 4+ o+

with E(0) = F(0) = Q(0) = T(0) = 0.

We are now in a position to find out the conditions to be fulfilled by the su-
perpotential ® to be a good transformation of the stress-energy and spin tensors
in a thermodynamically equilibrated system with angular momentum, as derived in
Sect. 2.1.

Let us start from eq. (2.6), which is the most constraining. Since:

wut — M — pnt — R = g’\“,

we can write a rank 3 tensor (2.39) in the form of eq. (2.11) as long as:
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V(r)=U(r) = F(r)

P(r) = R(r) = 5(r)

E(r) =W(r) = =T(r)

D(r)=N(r)=Q(r) =0 (2.40)

which are definitely non-trivial conditions. If these are fulfilled, then the superpoten-
tial (2.39) reduces to:

M = (F(r)n"+E(r)m"+P(r)u) g™ —(F(rn" +E(r) "+ P(r)u’ ) g™ = K'g™ — K" g™,

Now, the field K* = F(r)n*+ E(r)m" 4+ P(r)u* ought to be a constant one, according
to eq. (2.10). Since its divergence vanishes, then F'(r) = 0 and, by using the definitions
(2.28), we readily obtain the conditions:

F(r)y=0 P(r)/y = const E(r)=—P(r)wr (2.41)

In conclusion, only if a quantum superpotential is such that its mean value, calcu-
lated with the density operator (2.27), fulfills conditions (2.40) and (2.41), are the
corresponding transformations (2.1) and (2.2) possible. Otherwise, the original and
transformed stress-energy and spin tensors are inequivalent because they imply dif-
ferent values of mean energy, momentum or angular momentum densities. Since the
most general form of the mean value of the superpotential, i.e. eq. (2.39) is highly
non-trivial, the inequivalence will occur far more often than equivalence. To demon-
strate this, in the next chapter we will consider a specific instance involving the most

familiar quantum field endowed with a spin tensor.



Chapter 3
An example: the free Dirac field

To prove the inequivalence we had to find a significant case where the equivalence
condition is not fulfilled, therefore we studied the simplest quantum field theory en-
dowed with a spin tensor, namely the free Dirac field, and we compared the canonical

tensors with the widely used Belinfante symmetrized couple.

From the Lagrangian density of the free Dirac field:

T— & —

L= 5\117“8H\Il —mU¥ (3.1)
we obtain, by means of the Noether theorem, the canonical stress-energy and spin
tensors [14]:

o = L

~ 1— )

S = SU{P R = S [y Y (3:2)
where:

2 0
Yij = €ijk o/
0 O'k/2

and o, are Pauli matrices. Dirac motion equations ensure the angular momentum

conservation and thus the spin tensor obeys:

41
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A~ ~ ~ ) —H ) —V
NS =T =T = Uy 5 W — Uy ¥

The couple of quantum tensors in (3.2) can be changed through the psuedo-gauge
transformation. Accordingly we remind that taking =38 , namely the superpotential
as the original spin tensor itself, a symmetrized stress-energy tensor and a vanishing

spin tensor are obtained:

ﬁwziﬁw3@+6¢§w
S — () (3.3)

This transformation is well known as Belinfante’s symmetrization procedure.

One may wonder whether these tensors, fulfilling continuity equations, still exist in
a bounded region breaking the global translational and Lorentz symmetry, such as our
cylinder with finite radius; or if, because of the boundary, they get additional terms
with respect to the usual form. The problem of Dirac field with boundary has been
tackled and solved by the authors of the MIT bag model [15]. First of all, it should
be pointed out that the continuity equations (1.1) certainly apply to tensors (3.2)
and (3.3) on-shell, i.e. for fields obeying the free Dirac equation within the cylinder.
Furthermore, it is possible to find suitable boundary conditions, discussed in the next
subsection, such that the fluxes (1.5) vanish, as needed, without introducing an ad-hoc
discontinuity in the Dirac field. Thereby, the stress-energy and spin tensors retain the
same form as in the usual no-boundary case and the integrals over the bounded region
of the time components have the same physical meaning of conserved generators.

The spin tensor in eq. (3.2) has a remarkable feature which makes it easier to
check the equivalence of the two couples in eq. (3.2) and (3.3): because of the special
properties of gamma matrices, the spin tensor is also antisymmetric in the first two

indices:

S — _Sh (3.4)

and thus the mean value of this tensor is greatly simplified. The antisymmetry in the
indices (A, 1) dictates that all coefficients of symmetric Ay terms of the general form

of this kind of tensor found in eq. (2.39) vanish:
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and that D(r) = N(r), so that S is simply given by:

SM = D(r)[(n*t" — n’ ")t + (n*rH — M — (R — nt Tt (3.5)

and it is described by just one unknown radial function D(r). Therefore, according
to the conditions (2.40), the Belinfante tensors (3.3) are equivalent to the canonical

ones (3.2) only if D(r) = 0, i.e. only if the spin tensor has a vanishing mean value.

For A =0, eq. (3.5) reads:

S" = D(r)[(n*1" — n’m")u’ — 70 (nfu” — n¥ut)]

and, because of the antisymmetry, the only non-vanishing components are those with
both 1 and v equal to 1,2,3, indices that we denote with 7, 7. We can then write, using
(2.28):

S¥ = D()[(n't? —nIt W’ — O (n'e! — nfut)] =
= D) (nt? —n?d") — Y (n't) — nlit) =
= D(r)(n't! — nIi') = D(r)e k" (3.6)

Therefore, as expected, the time part of the spin tensor, contributing to the angular

momentum density, is equivalent to a pseudo-vector field D(r) directed along z axis.

According to eq. (2.1), the variation of energy-momentum density reads:

1 a,0v _ H0,av _ Fv,a0 _1 a,0v _ QO,av _ ¢v,al __1 0,av
50 (@ ® ® )—2% (S S S§"0) = 50aS (3.7)

0,a

which implies at once that the energy density is unchanged because %*° = 0 in view
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of (3.4), whereas the momentum density varies by a derivative. Using (3.6):

07 0i . l
Belinfante canonical )

. . 1 ~
3a80’m = 770Z éaQE(M'kDO“)/{?k

canonical
. 1 o 1dD(r)
TO@ ) - tD)! = TO@ ) = ~q
canonical + 2 (1"0 ) canonical 2 dr v

(3.8)

Note that this last equation implies that the mean value of the canonical stress-energy-
momentum tensor of the Dirac field has a non-trivial antisymmetric part if D'(r) # 0

as, according to local angular momentum conservation:

8a80,ai — _8a8a,0i _ TOi _ TiO

Now we can write the angular momentum density variation using eq. (2.2) with & = S:

Belinfante canonical

_ % [l‘ﬂaa ((I)a,OV _ oo _ (I)l/,aO) + PO _ pOmv _ roH0 _ (,u — 7/)}

jO,uV _ jO,uV + %804 [ZL‘M ((I)a,Ou _ (I)O,ozu _ (I)V,QO) — Y ((I)a,Ou _ (I)O,au _ (I)u,QO)}

The sum of all terms linear in the superpotential returns a —®%*” while for the

derivative terms we can use eq. (3.7):

]_%a/filrllfante = \Z:(Z#gnical + % [$M8a (@a,Oy - q)OpW — @V,O&O) — (,LL «—> ]/)j| — Q)OvNV
ZLQQM—%W%§W—ﬂ@§W}6WV (3.9)

Therefore, by plugging the expression of the mean value of the spin tensor in eq. (3.6),
the angular momentum pseudo-vector corresponding to the angular momentum den-

sity in (3.9) can be finally written:

#) D) = T (3122 4 D1 )

2
(3.10)

In order for the canonical and Belinfante tensors to be equivalent, as has been men-

1 dD(r
jBelinfante - jcanonical__ X X ( )
2 dr



3.1. THE DIRAC FIELD IN A CYLINDER 45

tioned and as it is apparent from egs. (3.8) and (3.10) the function D(r) ought to
vanish everywhere. If D'(r) # 0, the two stress-energy tensors give two different mo-
mentum densities and are thus inequivalent; if, on top of that, D'(r) # —2D(r)/r then
the angular momentum densities are inequivalent as well. In the rest of this section
we will prove that this is exactly the case, i.e. neither of these conditions is fulfilled.
In order to show that this is not a problem arising from peculiar values of the field
at the boundary, we will conservatively enforce boundary conditions such that the to-
tal energy, momentum and angular momentum operators obtained by integrating the
fields within the cylinder are invariant under pseudogauge transformation. Note that
for this to be true, in the case under consideration, it is necessary that the function
D(r) vanishes at the boundary, i.e. D(R) = 0, because the difference between total

angular momenta is:

1 dD(r)

/ d3X (JBelinfante - Jcanonical) - _/ dz dSO drr (_T + D(T‘)) R =
v v 2 dr

+o00 R d T2 .
— 9 (b)) k
W/wdzA dr = <2 (r))

Thereby, we will demonstrate that, although the stress-energy and spin tensors in

(3.2) and (3.3) lead to the same quantum generators, their respective mean densities
are inconsistent. The problem we are facing is then to solve the Dirac equation within

a cylinder with finite radius and second-quantize the field.

3.1 The Dirac field in a cylinder

The problem of the Dirac field within a cylinder with finite radius has been tackled
by several authors in the context of the MIT bag model [16]. One of the major issues
is the choice of appropriate boundary conditions, not an easy task because the Dirac
equation is a first-order partial differential equation. The authors of the bag model

[15] have shown that the following condition’:

! Actually, in the paper [15], the boundary condition chosen is i ¥ (R) = ¥(R), but the change of
sign is indeed immaterial.
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iU (R) = in"v,U(R) = —U(R), (3.11)

ensures the vanishing of the fluxes (1.5) through the border and allows non-trivial
solutions of the Dirac equation within the cylinder (see fig. 2.1) which, however,
extend to the whole space without any discontinuity in the field. The above equation,
in the non-relativistic limit, entails the vanishing of the ”large” components of the
Dirac field at the boundary, that is one is left with the Schrédinger equation with
Dirichlet boundary conditions. We can readily verify the vanishing of fluxes implied
by eq. (3.11) by first noting that:

V(R =W(R) = W(R)¥(R)= (W (R)f)(—if¥(R)) =

= —U(R)¥(R)
= U(R)¥(R) =0, (3.12)
being 1tt = n? = —1. The equations above imply that the current flux also vanishes

at the boundary because:

*(R)n, = U(R)pU(R) = iT(R)¥(R) = 0.

Since W (R) = 0, the outer surface of the cylinder must be such that 9* U ¥|x = =t

or:

_ o _ N
HO,(WU)(R) = —TW = —2(R). 3.13

W0, @0)(R) = 0| = -E(R) (313)

Since U = 0 for r = R for any ¢, t, z, then the operator = can only depend on the
radial coordinate, hence on R. The flux of energy-momentum of the canonical tensor

at the boundary is vanishing because, using eq. (3.2) and egs. (3.11),(3.13):

~ ) _ _ 1 _ _
/dS Twn, = - /dS o' v — 0" TpT = - /dS Vo0 + 000 =
0 2 0 2 0

v v v
1 — =
_ —/dS@”(\If\II):— (R)/dSn”:O.
2 Jov 2 Jov

Likewise, for the orbital part of the angular momentum flux:
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/ dS 2T ny — (n— v) = 1/ dS "0 (VW) — (< v) =
av 2 Jov

— —:(R) / dS (x#n” — z¥n*) = 0.
2 Jov

where the last integral vanishes because of the geometrical symmetry z — —z. Finally,
the flux of the spin tensor also vanishes at the boundary because, using (3.2) and
(3.11):

nAS\A,uV(R) ! (EVLEW\P + EEW%‘I’) = _% (EEW\I’ — EEW\P) = 0. (3.14)

T2

Therefore, the eq. (1.5) applies and the integrals:

P = / dPx T T — / dPx Jom (3.15)
\% 4

are conserved. Since, we also have, from the Lagrangian, the usual anticommutation

relations at equal times:

{\I/a(ta X)v \DZ(t’ XI)} = 5ab53(x - X/) {\I/a(t’ X)? \Ijb(t’ XI)} = {\Pl(ta X)v \IIIJS(t’ XI)} =0,

it is easy to check that the conserved hamiltonian i/2 [ d*x \Ingt\If is indeed, as

expected, the generator of time translations, i.e.:

~ 0 ~ 0
[H, W) = —i ¥ [H V] = —is 0,

and, therefore, putting together the above equation with eq. (3.15) and (3.2), the

conclusion is that:

[H,J] =0,

for the case under examination.

The complete solution of the free Dirac equation for a massive particle in a longi-
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tudinally unlimited cylinder with finite transverse radius, with boundary conditions
of the kind (3.11) has been obtained by Bezerra de Mello et al in ref. [17] and we
summarize it here. In a longitudinally unlimited cylinder, but with finite transverse
radius R, the field is expanded in terms of eigenfunctions of the longitudinal momen-
tum, third component of angular momentum, transverse momentum and an additional
“spin” quantum number [17]. The relevant quantum numbers n = (p., M, {(are1), &)
take on continuous (p.) and discrete values (M, (e, &). The third component of
the angular momentum M takes on all semi-integer values £1/2,+3/2, .. .; the “spin”

quantum number £ can be +1 and the transverse momentum quantum number:

Cmeny = prilR, (3.16)

takes on discrete values which are zeroes, sorted in ascending order with the label

[ =1,2,... and depending on M and &, of the equation:

Tnies|(prR) + sen(M) b Jjyyy (prR) = 0, (3.17)

where J are Bessel functions and:

b(i) _ +m + fmT

3.18
¢ pr ( )

m being the mass and:

mr = \/p’%’+m27

the transverse mass 2; we note in passing that bgr) =1/ bé_). The Dirac field itself can

be written as an expansion:

U(z) = Un(w)an + Vala)b],, (3.19)

where a, and b, are destruction operators of, in order, particles and antiparticles

having quantum numbers n, while:

2In the rest of this section the symbol pr; stands for a discrete variable taking on (M, ¢&,1)-
dependent values given by the eq. (3.16) or, later on, by eq. (3.38).
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353D 3D B D S 3 o) B

M e=%1¢aren M ¢=—1,11=1

The eigenspinors U, and V;, read, in the Dirac representation of the v matrices and

in cylindrical coordinates (¢,r, ¢, 2):

J|M—%‘ (pmur)
Unle) = Ca | sen(M)rebg"J)ypp 1) (prir)ei® | eilas-1/2ptp.z—<
" " /<;§J|M_%|(pﬂ'r’) vV 2T

—isgn(M)be") T v 2| (Pur)e’?

J|M+% | (pTlT>
C., isgn(M)/ﬁgbé*)JW_% | (prur)e’? | e—il(M+1/2)p+p.s—<t]
béf) /igJ‘M+%‘<pTlT) Vs
—q sgn(M)béf) J|M_;‘ (prir)e'?

, (3.20)

with:

ety —p?
p )

ke

and & = \/p2 + p%; + m? being the energy. The eigenspinors (3.20) are normalized so
as to:

Ex U = alay + bybl,
Jwe=y

that is with:

/V dPx U (2) Ui (2) = /V dx VH(2)Vir () = G /V dx Ul (2)Vi () = 0, (3.21)

being dnn = OararSeer G0 (p, — p,) and the anticommutation relations of creation and

destruction operators:
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{an, aly} = {ba, b} = Gum {an, bw} = {al, b} = 0. (3.22)

The normalization coefficient in (3.20) obtained from the condition (3.21) reads [17]:

2

— kg +1
(Co) 2 = 27 R JfM_ﬂ(pTlR)ﬁ (2R*m7y + 26M Rmyp; + mR). (3.23)

3.2 Proving the inequivalence

For what we have seen so far, from a purely quantum field theoretical point of view,
the Belinfante tensors (3.3) for the Dirac field in the cylinder could be regarded as
equivalent to the canonical ones in eq. (3.2) because they give, once integrated, the
same generators (3.15). This happens because the condition (1.4) is met for =35
(what follows from eq. (3.14)) and this implies, taking eq. (3.4) into account, that
all the integrands of (1.4) vanish at the boundary. Yet, these two set of tensors are
thermodynamically inequivalent because, as it will be shown hereafter, it turns out
that, using eq. (3.6):

SY = %tr (7 :U{°, 7} 0:) = D(r)exk® # 0 = D(r) # 0, (3.24)

at some r # R (we have used the eq. (3.6)), with p we mean py written in eq. (2.27),
omitting the - - -, for ease of reading. This will be enough to conclude that either the
energy-momentum or the angular momentum densities or both have different values
for different sets of quantum tensors, as previously discussed. Note that the boundary
condition (3.14) together with the general expression of the mean value of the spin

tensor (3.5) implies that D(R) = 0, i.e. its vanishing at the boundary.

We can rewrite the inequality (3.24) by taking advantage of the commutation

relation:

(VA B ] = iy — i,

implying;:
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S = tr (5 USRI —inite (5 TP 0 +intr (5T 0:) = tr (50N £0,
or, equivalently:
D) = Leus™ = L (pvlesie) = w (puinw) 20, (325)

where the indices ¢, 7 can only take on the value 1 or 2. In the above equation and
henceforth, we can take the Heisenberg field operators at some fixed time ¢t = 0

because of the stationarity of density operator p. Hence we just need to show that:

tr (p:W7(0,x)2,¥(0,x):) #0 (3.26)
with:
1 0 0
110 -10
Y, = - , 3.27
AR ) (3.27)
0 0 —1

for some point x within the cylinder and our goal is achieved.

To calculate the mean value of the spin density in eq. (3.26), we start by observing
that (see Appendix A for the proof):

—~ 5nn’ ~ 5nn’
tr (P afyaw) = o Mot 1 (7 Vo) = ele=Me=w)/T 1

tr (p albw) = tr (p anbn) =0 (3.28)

which allows us to work it out by plugging in there the field expansion (3.19):
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tr (p:W7(0,%)2,0(0,x):) = (3.29)

o= g U2 0)] — e VA @5 Valo)

where we have taken into account that the normal ordering of fermions is such that
:bub!, := —bl b,. By using eq. (3.20) and (3.27):

02
Ul@)S.Un() = 2 [ s (o) - k2B J|M+1|(pTﬂ“)+
+"€£ |M 1|(pTl7”)—b J|M+1|(pTlT)i| =

02

n

2
- = [J‘QM_%‘(pTlT) - béﬂ J‘2M+%|(pﬂr)} (1+ &)

Ca )2
Vi(2)2, Va(z) = 47rb [ |2M+%|(pTlT) - bé : JFM,%|(pTl7”)] (1 +“§) -

Ca 2 ()2 2 i
- y[—J|M,%|(PTﬂ“> + b J|M+%|(pw)} (1+ K2) = U (2)S.Un().

hence, by using egs. (3.23) and (3.25), we can rewrite eq. (3.29) as

tr (7 :07(0,x)%.0(0,x):) = D(r) =

1 1
_ZZZ/ dpz|: 6Mw+u)/T+1+e(e Mw— u)/T+1:|

M ¢=+1 1=1

2
p%z [JfMH(pTﬂ“) - bé” J|2M+é|(PTzT)}
87T2RJ|2M75|(pTlR)(2Rm%l + 26Mmg +m)’

(3.30)

The mean value of the spin tensor is therefore given by the sum of a particle and an
antiparticle term which are equal only for © = 0. As expected, it vanishes for r = R in
view of the eq. (3.17), yet our goal is to show that it is non-vanishing at some point x
not belonging to the boundary. It is worth pointing out that, if this is the case, the spin

tensor has a macroscopic value because, as it is apparent from (2.27), it is proportional
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to the number density (in phase space) of quanta 1/exp|(e — Mw + u)/T + 1]. Tt is
most convenient to consider a point belonging to the rotation axis, i.e. with radial
coordinate r = 0 because Bessel functions of all orders but 0 vanish therein.

We will show that D(0) = 0 for w = 0 first and that it is an increasing function
of w/T thereafter. In general, the whole function D(r) must be vanishing for w = 0
for symmetry reasons. In fact, if w = 0, the density operator (2.27) has an additional
symmetry, that is the rotation of an angle m around any axis orthogonal to the cylinder
axis, say Ry(m). This transformation corresponds to flip over the cylinder, which leaves
the system invariant provided that w = 0, and has the consequence that any pseudo-

vector field directed along the axis must vanish. Therefore:

tr (ﬁ:\lﬁ(o, )2, 9(0, %) :)

sz) = D(r)|uo = 0. (3.31)

We will, however, explicitly work out D(0)|,—o, because it will be needed to calculate
the derivative as a function of w/7 and also in order to check that the expression (3.30)
fulfills the eq. (3.31) in » = 0. We first not that the function D(r) in eq. (2.27) is the
sum of a particle D(r)" and an antiparticle D(r)~ term. We focus on the particle

term D(r)*, the calculation for D(r)~ will be a trivial extension. Let us define (see
eq. (3.16)):

C(i%@l)
Pt = R )

and recalling that Jy(0) = 1, from eq. (2.27):

D(0)" = S;QR > Z/Z dp. (3.32)

E=411=1"Y"
Pi,f
(6(5*%“’*“)” + 1) Jo(p+eR)? [QR(P%F@ +m?) + 2§ Phet+m?+ m]
2 ()2
P~ ¢be

- (e(“é“’*“)/T + 1) Ji(p-¢R)? [2R(p%75 +m?) — 2¢, /p? o +m? + m}

We can rearrange the above sum by noting that the equation (3.17), depending on
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indices (M, &) is the same for (—M, —¢). In fact:

Tiaro1(©) + sen(=M) 05 Ty 1(Q) = Tpagyn (€)= sen (M Ty 1) (),

However, because of (3.18), —b(:? = bé_) =1/ béﬂ, and so multiplying the right hand
side of above equation by sgn(M )bgr) one gets the left hand side of eq. (3.17). Hence,

the zeroes of eq. (3.17) and the one with “reflected” indices (—M, —¢) are the same:

C=M—g1) = Q£ (3.33)

for any [ = 1,2,.... Now we can redefine the indices in the second term of the sum

in eq. (3.32) by turning £ into —¢, which changes nothing as £ = —1, 41 and write:

1 X, [
D(0)t = SﬁzRZZ/OOdpzx

E=+11=1"Y"
2
« Dy e 1
(e(E*%ww)/T + 1) Jo(ps e R)? [QR(pZ;5 +m?) 426, [P +m? + m}
2 ()2
i

- (e(”%”*“)/T + 1) Ji(p—_¢R)? [QR(p:f5 + m2) + 2&, /p%ﬁg +m? + m]

We can replace p_ _¢ with py ¢ because of (3.33) and therefore:

DOyt — ﬁ 3 Z/Z dp. x (3.34)

f=+11=1 "7~
2
Dy ¢

- +
<e<5_5“)/T + 1) Jo(p+cR) [QR(Pi,g +m?) + 26,/ +m7 + m}

X

2 1(+)?
Piebe

(e(”%”*“)/T + 1) J1(p4+eR)? [ZR(pig +m?) + 2§ Phet+m?+ m]
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We are now going to prove that this latter expression is non-vanishing when w # 0.

First, we note that it does vanish when w = 0. In this case eq. (3.34) yields:

D(0)*

1 D
- dp.
- 87T2R¥/_OO bz

2
P [ s cR)? = 09 To(py RY]

X .
(el=Fm/TH + 1) J1(pye R)? Jo(p.£ R)? [QR(PQM +m?) + 261 /p} ¢ +m? + m]

By using again (3.33) to replace py ¢ with p_ _¢ it is easy to show that the numerator

of the integrand vanishes as:

2 2
Ti(pyeR)? = b5 Do(py R = Jilp- —eR)* = b Jo(p- ¢R)* =
2
= Ji(Crjpen)? — b Jo(Crjp—en)? = 0,
in view of the eq. (3.17). Therefore, the spin tensor density in r = 0 vanishes for a

non-rotating system, as expected. To show that it is no longer zero for w # 0 we just

need to show that the derivative with respect to w/T in w = 0 is not zero. One has:

s, N 1 >
3(w/T)D(O) w=0 167r2R;/OO dp:

2
QEH/T Y2 [Jl (p1eR)* + b Jo(p+,£R)2]

(eEH/T +1)" Ti(py ¢ R)?Jo(py e R)? [2R(Pi,g +m?) + 26, [P +m? + m]

All terms are mainfestly positive except [QR(p%l +m?) + 28\/pF, + m? + m} in the

denominator when £ = —1. However, in this case:

R(pj +m?) — [Pk +m? = \/p%l+m2(R\/p2Tl+m2—1)>
> \/p%l+m2 (Rm_l)v
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which is positive for a radius greater than the Compton wavelength of the particle,
that is positive for any actually macroscopic value of the radius R. The very same
argument applies to the antiparticle term D(0)~ of the D(r) function in eq. (3.30)

with the immaterial replacement 1 — —pu, hence:
0
D(0 >0
6(w/T) ( ) w=0

It thence follows that the inequality (3.26) must be true for small, yet finite, values
of w/T and therefore:

D(0)|w=0 =0

D(r)#0 for w/T >0

in a finite region around r = 0. Moreover, it is easy to show, by using eq. (3.30), that
the derivative of the function D(r) vanishes in r = 0 for it is proportional to terms,
with NV > 0:

2Jn(0)3(0) = Jn(0) (Jn-1(0) = Jv+1(0))

which all vanish because of the known properties of Bessel functions. Hence, the mean
angular momentum density in r = 0 differs between canonical and Belinfante tensors,

i.e. rewriting the eq. (3.10) for r = 0:

~

JBelinfante (O) = Jcanonical(o) - D<0)k

where D(0) is finite for finite w and positive. Thus, the Belinfante angular momentum
density is lower than the canonical one by some finite and macroscopic amount.

It’s important to stress how, had we used the definition of average values without
normal ordering, this conclusion would be unaffected. Indeed, the spin tensor in (3.2)
is a bilinear in the fields and therefore the difference between the two definitions is a

vacuum expectation value of the spin tensor:

r (ﬁ:§:) — tr (ﬁ§> —(0/8]0). (3.35)

Vectorial irreducible parts of the spin tensor, such as S have a vanishing vacuum

expectation value if the vacuum is invariant under general rotations. The vacuum
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of the free Dirac field in the cylinder, dened by a,|0) = |0), is indeed rotationally
invariant. If degenerate vacua existed, the commutation of the Hamiltonian with
angular momentum operators that was shown before (see Eq. (60)) would ensure
that they belong to some irreducible representation of the SU(2) group. However, for
the free Dirac field in the cylinder, the angular momentum operator along the z axis

turns out to be:

T, = Z M (ailan + bLbn) ,

so that jz|0> = (0 on all possible degenerate vacua. This means that the only possible
multiplet is one-dimensional and, thereby, the vacuum is non degenerate and the

second term in the Eq. (3.35) vanishes.

3.2.1 The non-relativistic limit

It would be very interesting to calculate the function D(r) numerically to “see” the
difference between the Belinfante and the canonical tensors and to make sure that
this difference is not a rapidly oscillating function on a microscopic scale, which would
render the macroscopic observation of the difference impossible. This is, though, very
hard in the fully relativistic case but relatively easy in the non-relativistic limit m /7T >
1, because in this case the eq. (3.17) yielding the quantized transverse momenta
reduces to the vanishing of one single Bessel function. This happens because in the

non-relativistic limit:

m+mN2m+p2/2mN2_m _
bé+) _ Emrp +m _ ql;T - qu? = or > 1 forg =1 (3.36)
m—mg ~, P /2m —
pr —pTT_—TpT _—(5’—;<<1), for { = —1

so that the eq. (3.17) in fact reduces to:

J|M+%‘(pTR) = —sgn(M)g—rTnJ|M_%|(pTR) ~0 foré=1
J|M,%|(pTR) = sgn(M)g—;LJ|M+%|(pTR) ~ 0. for £ = —1

(3.37)



58 CHAPTER 3. AN EXAMPLE: THE FREE DIRAC FIELD

Altogether, we can solve the equation Jp(prR) = 0 for all integers L = M + £/2 and

take the quantized transverse momenta:

pri = %, (3.38)
where (; | = 1,2,... are now the familiar zeroes of the Bessel function of integer
order L.

We can now write the particle and antiparticle terms in the eq. (3.30):

+)2
P Ty omr) = T (o)

o 00 1
dp, ,
2 /_OO Pe e MeET T 1872RJ? | (priR)(2Rm2, + 26Mmg; + m)
g=+1 I=1 |m-1|

D(r)* =)

with, as has been mentioned, D(r) = D(r)" 4 D(r)~. In the non-relativistic limit one
has:

2RmM2 4 26 Mmyp +m ~ 2Rm?* + 26 Mm + m ~ 2Rm?, (3.39)

where the last approximation is due to the obvious assumption Rm > 1 and that the
term [EMm| can be comparable to Rm? only if |M| is very large. However, terms
with large | M| are either suppressed by the exponential exp[wM /T or by the Bessel
functions, which effectively implements the semiclassical equality M =~ Rpr; since
non-relativistically Rm? > Rprm =~ |M|m, the approximation (3.39) is justified. We
then calculate the terms with £ = 1 and £ = —1 in the sum in eq. (3.37) separately.
For £ = 1 one sets M + 1/2 = L and writes the integrand of eq. (3.30), including
approximation (3.39) and taking into account (3.36):

m2
1 P2 J\2Lf1\(PTl7“) - L;?Jﬁu(pﬂ?”)
e(e—Lwtw/2xp) /T + 11672 R2m?2 J‘QL_H(Z?TIR)
1 1 J|2L|<pTlT)

- ’ 3.40
ele-Lotw/28m/T 1472 R2 J2 | (priR) (240

where pry is a solution of the first equation in (3.37). Similarly, for £ = —1 one sets
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M —1/2 = L and obtains, by using the second of the equations (3.37):

2
1 pa  Jiyenr) — i enr)
ele—Lotw/22m) /T 1 1 1672 R2m?2 J‘2L‘<pTlR)

1 p%« J, |2L| (pTl T)

—Lw—w/2+p)/T 2R2m?2 pi
ole /2£0)/T 41 1672 R?*m %J‘QLH‘@NR)

1 1 J? r
_ i (Prer) (3.41)

ele—Lw—w/2+p)/T | | A2 R2 J|2L+1|(pTlR).

12

Now, by using approximations (3.39),(3.40) and (3.41) we can write the non-relativistic
limit of D(r)* as:

D) = Flpﬁ 3 Z/dezx (3.42)

L=—oc0 [=1 Y

" 1 J|2L|(pTl7”) B 1 J|2L|(pTl7”)
ele—Lw—w/2+p)/T +1 J|2L+1|(pTlR) ele—Lwtw/2+p)/T +1 J\QL_”(pTlR)’

where the first term is to be associated to particles with spin projection +1/2 along the
z axis and the second term to those with projection —1/2. Finally, the integral over p,
in eq. (3.42) can be worked out by first introducing the non-relativistic approximation
e = m+p%/2m+ p?/2m and then expanding the Fermi distribution. The final result

1S:

1 > e n 27rmKT —n(mc? 2 /9 —
D(,,,)i _ ey Z ZZ<_1) +1, - e~ (me*Eptpy /2m—Lhw) /KT

L=—oc0 I=1 n=1

2 2
X { enw/2KT J\L\(pTlT/m _ o~ w/2KT J\L\(pTlT/m
YVEATIID) Ji_y(pmR/R) [

where we have purposely restored, for reasons to become clear shortly, the natural

constants.

It is very interesting to observe that the functions D(r)*, hence D(r), are non-
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vanishing in the exact non-relativistic limit ¢ — oo. Indeed, it can be seen from
eq. (3.43) that no factor & or ¢ or powers thereof appear as proportionality constants
in front of it, because the D(r)* dimension is already - in natural units - that of an
angular momentum; the only ¢ needed is in the exponent, which is compensated by a
shift of the chemical potential, and the only A’s needed are those multiplying w and in
the argument of Bessel functions. Since i multiplies w everywhere and D(r) vanishes
for w = 0, we also see that the difference between canonical and Belinfante densities
is essentially a quantum effect, as it vanishes in the limit 7 — 0; this is expected as

the spin tensor exists only for quantum fields.

For very small values of hw/KT these two functions are proportional to hw/KT
itself since D(7)|w=0 = 0, as shown in eq. (3.31). Retaining only the n = 1 term of the
series, corresponding to the Boltzmann limit of Fermi-Dirac statistics, and expanding

the exponentials exp(£nhw/2KT) at first order, one obtains the noteworthy equality:

1 hw + dn \*
D(r)* = it (A SUDRZ i) ~ - g (A o ) = e (S 43
(r) r(7( ) OKT r(p( ) 2 KT \ d3x  (343)
where the superscript &+ implies that one retains either the particle or theantiparticle
term in the expansion of the free field and (dn/d®x)* is, apparently, the particle or
antiparticle density. The eq. (3.43) can be shown by retracing all the steps of the

calculations carried out for the spin tensor just replacing ¥, with the identity matrix.

The function D(r) can be computed with available numerical routines finding
a sufficient number of zeroes of Bessel functions, according to eq. (3.37). For the
numerical computation to be accurate enough one has to make the series in L, [ and
n quickly convergent at any r. For the series in L, two requirements should be met:
first (in natural units) w/T < 1 in order to keep the exponential exp[Lw /T relatively
small and, secondly, the radius R should be such that RvmT is not too large; this
condition stems from the fact that, as the Bessel functions effectively implement the
semiclassical approximation |L| ~ ppR and pp ~ v'mT, the effective maximal value
of L is of the order of Rv/mT. For the series in [, one has to set m/T > 1, so that
large pr’s are strongly suppressed; this is also the non-relativistic limit condition. For
the series in n, one has to choose i so as to keep far from the degenerate Fermi gas

case. The function D(r) as a function of r is shown in fig. 3.1 for © = 0, R = 300,
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T = 0.01, m = 1 and two different values of w, 107% and 2 - 10~%; the function
(r/2)D'(r) — D(r), which is the difference between angular momentum densities for

the canonical and Belinfante tensors, is shown in fig. 3.2.

Tl m=1
127 5 [ T=001
£ | m=1 5 S ———
5 10 -_ T - 0.0l ———————————————— :%/ L
Y Bl
o) L ©
= 3
6 100 |
r 150 y=10%
L — w=10% k| w=210"
_4 -....I....I....I....I. | 1
"""" w=210 20575 T 0 150 200 250 300
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Figure 3.2: Difference between the
Figure 3.1: Function D(r), cor- mean value of the canonical angu-
responding to the mean Value Of lar momentum deIlSIty and the Be—
the canonical spin tensor for the  linfante angular momentum den-
free Dirac field, in a rotating cylin- sity for the free Dirac field, in a ro-
der at thermodynamical equilib- tating cylinder at thermodynami-
rium as a function of radius r, in cal equilibrium as a function of ra-
the non-relativistic limit. dius T, in the non-relativistic limit.

The plots in figs. 3.1,3.2 show that the angular momentum density is larger in
the canonical than in the Belinfante case almost everywhere, except for a narrow
space near the boundary, whose thickness is plausibly determined by the microscopic
scales of the problem (thermal wavelength or Compton wavelenght). Thereby, the
observable macroscopic value of the differences between angular momentum densi-
ties, for a rotating system of free fermions, is the slowly varying positive one in the
bulk. While the boundary conditions are needed to ensure the invariance of the total
angular momentum, the rapid drop to zero within a microscopic distance from the
cylinder surface tells us that the chosen boundary conditions at a macroscopic scale of

observation correspond to a discontinuity or a surface effect. Any macroscopic coax-
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ial sub-cylinder of the full cylinder with a radius » < R will therefore have different
total angular momenta whether one chooses the canonical or the Belinfante tensors
in egs. (3.2) and (3.3) respectively. Such an ambiguity is physically unacceptable and

can be solved only by admitting that these tensors are in fact inequivalent.

3.3 Discussion

We have shown that, in general, couples of stress-energy-momentum and spin tensors
related by a pseudo-gauge transformation and allegedly equivalent in quantum field
theory, are in fact thermodynamically inequivalent. The inequivalence doesn’t show
up for systems - familiar in thermal field theory - globally and locally at rest in an
inertial frame. The symmetry of the density matrix (2.12) ensures that any couple
linked by a pseudo-gauge transformation has the same average values. In this case
symmetry constraints are so strong that is not even necessary that the transformation
is a valid one; provided that the Hamiltonian H remains the same, even when the
boundary condition (1.4) are not fulfilled, and thus changing some of the quantum
Poincaré group generators, symmetry ensures that the average four momentum and
angular momentum remain the same.

On the other hand it is enough to add a rigid rotation to have a drastically different
behavior. The - looser - symmetry of the system is not enough anymore to ensure
the equivalence for the average values. We have worked out exhaustively an instance
of such inequivalence involving the free Dirac field and shown that, surprisingly, the
canonical and Belinfante tensors imply the same average energy density but different
mean densities of momentum and angular momentum. Particularly, the latter is
almost everywhere larger in the canonical than in the Belinfante case for a small, yet
macroscopic, amount even in the non-relativistic limit.

It is a very important issue what is the right couple of tensors; for instance, if it
was found that the quantum spin tensor is not the trivial Belinfante one (i.e. vanish-
ing) this would have major consequences in hydrodynamics and gravity, even more
if its associated stress-energy tensor had a non-symmetric part, because this could
imply a torsion of the space-time (for a recent discussion see e.g. ref. [18]). From
a theoretical viewpoint we cannot, for the present, determine a thermodynamically

“best” couple of stress-energy and spin tensor, but from an experimental viewpoint,
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in principle we could decide if a specific stress-energy or a spin tensor is wrong by
measuring with sufficient accuracy the angular momentum density of a rotating sys-
tem at full thermodynamical equilibrium kept at fixed temperature 7" and angular
velocity w. This measurement would, for instance, be able to reject the canonical or
Belinfante tensor without even the need of resorting to relativistic systems as their
difference has a non-vanishing non-relativistic limit, as has been discussed at the end
of last section. In practice, at a glance, this measurement would not seem an easy one.
According to eq. (3.43), in the non-relativistic limit the difference between these two
tensors is of the order of iw/KT times h times the particle density, that is particles
have a polarization of the order of fw/KT. This ratio is extremely small for ordinary
macroscopic systems; assuming a large angular velocity w, say 100 Hz, at room tem-
perature T' = 300 °K it turns out to be of the order of 1072, Notwithstanding, this is
precisely the polarization responsible for the observed magneto-mechanical phenom-
ena, the Barnett [19] (magnetization induced by a rotation) and Einstein-De Haas
(rotation induced by magnetization) effects. It is therefore possible that with some
suitable experiment of this sort one can discriminate between spin tensors, the effect
could be enhanced lowering the temperature so much to increase the ratio hw/KT,

e.g. with cold atom techniques.

Since the difference between couples of tensors corresponds, at least for the case
taken into account, to an average polarization of particles, a legitimate question would
be if the presence particle polarization itself requires a fundamental spin tensor. In-
deed the canonical spin tensor directly depends on the representation of SU(2) the
fields are in. More over that the canonical angular momentum density is mostly, ex-
cept near the border, the Belinfante angular momentum density plus the average spin

tensor, the polarization of particles.

The issue is whether a phenomenological macroscopic spin density, like the mag-
netization in the Barnett and Einstein-De Haas can be reproduced by the quantum
Belinfante stress-energy-momentum tensor or, more generally, by a purely orbital an-

gular momentum, thus eliminating the need of a fundamental spin tensor.

Considering only the free Dirac field for simplicity’s sake, it is easier and enlighten-
ing to work in the non-relativistic limit. If we take the canonical (3.2) and Belinfante

(3.3) couples of tensors, and perform the non-relativistic limit (following [20]) we have:
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i

~ 1 —
07 n.r. -I-
Tcanonical - _ai) \V4 ®
- n.r. 70 1 + i
TBelinfante Tcanonical + év X PP
Q0,3 n.r. tok
Scanonical gijkq) 2 <I)7

where @ is the two-component field (the “large” upper components of the Dirac spinor
field in the ¢ — oo limit, in the spinorial representation of the gamma matrices), and
3 are the Pauli matrices divided by 2. From the above equation it ensues that the

total angular momentum density reads:

jcanonical = XX (_%QT % CI)) + <I>TE<I>
JBelinfante = X X _§¢ \V4 P + X X §v X PP .

The difference between the Belinfante and canonical angular momentum density can

be easily re-expressed as a total derivative, as expected:
. . 1 t 1 9 (i
JBelinfante = Jcanonical 1 §V (X - P Zq)) - 5 Z ' ($ 0] Zq)) .
J

Despite the lack of a microscopic spin tensor, even in the Belinfante case there is
a contribution of the polarization to the total angular momentum. We wonder at
this point why the very fact that the expectation value of ®TX® is non-zero (as it
is indeed in the Barnett experiment) should rule out the Belinfante tensors or other
possible couples with a vanishing spin tensor. It is not even enough to show that
%V (X : @TECI)) — %Z ; 0; (xj @TECI)) has a non-vanishing expectation value. Showing
that singles terms are non-vanishing does not lead to conclude that a fundamental spin
tensor exists unless we show (and this is the crucial point) how much they contribute

to total angular momentum density.



Chapter 4
Decomposition of the stress tensor

Thus far, in this work, we have been focusing on momentum densities and equilibrium
properties of relativistic fluids. The information of the stress-energy-momentum ten-
sor however is not limited to the four momentum density, as the name implies. Pres-
sure and dissipative forces like shear stress play an important role in hydrodynamics
and thermodynamics. The fundamental quantum tensor themselves are related to the
entropy production out of equilibrium. These are the main topic of our work [27]
and will be discussed in more detail in chapter 6, while in this chapter we will briefly
present the decomposition of the macroscopic stress tensor in terms of four velocity
proper energy density, pressure and dissipative terms.

We will start from the simplest case, the perfect fluid, and we will limit the dis-
cussion to an isotropic fluid for mathematical convenience. It will be understood that

anisotropies will require a more general treatment.

4.1 The perfect fluid

The simplest relativistic fluid is the relativistic generalization of the perfect fluid. In
non relativistic mechanics a perfect fluid is a continuous system with vanishing shear
stress at equilibrium! and out of equilibrium, it doesn’t have heat flux and all the
energy transport occurs through the speed of fluid cells and mechanical transport.

The non relativistic fluid is described by five degrees of freedom. Three for the

1Up to this point this is the generic definition of a fluid.

65
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fluid velocity v, one for the density p and one for the pressure p. Being a perfect fluid
there is no shear stress and, since we assume isotropy as already said, the only source
of surface forces is the pressure, a single degree of freedom.

For the relativistic perfect fluid mass density is replaced by proper energy density
g, namely the energy density in the rest frame of the fluid cell®>. In the non relativistic
limit the mass term mc? become the dominant part of particles’ energy over the
kinetic energy term p?/2m + - - -, therefore £/c> — p when ¢ — oo. Three-velocity v
is replaced by four-velocity u*. This is a four component vector, but there are still
only three degrees of freedom, since the vector field has to be time-like v -u = 0. The
relativistic perfect fluid is thus described by five degrees of freedom, proper energy
density e, four-velocity u* and pressure p.

Having only the four velocity u* and the Minkowski metric n*” to build a rank
two tensor®, T* will be symmetric. Indeed the only rank two tensor we have are
utu” and p*. If we want to write two linearly independent tensors, we have u#u” and
AP = gt —yty” namely the projectors along the four velocity and orthogonal. The

stress-energy-momentum tensor is therefore:

T = Autu” + BAM™.

Now T% is the energy density, using the definition of proper energy density in the
local rest frame (where u(z) = (1,0)) we have e(z) = T%(z), but in the local rest

frame A% is vanishing, so A = ¢.

Concerning the last coefficient B, we can show that it is the pressure using the

local four momentum conservation equation:

0=0,1" = (De)u” +ebu”+cA”+ V"B — Bou” — BA”,

where 6 = 0-u is the divergence of four-velocity, D = u*0,, is the convective derivative,

V¥ = A9, is the spatial derivative* and A* = Du is the four-acceleration.

Contracting with the projector A* the last equation reads:

20pposed to the laboratory frame.

3As we will see later, gradients of u* correspond to dissipative terms.

4In the comoving frame, they correspond to the temporal derivative and the spatial gradient since
u? and V° vanish.
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(¢ — B) A* = —V"B, (4.1)

Now we need to see the non-relativistic limit ¢ — oo and write explicitly the speed
of light in the vacuum c. In the non relativistic limit u = (v,yv/¢) — (1,0), where

v = (1 —v?/c?) is the Lorentz factor. Therefore:

0 O 0
0 -1 0
AP =gt —utu” — = V' — (0,—Vy),
0 0 -1
0 O 0 -1

here we wrote Vy to distinguish the actual spatial gradient from relativistic spatial
gradient V,, which, in general, is a combination of space and time derivatives. The
right hand side of (4.1) correspond in the non-relativistic limit to V,B. On the other

hand the four acceleration is:

At = Dut = ( Dy ) ,
(Dy)v/c+~Dv/c

and accordingly®:

w2\ 72 1 v?\ 2 2v-Dv 1,

1 1
Dv = u!9,v = (760 +7% -VX) V= 27(8t+V'VX)V =73

where a is the three-acceleration® of a fluid cell. The four-acceleration then reads:

e L —yiv-a/c
A\ =yl (v-a)v/ ++%a)

Equation (4.1) can be rewritten:

5Tt is worth to remind that 9y = %8,5 if we write explicitly the speed of light.
6Tt is formally identical to the definition of non-relativistic acceleration of a fluid cell.
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e—B —iv-a/c _ _vB
2 \ =i (v-a)yv/P+4%a) 7

in the non-relativistic limit the time component becomes the trivial equation 0 = 0,

but, being lim, .., £/c* = p, the spatial parts become:

B
pa— lim — a= VB,

c—00 C
taking B = —p we get the Euler equation, namely the equation of motion of a non-
relativistic perfect fluid. Accordingly the stress-energy-momentum tensor of a rela-

tivistic perfect fluid is:

T = eutu” — pAH”.

We have already seen that three of the components of the local four momentum conser-
vation d,7"" = 0 (namely the projection orthogonal to the four-velocity) correspond
to the relativistic Euler equation. The non-relativistic limit of the remaining (the

projection along the four-velocity) is the continuity equation. If we write it explicitly:

0 = w0, = Dz + (= + ) 6 = O, (=) + 18,

It is convenient here to divide both members by ¢ and write the explicit dependence

on the speed of light:

€ £ 1
0 (15) + Ve (15v) + 5P [0+ V- (V)] = 0,
the first two terms in the non relativistic limit become 0;p and V- (pv), while the last

one vanishes because p/c?> — 0, even if the term in brackets (Vy - v for ¢ — o) does

not necessarily vanish. The non-relativistic limit is therefore the continuity equation:

@p + Vi (pV) =0.
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4.2 Symmetric stress-energy tensor

The next simplest case is that of a general spin-less fluid, namely a non ideal fluid. It is
not only defined by proper energy density, pressure and four velocity. It is important
at this point to discuss the physical interpretation of four-velocity before going on.
In non-relativistic hydrodynamics the velocity field v is taken as the average veloc-
ity of (classical) particles in the small but finite region of the fluid cell. In relativistic
quantum mechanics, which we want to use to get the macroscopic quantities as mean
values of corresponding operators, however we can not use the same definition. In
quantum mechanics there is not a clear definition of velocity, particles are delocalized
and, especially at relativistic energies, there is not even a fixed number of particles’.
There is not a unique definition of four velocity in relativistic hydrodynamics. We
can start from the previous example of a perfect fluid to introduce one. For the perfect
fluid the energy flux 7%(x) seen from an observer locally at rest is vanishing, being

the stress-energy-momentum tensor diagonal:

o O O

0 0

v v v p O
T [r = (eu"u” — pA*™) |r =

0 p

S O O M

0 0 p

where |gr means that we are taking the components on the local rest frame. Therefore
we can define the four-velocity of a relativistic fluid as the time-like direction that

fulfills:

AF Ty, =0 = TY%R=0. (4.2)

This amounts to the Landau prescription [21] and is usually referred to as the Landau
frame. Another widely used definition is that of Eckart [22], where the four-velocity

is taken as the direction of a conserved time-like four current j*:

ut =

"Because of pair creation-annihilation and because the state of the system is not constrained to
be an eigenstate of particle number operator.
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the four current reads then j# = nu* where n = /7 - j is the proper charge density®.
In the Eckart frame (4.2) is not fulfilled an there is an energy flux even in the rest
frame (the heat flux), on the other hand the conserved current j* in the Landau
frame is not always parallel to four-velocity and the right decomposition of the four
current is j# = nut + v*, where n = j - u is still the proper charge density (having
a different four velocity we changed the comoving frame and it is different from the
Eckart frame proper charge density) while v/ is the diffusion current, non vanishing
in the Landau comoving frame. They are the most common choices, nevertheless it
is possible to take other definitions of four-velocity and have both a heat flux and a
diffusion current.

In the remainder of this work, in order to be as general as possible, we will not
make assumptions on the choice of four velocity definition. Therefore we will have a
non vanishing heat flux and diffusion current.

As in the previous case we can use the definition of proper energy density to see
that e = u,u,T", and we can decompose the remaining parts of the stress-energy-
momentum tensor projecting along the four-velocity direction and perpendicularly.
The proper energy density is the projection of both indices along the four-velocity

direction, we already saw the heat flux, usually called ¢:

¢" = u, T A" = AL T,

the last equality is due to the symmetry of T*. The perfect fluid has a vanishing
heat flux. This means that every definition of four-velocity is equivalent for the perfect
fluid, and every four current is parallel to the energy flux.

The remaining part, usually referred to as the stress tensor is:

" = AP AT TP,
this is usually divided in the trace and traceless part:

1 1
—5 10, = =311 A,, = p—my

8The charge density in a particular frame is j°, the proper charge density is the density in the
comoving frame and is a Lorentz scalar.

9In order to have al the parts of T#¥ divided in tensors on the same representation of the rotation

group.
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1
= I = I, A,

the perfect fluid has both 7# and 7y vanishing, which we will see to correspond to a
vanishing shear and bulk viscosity. Pressure p can not be isolated here from algebraic
consideration, and it needs thermodynamics to be separated from the dissipative part
-

The most general form of a symmetric stress-energy-momentum tensor is thus:

™ = eutu” — pA* + mgA* + ¢*u” + u”q” + 7. (4.3)

We can easily recognize the perfect fluid part, and using thermodynamics we can
clarify the role of the other terms. Let us start from the four-momentum conservation

equation:
0=0,T" = Deu" +e0u” + A" =V"p+pu” +pA” +V'my — my O u” — my A"+

+(0 - q@)u” + q - 0u” +6q” + Dq” + 0,7,

contracting all the terms with the four-velocity, the last equation reads:

De+ (e+p)0+0-q+u-Dg+u,0,m" —mb = 0. (4.4)

It is worth now to rewrite some terms in a more convenient form:

_ AN _ o (AN L or e (L)L,
8q_8 (TOTO)—T8 (TO)+T0(] 8T0—T08 (TO)+TOQ \E

u-Dg=D(u-q)—q-Du=—q-A

1
u, 0, = 0, (m"u,) — T Ou, = —§7r‘“’V<ﬂul,>,

where the scalar Tj is the local temperature Ty = 1/v/3 -3, i.e. the temperature
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measured in a comoving frame; and V,u,, denotes:

Vit = (A7A7 + A2A% — 2/30,,A7) d,u,,

which has the same algebraic properties of 7#¥, symmetric in he p < v exchange,
orthogonal to the four-velocity in both indices and traceless.

Equation (4.4) now reads:

De + (e +p)0 + T0 - <i) + iq (VT — ThA) — lw“”kuw —mf =0. (4.5)
T T 2

Now we can use the known thermodynamic relations between proper entropy density,

temperature, proper energy density and pressure to rewrite the last equation as the

divergence of the entropy flux, which must be non negative. The relations between

proper energy density, pressure temperature and proper entropy density, for a system

at equilibrium are the relativistic generalizations of the usual thermodynamic relations

for volumetric densities:

Tos =€¢+p Tods = de. (4.6)

These relations only hold for thermodynamic equilibrium, but an usual approximation
is to assume that the same relations even hold for a system out of equilibrium. This
amounts to neglect other contributions to entropy, being them small as long as the
system is close enough to equilibrium, since they have to vanish at equilibrium. Using

the last relations out of equilibrium, the first and the second term of (4.5) read:

(e+p)d =Tysb

= De+ (e+p)0 =Ty - (su), (4.7)
De =TyDs
therefore we have:
1 1 ., 1
Toau sut + _qﬂ = 7T00 + —qh un,,) — =4 (VMTO — T()AM) . (48)
To 2 To

We can recognize in the left hand side the temperature times the divergence of the
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entropy flux!?.

The right hand side must be therefore non-negative and vanish at
thermodynamical equilibrium. The latter can be easily verified considering that the

equilibrium four temperature fulfills a Killing equation [23]:

(0uB +0,8,) =0, (4.9)

eq.

Indeed if we write the derivatives V,u, explicitly in their 3, dependence:

we can write all the multiplying factors of my, #* and g, in the right hand side of

1
) oA 00,0, — ST A,8,2670, 0, = oA, A%0,8,, (4.10)

(4.8) as derivatives of the four temperature:

1
0 =V, u" =ToA"A"0,0, = ToA 0,0, = §T0Ap” (0,85 + 0513,) (4.11)
while:
1
Vi) = To (APMAUV - gAWApJ) (0pBs + 058p) , (4.12)
and finally:

s

vt -1t = (7 - 57 ) 9, (95 5] (@88 3, [(8-8)H ] =
3 3 H 3o

=5 607 (9= B ) 2o 007 (90,0, - 5 ) oy -

=1 | (o= 55 o+ (s - W”) o -

= —T?A" 3% (9,6, + 0,13,) . (4.13)

Plugging (4.9) into (4.11), (4.12) and (4.13) we find that the right hand side of (4.8)

is vanishing at equilibrium.

10This amounts to the entropy transport, su* entropy density time four velocity, plus the heat
flux. We remind here that ¢* is the energy flux in the rest frame.
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To ensure that (4.8) has a non-negative right hand side out of equilibrium we take

the same approach of non relativistic hydrodynamics and insert transport coefficients:

T =C0=C|0v+ Vx-(7)],

where ( is the relativistic generalization of bulk viscosity,
Ty = 77V<,uuu>a

while 7 is the relativistic shear viscosity,

qﬂ = K (V“TQ — TQA“) s

and k is the relativistic thermal conductivity. We can write then (4.3) using transport

coefficients:

T = eulu” — pA" + COA" + K [(VITy — ToA*)u” + p = v + 1V uy.  (4.14)
It can be easily checked that in the non relativistic limit the heat flux become!!
(0, —kVxT') as we would expect from the Fourier law, the four-acceleration contribu-
tion vanishes because A" is of higher order in 1/¢. In a similar way the bulk viscosity
term become (V-vd;; and the last one become 7 (0;v; + 0;v; — 2/3V - v §;;) /2. With
the pressure term they form the non relativistic stress tensor. This is the relativistic
Navier-Stokes theory, the relativistic covariant extension of the ordinary Navier-Stokes
equations.

Before continuing with the next section and the generalization to a non symmetric
stress-energy-momentum tensor, it is worth to note that the approximation used in
(4.7), namely to use the equilibrium relations between entropy pressure and tempera-
ture out of equilibrium, lead to causality violation and instabilities [24], it is possible
to obtain a causal theory if we add other terms to non-equilibrium entropy [25] thereby
obtaining new transport coefficients, usually relaxation times of dissipative currents.

The relativistic Navier-Stokes theory however is still used as a low-frequency approx-

1Tn non-relativistic thermodynamics both the local temperature Ty = 1/4/3 - § and the laboratory
temperature T = 1/3° correspond to the ordinary temperature of the fluid cell.
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imation of causal dissipative theories. We are only interested in the lowest approxi-
mation, therefore in the rest of this work we will not take into account causality and
stability problems, and we will limit the discussion to the relativistic Navier-Stokes

dissipative equations.

4.3 The general case

In the most general case, the fluid system have a non vanishing spin tensor and, due
to local angular momentum conservation, the divergence of the spin tensor will be the

non symmetric part of the stress-energy-momentum tensor:

TH — L (w4 Tru
HSM = 2T TH =TH 4TI =l )
T = L (T — T,

In this section we want to see if we can extend the relativistic Navier-Stokes dissipative
theory to a non-symmetric stress tensor. We can decompose the symmetric part T
as in (4.3):
TH = euru” — pA" + mg A" + ¢"'u” + ut'q” + 7,
and, using the same approach, we can decompose in a similar manner the antisym-
metric part T/*:
T = R* + rfu” —ufr”,

where:

R™ = A" TP A, = AT u, = —u, TV AP,

Therefore the stress-energy-momentum tensor reads:

™ =TH + T = cufu” — pA" + 1A + ¢"'u” + u'q” + 7 +
+RMY 4+ rfu” — utr”. (4.15)
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We could follow the same procedure used for the symmetric tensor, taking the local
four-momentum conservation equation, contracting with the four-velocity and, assum-
ing the equilibrium thermodynamical relations hold even out of equilibrium, finally
extract the divergence of entropy current. It is important however to stress that the
relations (4.6), even at equilibrium, only hold for a spin-less fluid, we can expect a
contribution to entropy from the spin tensor (for instance in [26] they have an ad-
ditional term for both relations). Furthermore we can expect another term in the
entropy current. The energy flux in the local rest frame is not anymore ¢ being there

another non vanishing term r#, so we expect:

1
st = sut + o (q“ + 'r’“) + other possible terms.
0

In order to extend the relativistic Navier-Stokes theory to a system with a non sym-
metric part of T* we will use a new approach. Let us start with the general entropy

curent (see B.1 in Appendix B):

1
= T, = 58 g, (4.16)

The divergence of entropy current, which must be non-negative, reads:

1
05 = 09+ (OuT") By + T8, — 5 [( aASAvW> Wap + SM (awuu)} -
1
= 0 ¢+ TM0By + T 0By — éSA’“”ﬁAwW + Tt w,, =

1
= 9.6+ TIO By + T ( 0,8, + wu,,> — 58 O (4.17)

where local four-momentum and angular momentum conservation have been used,
and 0y,0,4 and 9,0, stand for the symmetrization and antisymmetrization of the
i,v indices. Hereafter we will show how to recover the relativistic Navier-Stokes
theory from this equation if there is no internal angular momentum, then the same

procedure will be applied to the general case in order to extend the theory.
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Recovering the relativistic Navier-Stokes theory

When we have a vanishing spin tensor the last equation become:

0-5s=0-¢+ TP, (4.18)

but the last term is, due to the decomposition (4.3):

Tslwa{,uﬁu} = 5u“uyauﬁu + Auyauﬁu <7TO - p) + Wuya,uﬁu + qHuV (8uﬁu + al/ﬁ/.t) )

reminding that 3 = 1/Tyu and the algebraic properties of ¢ and 7, we have:

1 1 1
eutu’0,6, = [Fau“u”ﬁﬂuy = O] +eD (?) =eD (T)
0 0 0

1 1
™ 0,0, = §7TW <ApuA(L - gAuuApg) (0,85 + 050,)

qﬂul’ (8}L/BI/ + &zﬁu) = Q;LA#puo (8pﬁo + &Tﬁp) >
and using (4.11), (4.12) and (4.13) we have:

1 1
A* 9,06, —p) = —mgbf — —=—pb
,uﬁ (7T0 p) TO7T0 TOP
1
W“”&uﬁ,, = —ﬁ“”V<“u,,>

2Th

1
¢"u” (0,0, + 0,8,) = — [VHTO _ TOA“} _
0

Plugging all in (4.18) and multiplying 7j we have:

1 1 1
T08 S = T08 . ¢ + T0€D (F) — pQ + 7o 0 + §7TMVV<MUV> — Tqu |:VMT0 — T()AM .
0 0

Provided that the first three terms on the right hand side vanish, this is the entropy

production for the relativistic Navier-Stokes theory. Let us see now the proper entropy
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density:

s=u,s" = Tys=Top u+e,

this is the first of the (4.6), as long as'?:

T0¢'u:p7

and it actually can be used as a thermodynamical definition of pressure (which we

remind that it can not be separated from my only using algebraic properties). Thus:

o = pB" + &,

therefore we have:

and accordingly:

0 0

T08-¢+T05D (Ti) —p0 :T06$+T0D (%) +T0€D (—) =

Th

)—Dg:Toa~<;3+T0Ds—Dg.

The entropy production is then:

~ 1 1
T08 cS = T08 . gb + T()DS — De + ) 0 + §7TMVV<MUV> — Toqu VMTO — T()AM] .

Entropy production must vanish at equilibrium. Since we have already seen that the

last three terms vanish at equilibrium, it means that:

[Toa-¢3+T0Ds—Ds —0,

eq.

to recover the entropy production of the relativistic Navier-Stokes theory we assume

12This is true for homogeneous equilibrium [23]
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that this expression is vanishing even out of equilibrium. This is consistent with the
theory and we fully recover the relativistic Navier-Stokes theory if we assume that
both - ¢ and TyDs — De are individually vanishing.

Internal angular momentum

Using the general decomposition (4.15), when we have a non vanishing spin tensor,

the entropy current reads:

1 1
st = Pt — éS“p‘ﬁwag + = eu” + ¢ + 7’“] )
0

We can already find the proper energy density contracting with the four-velocity:
s=u s“:¢-u+—e—la“”w
. T 2 e

where o = uyS™" is the proper internal angular momentum density. If we multiply

all members of the last equation with the local temperature T we get:

1
Tos=c+Typ - u— 50“”QW,

with Q,, = Tow,,. We use now the same thermodynamical definition for pressure

used in the last paragraph, then:

1
Tos=¢c+p— §UWQW.

This provides the generalization of the first relation in (4.6), and, as expected, it
includes a spin contribution. We can rearrange the first terms of (4.17) like in the last

paragraph but we have to remind that the proper entropy density is different:

1 1 1
160 - s =Ty0 - ¢ + ToeD <T> —pO+ 7m0+ §7T‘WV<“U,,> — 7 [V“TO — TOA“] +
0 0

1
2

whilst the last term includes:

TOSA’uya)\wuu + TOT;iW ( 8[uﬁu] + w;w) )
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T (O + ) = R AAT (0B + ) + 78007 [ (0,85 = 08, ) + 20

Since the four-temperature fulfills (4.9), these terms vanish at global equilibrium. We
have already seen that the terms in 7y, 7#" and ¢* on the entropy production equation
vanish at equilibrium too. On the other hand, the other terms on the right hand side

read, following the steps in the last paragraph:

1 1
T00 - ¢+ ToeD | = | —pO — =TpSM" Ohw,, =
T, 2
1 1 &
=Tod- ¢+ TyD (g;p ) — Dz = STo0™ Dy, — SToSM* Oriy, =
0
U e+p—3iamQ,, 1
= Tpd - ¢ — ~ToS O + ToD | 227 W) Doy~ Dot =
2 T 2
R 1
=T ¢ — §T08A’“”8WW +TyDs — De + 59 Do,

where SM = AN S = SM — Aok At global equilibrium this term has to

vanish. Since w,,, is constant at equilibrium [23], we need:

~ 1
T08 . ¢ + TQDS — DE + §QMVD0'MV = 0

eq.
We assume now that the equilibrium relation between thermodynamical quantities
even holds for a system out of equilibrium, as we did for the spin-less fluid, in order to

have the generalization of Navier-Stokes theory. The entropy production thus reads:

1 1
TQ 0-s = 0 0 + §7TMVV<MUV> = [VMTQ — TQAM:| +

T
ITyRMARAY (a[pﬁg}: w,,o) Ty A% [( 0,6, — aog,,) n 2%0} +

1 ~
—§TOSA"“’8AwW.

It is important to stress how adding internal angular momentum preserve the T
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contribution to entropy production, therefore we still have shear viscosity n bulk
viscosity ¢ and thermal conductivity x. However, as we will see later in detail, the
presence of a fundamental spin tensor in general change the values of these coefficients.

The other terms can provide a new generation of transport coefficients. Being
more interested however on the effects of pseudo-gauge transformations on the known
transport coefficients here we will limit the discussion to the simplest case, namely
of a system with a vanishing S. The antisymmetric part T/” amounts, up to a
constant, to the divergence of S™¥ which includes S, Therefore R* and r* are
not independent of S in principle. If S is vanishing the contribution of R*

and r* to entropy are:

TyR" A" A, [w,,(, — (—%) (0,85 — aaﬁp)]

1

2727, A1 3 K_§) (0,8, — 953,) — wm] .

As we have seen the equilibrium relation between w,, and 3, (4.9) ensures that the
equilibrium contribution of the two terms vanish. If w,, = —0;,3,) even out of equi-
librium r* and R* do not contribute to entropy production, otherwise the last two
terms have to be non negative out of equilibrium, thus we have two new transport

coefficients, A and 7:

R™ =\ {TO AP A, [w,,(, — (—%) (035 — aaﬁp)] }

1
o= forgas [ (1) 0003y ).
In order to be consistent with thermodynamics, w,, still have to be equivalent to
—0uB at global equilibrium. It is not difficult to find examples of antisymmetric
tensors which reduce to the antisymmetric part of four-temperature gradient. For

instance we can take w,, = —d;,3,) plus higher order derivatives of four temperature!®.

13As already said four temperature gradient is constant at equilibrium [23].
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Chapter 5

Relativistic response theory

5.1 Introduction

In the last chapter we have seen the decomposition of the stress-energy-momentum
tensor and how transport coefficients, like viscosity and thermal conductivity, arise
if we take into account thermodynamic relations. During this chapter we will show
how we can get transport coefficients from the microscopic theory studying the linear
response, namely the response of the hydrodynamic system to a deviation from global
equilibrium, up to the linear order in the perturbation, allegedly small.

Here we consider for mathematical simplicity the example of shear viscosity for a
fluid without internal angular momentum. However it is understood that the same
arguments hold for the other transport coefficients. Furthermore when we consider
a non symmetric stress-energy-momentum tensor, the arguments are still valid using
the symmetric part 7/ instead of the full tensor T". Other transport coefficients
which may stem from the antisymmetric part 7} will not be considered during this
work, and may be an interesting subject for further investigations.

Starting from the general stress-energy-momentum tensor (4.14) we write explicitly

the temperature and four-velocity dependence!:

T = eufu” — pA* 4+ ( (0,u”) A" + K [( VHT — Tu’@,,u“) u’ + y] +

"'We understand however the u* dependence of the projector A*”to ease the notation.

83
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2
+n |V 4 VYl — 3 (Opu”) AM | .

A very familiar global equilibrium configuration is the homogeneous equilibrium, in
which the system is static and the macroscopic degrees of freedom do not depend
on the position. Looking from the rest frame the four velocity is v = (1,0) and the
temperature 7' is constant. This corresponds to the canonical equilibrium in statistical

2

mechanics®, as we have already seen on chapter 2.2 it entails that the only surviving

terms are the first two of the right hand side:

Tﬁu; = 85556/ —|—p5“5}’5m =

7

o o O
o o O
" O O O

€
0
0
0

where |, stands for homogeneous equilibrium. We consider now a small deviation
from global equilibrium in the form of a small perturbation of the y component of
four velocity® duY. Furthermore we take a perturbation with a non vanishing gradient

only on the z direction:

u?(z) = 0,0u” # 0.

This entails that the four-divergence d,u” is vanishing, being the derivative on the
same direction of the vector index. Even the four-acceleration A* = u”0,u” is van-
ishing, since the only non vanishing element of the gradient, namely 0,uY = 9,0u?, is
multiplied by u* = 0. Therefore the remaining parts of the stress-energy-momentum

tensor out of equilibrium only are:

eul'u” — pA" +n (VFu" + V¥ u"),

but being:

Vi = 0'u” — v ufO,u”,

20r grand canonical, if we consider conserved charges at equilibrium with a thermal bath.
3Here we assume a Cartesian reference, meanwhile the direction of the axes has no effect.
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and having seen that u”d,u” = 0, it reads:

eutu’ — pA* 4 (0"u” + O'ut) = eutu” — pA* — ndyou? (846, + 6L0k) .

Being the homogeneous equilibrium tensor diagonal, the deviation from equilibrium

of the xy component of the stress-energy-momentum tensor is just:

OT™ =T — Ty, o, = =1 0z0u” = 0 dyduy,

the multiplication of the shear viscosity n, times the known gradient of the perturba-
tion of the four-velocity 0,0u,. This is already linear in the perturbation du, but in
general it may be necessary to take only the lowest order. For instance if we had u®

in the last formula we would have:

1
u=+v1I+u-u= 1+(5uy)2:1+§(5uy)2,

therefore it remains unitary up to the linear order in the perturbations. In a similar
way it is possible to check that we can identify four-velocity perturbation with four-
temperature perturbations, still up to the linear order. The previous four-velocity
perturbation corresponds to a four-temperature perturbation §3, which only depends

on the x coordinate, since 5, = w, /T and the local temperature Tj is:

— 1 — 1 _ Th.e. -~ Th.e. -
VBTG Sy - @) \J1-@ys) L Thed) /2

1o

1 1
= Ti [14 5720 (90 = T+ 5T ()

It differs only by a quadratic term in the perturbation. Using the same arguments we
can identify temperature perturbations with 3.

We can thus study the response of the stress-energy-momentum tensor, up to the
linear order in the four-temperature perturbation, to find transport coefficients. We
want to use the mean values of quantum operators as the macroscopic tensors, and

so we need both the equilibrium expectation values and the non-equilibrium ones. It
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is not difficult, at least at the conceptual level, to get the equilibrium expectation
values of operators. What we need, to find transport coefficients from the microscopic
underlying theory, is a method to compute average values for a system out of equi-
librium. We need way to describe microscopically a non equilibrium state which is
close to global equilibrium and differing for a small but known perturbation of the

four temperature.

5.2 The Zubarev method

A suitable formalism to calculate transport coefficients for relativistic quantum fields,
studying the linear response instead of going through kinetic theory, was developed
by Zubarev [30, 31]. The method extends to the relativistic domain a formalism
already introduced by Kubo [32] for non relativistic statistical mechanics. In this
approach it is introduced the non-equilibrium density operator that we need for the

non-equilibrium average values, which reads [33]*:

. 1 = 1
= exp[—T] = - €XP

—00

t/
—lin%a/ dt ee(tt/)/d3x TO”(:L’)B,,(:L’)] : (5.1)

where we understand that the position x, and later the derivatives 9, refer to the
variables of integration, and not t'; the Z factor is analogous to a partition function,

a normalization factor to have tr (p) = 1:

Z =tr (e’?> = tr <exp [— lii%a/tldt ==t /d3x ﬁ”(w)ﬁ,,(x)]) :

—00

The operators in the exponential of Eq. (5.1) are in the Heisenberg representation.
It should be stressed that in the formula (5.1) covariance is broken from the very
beginning by the choice of a specific inertial frame with its time. However, it can be

shown that the operator p is in fact time-independent, hence independent of ¢', which

“Here ¢ clearly stands for a small parameter and is not related to the proper energy density. We
assume that the difference is big enough to avoid misunderstandings.
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can be arbitrarily chosen. Indeed if we take the time derivative of T we have:

—00

t/
oY = lir%e [/d?’x T, x)8,(t,x) — ¢ /dt ==t /d3x TO”(:E)BV(:E)] =0,

thus, pis a good density operator in the Heisenberg representation. When we consider
the familiar homogeneous equilibrium four-temperature 3, = 521 /T, with constant

temperature 7', the exponent T reads:

P ¢ / = 1 ¢ / -
T = lime/ dt == /d3x T (2)B,(7) = T limz-:/ dt <= /d3X T(x) =

e—0 oo e—0 oo

]_ t/ e N
— (t=t")
Tll_r}(l)s/ dt e H.

—00

Being the hamiltonian H time independent®, the limit is easily computed:

T-1m
T

so the density matrix (5.1) reads:

p= %exp [—ITI/T} :
This is the canonical equilibrium distribution, as we expected. The non-equilibrium
operator (5.1) is thus consistent with the equilibrium distribution, and in general it is
a state that explicitly depends on the four temperature 3,. We can use it for states
arbitrarily close to global equilibrium and, at the end, find transport coefficients using

the linear response.

>This is not always true, but for simplicity we assume the first equation on (1.5) is always met,
ensuring the time independence of the Hamiltonian operator H.
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5.2.1 Linear response using Zubarev method

We have seen that (5.1) is a good density matrix to compute the components of 7"
out of equilibrium, but typically it is not an easy task to directly compute the non-
equilibrium components, and some approximations are usually adopted. As first we
note that the ¢ dependent part in (5.1) can be written as a time derivative ge*("*) =

9o [e°*~1)]. Therefore exponent T reads:

t/

t/
T =lim [ dt 9, [es(t’t/)] /d3x T%(x)B,(x) = lim [ dt9, [ee(t’t/)} /i3x T ()6, (x),

e—0 e—0

reminding the continuity equation 8uf‘“/ = 0, after integrating by parts we have:

t t
YT = lin% {/dt o, [ee(tt/) /d3x T‘“’(az)ﬁ,,(x)} - /dt st /d3x T“”(:L’)&uﬁ,,(:c)} =

t/

— /d3x (', x) B,(t', x) +1lim [ dt ee(t_t')/dS n; T (2) B, (x)
t/

im [ deett) / dx T (2) 9,5, (x).

The first term is the so-called local thermodynamical equilibrium one, which is defined
by the same formula of the global equilibrium with an z-dependent four-temperature,
whereas the term dependent on their derivatives is interpreted as a perturbation. We
have already seen that at equilibrium the density matrix correspond to the usual
canonical equilibrium distribution, that means the surface term in the last equation
vanishes for the equilibrium four temperature. In order to neglect the boundary term
it is usually taken a non-equilibrium four-temperature that matches the equilibrium
four temperature at the boundary, or, calling 3, the difference between the four
temperature and the homogeneous equilibrium four-temperature d3,|sy = 0. In this

way the last equation reads:
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t/
T = /d3x (', x) B,(t',x) — lim dt est=1) /dgx T (x) 0,08, (z).

—
60_00

Dividing the exponent of the density matrix in two operators A and B:

A R e o Rl
with:
;
A=— / &Bx T (', x) B, (', x) B= lim [ dt =) / &x T (x) 8,06, (x),

we can take the lowest order in B , being the perturbation 3, small by hypothesis,

hence:

S - ~ ~ 1 1 N
Z =tr (eA+B> ~ tr (eA [1 + BD = Z1E (1 + (B)LE> = -~ — (1 — <B)LE)
and, using the Kubo formula:
L 1 T 1 IR A
— [1 +/ dz eZ<A+B)BezA] et ~ [1 +/ dz 4B eZA] et
0 0

where the subscript LE stands for Local Equilibrium and implies the local equilibrium

partition function for Zyg = tr (eg>, and the calculation of average values with the

local equilibrium density operator, that is prg = A /Zyg, for (- - -)Lg. Thereby, putting

all together and retaining only first-order terms in B we get:

~

1 L
P (1 — <B)LE) PLE +/ dz eZABe’ZApLE.
0

Therefore we can approximate the average value of a generic operator O with:
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~ —~

<(5) ~ (1 — <§)LE) (@)LE + ((5/01 dz e“TBe_ZA)LE.

Being interested in linear response and transport coefficients, we take® O = f’“’(y).
Even after these approximations calculating the local equilibrium expectation values
usually proves to be a daunting task. However we can use our starting assumption of
a small deviation from equilibrium §3, and replace the local equilibrium averages with
the global equilibrium. More precisely we replace the operator A = — i BxT3,
with the equilibrium operator —H /T, then the local equilibrium density matrix pp, g.
becomes homogeneous equilibrium distribution py = exp [—ﬁ / T} /Z, and the mean

value of the stress-energy-momentum tensor reads:

1 ~ o~ ~
T = (1 — <B)0> T o + <TW/ dz e 2H/T B /Ty
0

Using these approximations we can already write the linear response dTH" = T‘“’—T\O“ v

1 I ~
oTH = <T”V/ dz e /T BT, — (B)o T o , (5.2)
0

we do not even need to explicitly compute the equilibrium values T |y since the first
term in the right hand side has a part that simplifies with the second term. Indeed
the operator B is an integral of fp"ﬁpéﬁa, so the first term on the right hand side of

the last equation consists on the combination of integrals of:

A 1 PN -~ 1 [ PN RPN
() [dz e () ), = 3 Jau(P e 1, x0T, —
0 0

1 1
= L QT ()T (i, 0T (¢, %) T (i, 0))o = / du(T ()T (¢ + i, X))o,
B Jo B Jo

where 3 = 1/T is the inverse of the (constant) equilibrium temperature 7', and we

performed a change of variables 23 = u, and a time translation of a complex time

6We are using y here because we already used x as an integration variable in B.
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interval 7u. The last term can be rewritten in a more convenient form:

% AéU<f“V(y)pr(t + ’iu, X)>0 = % /(;élU /%107— 6T<fuv(y)fpa(7_ + ’iu, X)>0 + (53)

R EIPN -
+ ofim 2 /du(T“”(y)Tp"(T+iu,x)>o,

T——00 ﬁ 0

using the fact that correlation at infinite time distances vanishes:

lim (O, (t)Os(t + At)) = lim (O (t))(Os(t + At)),

At—o00 At—o00

and time translation invariance of the equilibrium distribution, the last term of (5.3),
once integrated following the definition of B , exactly simplifies with the last term on
the right hand side of (5.2). Furthermore the first term on the right hand side of (5.3)

can be written as a commutator of T"” components. Indeeed:

/du/dTa T“" Tp”( +iu, X)) /dT/du(? (T ()T (7 + iu, X))o =

- = [ar [P+ Boxa— T 0]

but, using the cyclic property of trace and the definition of time translation operator
T’(to) = exp [—z’toﬁ ] and equilibrium distribution py = exp [—Bﬁ] } /Zo, we have:

(T )T (r+B.x)e = tr (I ()T @B (7, x)T6B)) =

1 e R .
= —tr <e’ﬁHT“”(y)e’6HTp"(T, x)eBH) =
Zy

1 PO N
— <e*ﬁHTp0(T, X)T“"(y)) -

Zy
= (@ ()T ),

hence:
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/du/dTa (T" ()T (r + i, X)) = ;/dﬂ[f”(ﬂx),f’“’(y) Yo .

The linear response for a small deviation §3, from equilibrium, after some mathemat-

ical steps, is thus:

ST (y )—hm—/t/t s(t=) /dT/d3 T”" (1, %), T" () |)00,08, (). (5.4)

e—0 'L

These arguments can e extended to more general cases. For instance, if we take into

account conserved charges, we can start from the density matrix:

1
p—— exp —hme/ t et~ t>/ (7*6,(2) - 5@))] ,
7 e—0 o
where ¢ = p/T is a scalar function whose physical meaning is that of a point-

dependent ratio between comoving chemical potential 4 and comoving temperature

T'; the partition function here is:

Z =tr (exp [— li_r)rée/_t/dt s (t—t) /d3x (T\O”ﬁ,,(x) —T)§(:c))]> _

The global equilibrium here is 3., = (3,0) and & = By, both constant. If we consider
a four temperature perturbation like in the previous case we still get (5.4), but, due

to the richer structure, we can also treat chemical potential perturbations.



Chapter 6
Non-equilibrium inequivalence

During this chapter we will show that different pairs of stress-energy-momentum and
spin tensors {T\, S } imply different average values of physical quantities in thermody-
namical non-equilibrium situations. Most notably, transport coefficients and the total
entropy production rate, both obtained using the non-equilibrium statistical opera-
tor, are affected by the choice of tensors of the relativistic quantum field theory under

consideration?.

In order to use the Zubarev density matrix, introduced in the previous chapter, to
calculate the average values T out of equilibrium, we will start with an extension
of the method in the general case of a theory with a spin tensor and, possibly, a non
symmetric stress-energy-momentum tensor. Then we will show the effects of pseudo-
gauge transformations on the non-equilibrium density matrix, and on total entropy.
At last we will show that shear viscosity, and in general transport coefficients, depend

on the choice of microscopic tensors.

6.1 Nonequilibrium density operator

To extend the Zubarev formalism to the case of a generic couple of microscopic oper-

ators {f .S }, we start from the formula previous formula:

IThis is essentially our work in [27].

93
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exp[—?] = %exp [— liir(l]z—:/;dt st /d3X (foyﬁy(x) —}\Of(x))] . (6.1)
In the formula (6.1) the possible contribution of a spin tensor is simply disregarded;
therefore, the formula is correct only if the stress-energy tensor is the symmetrized
Belinfante one, whose associated spin tensor is vanishing. To find the appropriate
extension of the formula (6.1) with a spin tensor we will follow the same steps seen
in the last chapter to find what lack in order to have the right operator form for the

equilibrium configuration of four-temperature ,. Using the identity:

o ez—:(tft’)
b ¢

0 (Pt - e = ( ) () ~5rew).
integrating by parts and taking into account the continuity equations Qj:"” = 3;3“ =

0, the operator T in Eq. (6.1) can be rewritten as:

~

T = /d3x (fo”ﬁ,,(t',x) —A'Of(t’,x)>+li_>né /_ t;(jtes(tt/) /dSni (T\i”ﬁ,,(x) —jig(:c))

t/
— lim [ dt es(=t) / d*x (T*‘”é‘uﬁy(z) — 710, (x)) : (6.2)
At equilibrium, the right hand side should reduce to the known form, which, at least for
the most familiar form of thermodynamical equilibrium where 34 = (3,0) = (1/7,0)
with constant global® temperature T', and £°4 = p/T = const is readily recognized in
the first term setting 8 = §°1 and £ = £°%:

2In this case the local temperature 1/1/3 - 8 coincides with the global temperature.
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tl
Tea — / d’x (To”ﬁﬁq—j°£6q> +lim / dt =1 / dsS'n; (Ti”ﬁﬁq —J’Zfeq)
tl

iy [ [ (P a6 -

e—0 oo
AN ~~ t/ / AN . AN
= H/T—pQ/T +lim / dt <=1 / dSn (T”ﬁﬁq — jlfeq> +
t/
Sty [ a0 [ (Trg,00 - 0,67). (63

N
50_00

Hence, the two rightmost terms of (6.3) must vanish at equilibrium. Indeed, the
surface term is supposed to vanish through a suitable choice of the field boundary
conditions while the third term vanishes in view of the constancy of (3°¢ and £°.
However, this is not the case for the most general form of equilibrium; in the most
general form (see discussion in ref. [23]), while the scalar £° stays constant, the four-

vector (3 fulfills a Killing equation, whose solution is [1]:

B (x) = bt + wiat, (6.4)

with the four-vector 6 and the antisymmetric tensor w® constants. Therefore:

eq __ eq
0,8 = —Wiahs

which in general is non-vanishing, so that the third term on the right hand side of
Eq. (6.3) survives. For instance, for the thermodynamical equilibrium with rotation

23], the tensor w turns out to be:
wil = w/T (6,62 — 836,) (6.5)

w being the angular velocity and T the temperature measured by the inertial frame.

even for rotating equilibrium the global temperature 1/ ﬁgq. the same as the local

temperaturel/ /32, .

In order to find the appropriate generalization of the operator ?, let us plug the

formula (6.4) of general thermodynamical equilibrium into the (6.3):
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Yea :/d3 <T0”ﬁeq §eq) + hm/ dt ect=t) /dSn <T’”(beOl +weqx“) ?feq) +

/J,l/
e—0 oo

t/
+1lim [ dtestt) / dPx T+ wed (6.6)

where the 9,£°9 = 0 has been taken into account. For a symmetric stress-energy-
momentum tensor f, the last term vanishes, but if a spin tensor is present T may
have an antisymmetric part. Particularly, from the angular momentum continuity

equation:

T;u/ eq _ %(fﬂu Tuu) eq — __a S)\ nv ,ed

;u/ ;u/ ’

(6.7)

so that the last term on the right hand side of Eq. (6.6) can be rewritten as:

t/ 1 ¢ , ~
lim dt st / Px TH W = —5wp lim [ dt estt) / d*x S (6.8)

;u/

e—0 e—0 oo
e 3 e(t— t’) 8 1 Wwe ! e(t—t") Qi v
= ——w 4 hm d’x dt el willim [ dte dS n;S"H.
2 MY 50 S

The first term on the right hand side can be integrated by parts, yielding:

—awfgll_r)n d*x / dt est=t) = (6.9)
S dPx SO (¢! )Jr1 o i tldt =) [ @3x 8O (1)
= 2wW X) + jw lime 5 e X x).

Plugging the Eq. (6.9) into (6.8) and this in turn into (6.6) we obtain:
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< ~ 1
T4 = / d’*x <T°”ﬁ§q — 0 — éwﬁ‘igo’“”) +

t/
+lim [ dt es=t) [bﬁq / dSn T — £ / dSn,j

—00

9w

— —w, /dS n; (T — 2" TH + S”"”)} +
tl

—%wfﬁ, llins/oodt e=(t=t) /d3x 3\0"‘”@), (6.10)
where the surface term involving T in Eq. (6.6) has been rearranged taking advantage
of the antisymmetry of the w tensor. The surface terms in the above equations now are
manifestly the total momentum flux, the charge flux and the total angular momentum
flux through the boundary. All of these terms are supposed to vanish at thermody-
namical equilibrium through suitable conditions enforced on the field operators at the
boundary, so that the (6.10) reduces to:

= ~ “ 1
T =[x (To”ﬁﬁq—joﬁeq—?;i%‘?ov“”) +
t/

1 /
—éwzg hmz—:/ dt ea(t_t)/dgx S‘h"‘”(:p). (6.11)
e—0 o
The first term on the right hand side just gives rise to the desired form of the equi-

librium operator. For instance, for a rotating system with w as in Eq. (6.5) one has

23]:

N N 1 N N N
[ax (T - e G ) = fifT - /T - 3T

J being the total angular momentum, which is the known form [11]. Nevertheless, the
second term in Eq. (6.11) does not vanish and, thus, must be subtracted away with a
suitable modification of the definition of the T operator. The form of the unwanted

term demands the following modification of (6.1):
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1 ~
p = Eexp[—'f] = (6.12)
: ! e(t—t") 3 0w -0 1 Q0, v
= exp |- 111%5 dt e d&x (T76,(x) — 7 ¢&(x) — 58 o () |,

—00

where wy,, (7) is an antisymmetric tensor field which must reduce to the constant wy
tensor at equilibrium. It is easy to check, by tracing the previous calculations, that

the equilibrium form of T reduces to the desired form:

< - - 1
Ted — /dBX (TOVﬁeq _jOé-eq o §w2§lj‘§\0,uy) ’

as the spin tensor term in Eq. (6.11) cancels out. Therefore, the operator (6.12) is the

only possible extension of the non-equilibrium density operator with a spin tensor.

The new operator T can be worked out the same way as we have done when
obtaining Eq. (6.2) from Eq. (6.1):

~ ~ 1
T = /d3x [To”ﬁy(t',x) — 0t x) — 53\0’“”wuy(t/,x)} + (6.13)
tl
bt [t [asn {T%(az) () - ési’“"ww:)] "
1 700# ’ -~
= gt [ a0 [@x (T 0,000) + 0,00 +
T2 948(2) = 03, () + 20,0 ()] = 8 ywy (1) = 2°0,8() |
where:

T = §<TW + T T = §(T“” — T,
and the continuity equation for angular momentum has been used. The first term on
the right hand side is the new local thermodynamical term whilst the third term can
be further expanded to derive the relativistic Kubo formula of transport coefficients

(see Appendix C).
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6.2 Density operator and pseudo-gauge transfor-

mations

A natural requirement for the density operator (6.12) would be its independence of the
particular couple of stress-energy and spin tensor, because one would like the mean

value of any observable O :

0=u(p0),

to be an objective one. In ref. [28] we showed that even at thermodynamical equilib-
rium with rotation this is not the case for the components of the stress-energy and
spin tensor themselves because they change through the pseudo-gauge transformation
(1.3). However, at equilibrium, p itslef is a function of just integral quantities (to-
tal energy, angular momentum, charge) which are invariant under a transformation
(1.3) provided that boundary fluxes (1.4) vanish as it is usually assumed, so a spe-
cific observable (5, including the components of a specific stress-energy tensor, does
not change under (1.3). However, it is not obvious that this feature persists in a
non-equilibrium case, in fact we are going to show that, in general, this is not the

case.

Let us consider the operator Tin (6.12) and how it gets changed under a pseudo-
gauge transformation (1.3). It is trivial to see that a transformation involving only
the Z superpotential will typically change the density matrix changing only the spin

tensor ASMW = 9, 7M1

tl

T = Tlin% £ / dt et=1) / d*x [&2“’“ "(:1:)] Wi (T),

—c0
where we used the antisymmetry of Z. We know that the spatial integral of 6,2 O g
vanishing as long as the boundary conditions (1.4), needed to preserve the generators
of Poincaré algebra, are fulfilled. In the general case for an arbitrary w,, the non-
equilibrium density matrix will change.

A more interesting case is that of transformation with a vanishing 7 superpoten-
tial and non-vanishing (/I\J, namely the subset of pseudo-gauge transformation which

includes the Belinfante symmetrization procedure. Since the superpotential changes
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both the stress-energy-momentum tensor T and the spin tensor S , after a transfor-

mation we have:

t

1 ' ) .
T ="+ B liII(l]E/ dt == /d3X (8)\@5)‘0’”@,(30) + <I>O’Ww,w(x)) : (6.14)

—00

where, we remind:

(ﬁ)\u,u _ EI\))“’W _ EI\)%)\V _ ayv)‘“’ (615)

is antisymmetric in the first two indices. We can rewrite Eq. (6.14) as:

N R 1 ) ¢ oy o o R ,
T T = lime /_ d / dx et [ak(w B,(x)) — P03, + O wﬂ,,(a:)] (6.16)

1 # ) ‘ R ~

=3 lir%g/ dt es=t) [/ dSn; "8, (x) — /d3x ((p)‘o”’@)ﬁ,, — q)o’“”wﬂ,,(:c))} ,
E— —00

where we performed an integration by parts. Let us now write the general fields (8

and w as the sum of the equilibrium values and a perturbation, that is:

Blx) = B (x) + 65 (x) w(r) = W+ dw(z), (6.17)

and work out first the equilibrium part of the right hand side of Eq. (6.16). As

O0\(8% = —w{! one has:

t/

A~ AN 1 ’ 9 ~ (¢l =
(T = T)]eq =3 li_r)rée/ dt e==*) {/dS ni@w’”ﬁﬁqu/d?’x <<p’\0’”w)fi + CIDO’“”WZ%(:U))} =

—00

1 v , 4
= lime / dt et / dS n; V35 +

e—0 o
3 F\0v, eq o F0,\v, eq o R0 eq FO,uv, eq\ __
+/d X (<I> wy, — P wy, — OV wy, + W) =

/

1 t , ‘
=5 lime / dt e(t=1) / dsS n; g 3e4, (6.18)

e—0 oo
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where we have used the Eq. (6.15) and the antisymmetry of indices of the superpo-
tential . By using the Eq. (6.4), the last expression can be rewritten as:

lim £ / t dt e(t=1) {bﬁq / dS n; P + %wgg / dS n; (PO — g7 ")
—o0

The two surface integrals above are the additional four-momentum and the additional

total angular momentum in the operator sense, after having made a pseudo-gauge

transformation with a vanishing Z superpotential. If the boundary conditions ensure

that the momentum and total angular momentum fluxes vanish (in order to have

conserved energy and momentum operators) for any couple (f , §) of tensors, then

the two fluxes in the above equations must vanish. Therefore, we can conclude that:

T,|eq = ?|eq-

Now, let us focus on the non-equilibrium perturbation of the T operator.

t/

~ ~ 1 / ;
(T =) |non—eq = 5 lime / dt es(t=1) [ / dS n; V63, + (6.19)

—00

- / d*x P 0N63, — <AI>0’W5wW] =

1 v , .
= 5hmg / dt es(t=1) { / dSn; 10V 5,+

e—0 —00

_ / d3X (6>\,OV o EI\)O,)\V _ EI\)V,AO)aA(SﬁV _ ao,uyéwuy] —

1 v , .
= 5hmg / dt e#t=1) { / dSn; 10V 5,+

e—0 —00

- / dPx DM (9568, + 0,003) — DO (%(amy — 9,60\ + 5%)} :

where the dependence of §3 and dw on x is now understood. It can be seen that
it is impossible to make this difference vanishing in general. One can get rid of the

surface term by choosing a perturbation which vanishes at the boundary and the last
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term by locking the perturbation of the tensor w to that of the inverse temperature

four-vector:

1
dwyy(x) = —5(6,\5@,(:5) — 0,00 (x)), (6.20)
but it is impossible to cancel out the term:

/

t
o = —% lim & / dt e==*) / d3x OM(9\63, () + 0,08 (), (6.21)

N
e—0 o

unless in special cases, e.g. when the tensor d is also antisymmetric in the first two
indices. Using the same arguments it is possible to prove that the density matrix will

change in the most general case of peudogauge transformations (1.3).

We have thus come to the conclusion that the non-equilibrium density operator
does depend, in general, on the particular choice of stress-energy and spin tensor of the
quantum field theory under consideration. Therefeore, the mean value of any observ-
able in a non-equilibrium situation shall depend on that choice. It is worth stressing
that this is a much deeper dependence on the particular stress-energy and spin tensor
than what we showed in chapter (2) for thermodynamical equilibrium with rotation.
Therein, mean values of the angular momentum densities and momentum densities
were found to be dependent on the pseudo-gauge transformation because the relevant
quantum operators could be varied, but not because the density operator p was de-
pendent thereupon. In fact, at non-equilibrium, even p varies under a transformation
(1.3). Note that, in principle, even the mean values of the total energy and momentum
could be dependent on the quantum stress-energy tensor choice although boundary
conditions ensure, as we have assumed, that the total energy and momentum opera-
tors are invariant under a pseudogauge transformation. This happens, again, because

the density operator is not invariant under (1.3). In formula:

tr(p' P™) = te(5' ") # te(pP").

It must be pointed out that the variation of the Zubarev non-equilibrium density
operator (6.21) depends on the gradients of the four-temperature field and it can be
thus a small one if we are close to thermodynamical equilibrium. In the next Section

we will show in more details how the mean values of observables change under a small
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change of the nonequilibrium density operator, or, in other words, when the system

is close to thermodynamical equilibrium.

6.3 Variation of mean values and linear response

We will first study the general dependence of the mean value of an observable O on the
spin tensor by denoting by 57 the supposedly small variation, under a transformation
of the operator T. Henceforth, we will consider only the subset of pseudo-gauge
transformations with a vanishing Z term, since using the most general transformation
would result in complicating the mathematics only, without changing the results.

The variation 0T can be cither the one in Eq. (6.21) or the more general (only
bulk terms) in Eq. (6.19). In formula:

tr(p0) = %tr(exp[—?']@) = %tr(exp[—T — §7]0), (6.22)

being Z' = tr(exp[—T — 07]). We can expand in §T at the first order (Zassenhaus

formula):

7'~ 7 —tr (exp[—f]5?> (6.23)

A~ A~ A~

tr (exp[—T - 5T](’)> ~ tr (exp[—?](] — 6T + %[?, 5T — é[?, [T, 07 + .. )(5) ,

hence, denoting by (.) = tr(7.), at the first order in 07:

A~ o~

tr(70) = (O ~ <6>(1+<5?>)—<65?>+%<ﬁ,5?]@— (I, [, 67)]O)+. .. (6.24)

=

which makes manifest the dependence of the mean value on the choice of the super-
potential .

As has been mentioned, close to thermodynamical equilibrium, the operator 5Y is
“small” and one can write an expansion of the mean value of the observable O in the
gradients of the four-temperature field, according to relativistic linear response theory
[33]. This method, just based on Zubarev’s nonequilibrium density operator method,
allows to calculate the variation between the actual mean value of an operator and

its value at local thermodynamical equilibrium for small deviations from it. In fact,
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it can be seen from Eq. (6.21) that the operator 5?, from the linear response theory
viewpoint, is an additional perturbation in the derivative of the four-temperature field
and therefore the difference between actual mean values at first order turns out be

(see Appendix C for reference):

A(O) ~ —lim Z t dt =) /i?’x <[(f>)"0”(x), (7)\])0(8,\5@(26) + 0,00:\(x)), (6.25)

e—0 21 oo

where (...)o stands for the expectation value calculated with the equilibrium density

operator, that is:

o= - expl= /T + Q)T (6.26)

Since tr(po[@M, O)) = tr(PM[O, py]) the right hand side of (6.25) vanishes for all
quantities commutating with the equilibrium density operator, notably total energy,
momentum and angular momentum. Nevertheless, in principle, even the mean values
of the conserved quantities are affected by the choice of a specific quantum stress-
energy tensor, though at the second order in the perturbation 0.

We now set out to study the effect of a pseudo-gauge transformation on the total

entropy. In non-equilibrium conditions, entropy is usually defined as [11]:

S = —tr(ﬁLE 10g ﬁLE)a (627)

where prg is the local thermodynamical equilibrium operator, namely:

exp[— [ dx (T%f,(2) = 7°6(@) = 18" w,(a) )]
rexpl— [ d*x (T3, (x) = °¢(x) = 18", (2)))

~

pLE(t) =

, (6.28)

which - as emphasized in the above equation - is explicitely dependent on time, unlike
the Zubarev stationary nonequilibrium density operator (6.12); of course the time
dependence is crucial to make entropy increasing in nonequilibrium situation. In order
to study the effect of pseudo-gauge transformations on the entropy it is convenient to

define:
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Tip = / d*x (fowy(z) —%¢(z) — %@#vww(x)) : (6.29)

for which it can be shown that, with calculations similar to those in the previous

section, the variation induced by the transformation is:

~ 1 .
- / d*x {@vovwm +8,80,) — @O (%(axwy — 9,008\) + 5%)} } .

As has been mentioned, it is possible to get rid of the first and last term through a

suitable choice of the perturbations, but not all of them.

Since 5?LE is a small term compared to ?LE we can determine the variation of
the entropy (6.27). First, we observe that, expanding the trace in 5?LE at first order
(see also Eq. (6.23):

Zig =tr (exp[—?LE — 5?LE]> ~ tr (exp[—?LE](I — cﬁ\”LE)) =

= Zip(1 — (6T1p)5),

where () stands for the averaging with the original ?LE local equilibrium operator.

Hence, the new entropy reads:

1 ~ ~ ~ ~
S = ——tr <6Xp[_TLE — 6 e|(Tie + 5TLE)) + log Zi g =~
ZLE
1 ~ ~ ~ ~ ~
LE
+log Z1g + log(l — <5TLE>Y~)- (6.31)

We can now further expand the exponentials as we have done in Eq. (6.23). First:
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~ ~ ~ ~ ~ 1 ~ ~
tr (eXp[—TLE — 5TLE]TLE> ~ {r <6Xp[—TLE]<[ — 5TLE + é[TLE’ 5TLE]+

1 ~ o~ . .
_B[TLEa [TLE> 5TLE]] + .. -)TLE> =

= tr(exp[—?LE]?LE) — tr(exp[—?LE]cS?LE ’YLE) =

= ZLE<YLE>? — Zip(0T e ?LE>~Y~, (6.32)

where, in the second equality, we have taken advantage of commutativity and ciclicity
of the trace. Then:

~ ~ o~ . R R

tr (eXp[—TLE — 5TLE]5TLE> ~ tr <exp[—TLE](] — 01 + §[TLE, 5T e+
1 = = ~ .

_B[TLEa [TLEy 5TLE]] + .. )5TLE)

~ tr(exp[—TLE]é?LE) == ZLE<5’YLE>'Y‘7 (633)

keeping only first order terms. Thus, Eq. (6.31) can be rewritten as:

1 R R PN _
S~ Z—(l + (0T 1E)y) tr (exp[—TLE — 0 1E)(Yee + 5TLE)) +
LE

+log Zig + log(1 — <5TLE>Y) ~

12

1 N . PO N
7 (1+(6Yrr)5) <ZLE<TLE>Y- — Z1e(0 e Yig)5 + ZLE<5TLE>~?) +
LE

+log Zig + log(1 — (5?LE>$) ~

= (1+ <5?LE>f) (<?LE>T - <5’YLE ’YLE>T + <5?LE>Y> +
+1og Zug + log(1 — (6T Lr)g). (6.34)
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Retaining only the first order terms in 5?LE, expanding the logarithm for (5?LE>LE <

1 and inserting the original expression of entropy:

Therefore, the variation of the total entropy is, to the lowest order, proportional
to the correlation between T and 5?, which is generally non-vanishing. It is now a
sensible physical question to ask where does this variation arise. Indeed, this variation
stems from the variation of transport coefficients, which affect the entropy production
rate, hence its total amount. We have seen in the last chapter the link between the
stress-energy-momentum tensor and transport coefficients and how to calculate them
studying the linear response. We can thus see the difference in transport coefficients

using the modified Zubarev density matrix (6.12).

6.4 Transport coefficients: shear viscosity as an ex-

ample

In this section we will prove that a transformation on the microscopic tensors results
in a difference in the predicted values of transport coefficients calculated with the
relativistic Kubo formula, which is obtained by working out the mean value of the
stress-energy tensor itself with the linear response theory and the nonequilibrium den-
sity operator in Eq. (6.1). For this purpose, the derivation in ref. [33] must be extended
to the most general expression of the nonequilibrium density operator including a spin
tensor, that is, Eq. (6.12); it can be found in Appendix C.

The equation (6.25), yielding the difference of mean values of a general observable
under pseudogauge transformations, cannot be straightforwardly used to calculate
the mean value of the stress-energy tensor setting O=T #(y) because f“”(y) gets
transformed itself. It is therefore more convenient to work out the general expression
of the Kubo formula and study how it is modified by transformations thereafter.

We will take shear viscosity as example, the transformation of other transport
coefficients being derivable with the same reasoning. As we have shown, the symmetric
part of the, macroscopic, stress-energy-momeum tensor has the same structure for

systems with or without internal angular momentum, including the shear stress part
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and shear viscosity.

For the symmetric part of the stress-energy tensor T* = 1/2(T* + T"*), using
the general formula of relativistic linear response theory (Eq. C.14 of Appendix C),
the difference 0T (y) between actual mean value and the equilibrium value reads, at

the lowest order in gradients:

t/ _ et . .
) =t [ [@x ([T @) D)o (630

e—0 9 00 £
1. T v (t—t') 3 0 7,
~3 hII(l] — dt e° d’x <[S P9 (), TS‘“’(y)} )00W,e ()
e—0 7 0o
1. T (" [ - 0
—3 lin(1]7 dt et )/ dT/d3X <[§O’p"(r, x),TS“”(y)])Oaéw,}U(m).

In order to obtain transport coefficients, a suitable perturbation must be chosen which
can be eventually taken out from the integral. Physically, it corresponds to the en-
forcement of a particular hydrodynamical motion and observe the response in the
stress-energy tensor to infer the dissipative coefficient. The perturbation 63 is taken
to be a stationary one and non-vanishing only within a finite region V', at whose
boundary it goes to zero in a continuous and derivable fashion. The perturbation dw
is also taken to be stationary and it can be chosen either to vanish or like in Eq. (6.20);

in both cases, one gets to the same final result.

Let us then set 0w = 0 and expand the perturbation 3 = (0,0, §5-3,0) dependent
on x! in a Fourier series (it vanishes at some large, yet finite boundary). Since we
want the higher order gradients of the perturbation to be negligibly small (the so-
called hydrodynamic limit), the Fourier components with short wavelength must be
correspondingly suppressed. The component with the longest wavelength will then be
much larger than any other and, therefore, §3 - f(x) can be approximately written,
at least far from the boundary, as Asin(mwz!'/L) where L is the size of the region V in

the 2! direction and A is a constant. The derivative of this perturbation reads:

01002(x) = %A cos(mz' /L) = 01065(0) cos(mz' /L) = 0,832(0) cos(kx'),

where k = w/L. Therefore, by defining k = (k,0,0) and plugging the last equation in
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Eq. (6.36):

T Vo] est=t) N N
ST (y) = limy —106:(0) / dt ——— /d3x cosk.x<[T12(x),TSW(y)}>O

\%

t ¢

1 — es(t=t) 4 ~ ~

=1im T;4%(0) I / dt ——— /d3x ezk-X<[T12(a;),T;y(y)bo, (6.37)
e —00 1%

taking into account that the commutator is purely imaginary. To extract shear vis-

cosity we have to evaluate the stress-energy tensor in y = 0 to make it proportional

to the derivative of the four-temperature field in the same point and we have to take

the limit L — oo which implies V' — oo and k — 0 at the same time:

STH (t,,0) = (6.38)

e—0k—0

_ 8(t t') ) R R
= lim lim 7 0,0032(0 Im/ dt /d3x eZk'X<[T12(a:),TS“”(ty,O) Yo,

where it has been assumed that the integration domain goes to its thermodynamic
limit independently of the integrand. Because of the time-translation symmetry of
the equilibrium density operator py, the mean value in the integral only depends on
the time difference ¢ — t,. Thus, choosing the arbitrary time ¢’ = ¢, and redefining

the integration variables, the Eq. (6.38) can be rewritten as:

STH (t,,0) = (6.39)

e—=0k—0 £

_ et
= lim lim 7 0,40,(0 Im/ dt 1-e /d3x elkx<[T12( ), T (0) |)o,

which shows that the mean value §7/*(t,,0) is indeed independent of t,, which is

expected as §/ is stationary.

We can now take advantage of the well known Curie symmetry “principle” which
states that tensors belonging to some irreducible representation of the rotation group

will only respond to perturbations belonging to the same representation and with
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3. In our case the Curie principle implies that only the same

the same components
component of the symmetric part of the stress-energy tensor, i.e. f%?, will give a

non-vanishing value:

ST (t,,0) = (6.40)
0 1 — eat ] - -
= 111’% ll(lné T 61552<0) Im/ dt - / d3X elk-x< |:T512(.T), Tsl2<0)] >0.

From the above expression, a Kubo formula for shear viscosity can be extracted setting

0p = (1/T)ou:

0 1 — et ) R R
p=lmlim Im [ dt — / dx elk"‘([TlZ(x),TlZ(O) Vo, (6.41)

e—0k—0 e €
which, after a little algebra, can be shown to be the same expression obtained in
ref. [33]. Because of the rotational invariance of the equilibrium density operator,
shear viscosity is independent of the particular couple (1,2) of chosen indices. It is
worth pointing out that if we started from Eq. (C.15) instead of Eq. (C.14), choosing
dw = 0 or like in Eq. (6.20), we would have come to the same formula for shear
viscosity; in the latter case, the third contributing term in Eq. (C.15) would have
been of higher order in derivatives of 63, hence negligible.

Now, the question we want to answer is whether the equation (6.41) is invariant by
a pseudo-gauge transformation, which turns the symmetric part of thestress-energy

tensor into:

~ ~ ]_ o - - =
T =T = SOA(@"Y + &V = T — 0,2, (6.42)

where:

1 ~ ~ ~
S (@ 4 @rh) = 2, (6.43)

A~

—_—
—

—

being symmetric in the last two indicess. We will study the effect of the transfor-

mation on the mean value of the stress-energy tensor in the point y = 0 starting from

3This is true provided that the right hand side of Eq. (6.39) is a continuous function of k for
k = 0 or that its limit for k — 0 exists, i.e. it is independent of the direction of k
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the formula Eq. (C.15) instead of Eq. (C.14) with dw = 0 or like in Eq. (6.20), which
allows us to retain only the first contributing term to §74%(0). The perturbation d3 is
taken to be stationary and t’ is set to be equal to t, = 0. Eventually,the appropriate

limits will be calculated to get the new shear viscosity. Thus:

l_eET

S

0
ST.2(0) = 6T2(0) + lim [ dr / d3X<[8aEa12(T, x),agam(o,o)])o X

X (D1035(X) + BaB1 (x)) + (6.44)

0
1 _ ET
—lim [ dr ¢

e—0 |

€

/13x(< [aaéam(f, x), T12(0, 0)} Yo + ( [im(f, x), 8, 2012 (0, 0)} >0) x
3 (01055 (%) + D61 (x)).

We can simplify the above formula by noting that the mean value of two operators at

equilibrium can oly depend on the difference of the coordinates, so:

([610):0,0:()]10 = 522 ([61. €]ty ) = = 5-([61. O]ty - o),

hence, the Eq. (6.44) can be rewritten as:

ST.2(0) = 6T12(0) + (6.45)
. 0 1 —e7 3 0 Sal12 =512
~lim [ ar / d*x { o [: (7, %), E712(0, o)} Yo (O1032(x) + 9wdB1(x)) +

+a% (¢[E12(m. %), T22(0,0) | yo — ([ T22(7, %), E212(0,0) | o ) (910% (x) + agamxn} |

We are now going to inspect the two terms on the right-hand side of the above

equation. If the hamiltonian is time-reversal invariant, it can be shown (see Appendix
D):
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where ng is the total number of time indices among those in the above expression.

Similarly, if the hamiltonian is parity invariant, then:

(297, =0, 75(0,0) | Jo = (1) (|22 (7, %), T7(0,0) | o,

where n; is the total number of space indices. Using the last two equations, the (6.45)

becomes:
ST 12(0) = 6T12(0) + (6.46)
0 1 — e°7 82 . .
~lim [ a7 Ee /V dx { e [EM?(T, x), 29120, 0)} Yo(D1032(x) + D51 (%)) +
42 %( [EW(T, x), T12(0, 0)] Vo (01862 (%) + Badr (x))} .

The two terms on the right hand side of (6.45) can be worked out separately. Using

invariance by time-reversal and parity, one has:

(29, %),279(0,0)[)o = (=1)™( |279(0,0), 2 (7, )| )o =

(=1 B9 (7,20, 29(0,0) )0 = (1) (|27 %), 29(0.0) o =

= <[§Bij<7.’ x), gaz’j@’ O)} Yo, (6.47)

being ng + ns = 6. Hence, the first term on the right hand side of (6.45) can be

decomposed as:

. 0 1—e" =0i4 =0i4 0 Skii =0i7
—l{% _(307 . /Vd3x (83([:(”(7',)(),:0](0,0) )0+28T%( =M (7, x),2%(0,0)|)o
2 i<[§’ﬂ‘]‘(7 x),219(0,0) o ) (9363 (x) + 0;00:(x)) (6.48)
axk al_l 9 Y Y K3 J J (3 Y

and, similarly, the second term as:
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0 1 _ ee7 = R
-2 }:ILHO 7307- ge [/d3x <aT<|:5012(7_’ X),T512(0,0):| >O+
oD (B2 %), T22(0,0)] (@) + <x>>) C (649)

All terms in Eqgs. (6.48) and (6.49) with a space derivative do not yield any contribution
to first-order transport coefficients. This can be shown by, firstly, integrating by
parts and generating two terms, one of which is a total derivative and the second
involves the second derivative of the perturbation 3. The total derivative term can
be transformed into a surface integral on the boundary of V' which vanishes because
therein the perturbation 00 is supposed to vanish along with all of its derivatives
(see previous discussion). The second term, involving higher derivatives, does not
give contribution to transport coefficients at first order in the derivative expansion.
Therefore, the Eq. (6.46) turns into:

ST.12(0) = 6T12(0) +

0 1 — ef7 . R
i [ ar 2 / @ %[22 (. %), 22(0,0) ] )o(01 a(x) + 0o ()
e —00 14
0 1 — ef7 - N
—2lim [ dr Ee / d*x 0. ( [5012(7, x), T.%(0, 0)] )0(01002(x) + 92061(x)) +
e~ —00 |4
+0(0*63), (6.50)

which can be further integrated by parts in the time 7, yielding:

OT.**(0) = 6T,*(0) +
0
“tim [ dr (5(r) — 2eT) /
e—0 —00 14

&x ( [§012(T, x), E12(0, o)] Yo (0103 (x) + DadB1(x))

T / d3x<[éou(T,x),iu(O,O)})0(31552@()+825ﬁ1(x))+
\4

—
=0/

+0(9%5p), (6.51)
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provided that, for general space-time dependent operators @1 and O,

lim d?x e"7 0, ( [@1 (1,%), @2(07 0)} Yo =0

T—o—o0 [y
lim [ d®x ™7 [61(7, x), O5(0, 0)} Yo = 0,
T——00 [y
with n = 0, 1, which is reasonable because thermodynamical correlations are expected

to vanish exponentially as a function of time for fixed points in space *.

From Eq. (6.51) the variation of the shear viscosity can be inferred with the very

same reasoning that led us to formula (6.41), that is:

An=n'—n=
0
= ~limlim Tm [ dr (5(r) - ee”) / d*x eM([EOH(T, x),Em(o,o)po +
0
~21lim lim I dre“:/}ﬁxeﬂw%[EM2@;x%1§2aL0ﬂ>@ (6.52)

If the first integral is regular, then the ¢ — 0 limit kills one term and the (6.52)

reduces to:

An=n—n=
= — ]lgirr(l] d*x coska'( [2012 (0,x), 2%2(0, 0)] )0
=0 Jy

0
—21lim lim Im dr e”/dgx eikxl<[5012(7', X),T;Z(O,O)])O. (6.53)

e—0k—0

—00

In general, this difference is non-vanishing. Therefore, the existence of a spin tensor

in the underlying quantum field theory affects the transport coefficients.

4There might be singularities on the light cone, however for fixed x and 0 and integration over a
finite region V', in the limit 7 — —oo light cone is not involved



6.5. DISCUSSION 115

6.5 Discussion

It is important to stress that the dependence of the transport coefficients on the par-
ticular set of stress-energy and spin tensor of the theory is physically meaningful. This
means that the variation of some coefficient is not compensated by a corresponding
variation of another coefficient so as to eventually leave measurable quantities un-
changed. This has been proved in Sect. 6.3 where we showed that total entropy itself
undergoes a variation under a transformation of the stress-energy and spin tensor (see
Eq. (6.35).

A second question is whether at least one specific physical system exists for which
the transformation (1.3) actually leads to different values for e.g. transport coefficients
or other quantities in non-equilibrium situations. We do not carry out full calcula-
tions, however we provide some general considerations about a specific instance, spinor

electrodynamics.

Starting from the symmetrized gauge-invariant Belinfante tensor, having S =0:

T = i <\I,,yuv“\1, + \I,,yuv“\l,) + Y P 4 ig“”FQ (6.54)

where V,, = 0, — ieA, is the gauge covariant derivative, one can generate other
stress-energy tensors with suitable gauge-invariant rank three tensors and then setting
® = —& where & is the new spin tensor, having thus a vanishing Z term. One of

the best known is the canonical Dirac spin tensor:

D= T e
({ } stands for anticommutator) which is gauge-invariant and transforms the Belin-
fante tensor (6.54) back to the canonical one obtained from the spinor electrodynamics
lagrangian (see also [28] for a detailed discussion). However, this is totally antysim-
metric in the three indices A, p, v and thus the variation of Y operator (see Eq. (6.21)
as well as transport coefficients, which depend on the symmetrized = tensor (6.43)

vanish.

Nevertheless, other gauge-invariant d-like tensors can be found. For instance, one

could add a superpotential like:
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(we have purposely restored natural constants) which is gauge invariant and which
gives rise to a non-vanishing variation of the symmetrized tensor = (6.43), thus a
variation of thermodynamics. It is also interesting to note that the “improved”
stress-energy tensor by Callan, Coleman and Jackiw [34] with renormalizable ma-
trix elements at all orders of perturbation theory, is obtained from the Belinfante’s
symmetrized one in Eq. (6.54) with a transformation of the kind (1.3) setting (for the

Dirac field and vanishing constants [34]):

Z\aA,uV — _% (gaug)\u o gozug)\u) W\I/

and requiring S’ =8 =0 so that P} = 8a2aA’“”, hence:

~ 1 —
P = —= (g0 = gM") W
2w = L@

~ 1 1 —
5 LAV 4 (I)V’A#) — _6 g,ul/a)\ o §<g)\u8,u + g)\,ual/> AV

~ ~ ~ ~ 1 —
T =T = OEW =T 4 <(¢"0 = 9"9") IV

which is just the improved stress-energy tensor [34].

It is likely (to be verified though) that the aforementioned modified stress-energy
tensors imply a different thermodynamics with respect to the original Belinfante sym-
metrized tensor. More in general, once the implied different values of e.g. transport
coefficients are theoretically calculated and known, it is possible, at least in principle,
to pin them down with a suitably designed thermodynamics experiment and thus
confirm or disprove a particular stress-energy tensor.

In order to have an order of magnitude estimate, we could consider as a superpo-
tential for (6.54) the operator®:

~ 1 — —V PN
P = ([V“,’N v - [ VM) v,

5This amounts to the gauge-invariant version of the one used in ref. [1] to obtain a conserved
spin current
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therefore the symmetric part that provide a different shear viscosity after the trans-

formation reads:

S _ ﬁ@ (h,\’ 7“} %V N hxﬁu] eu) T
Noting that the structure of the above tensor is very similar to the Belinfante stress-
energy tensor itself (6.54), it is not difficult to find a rough estimate of the variation
of shear viscosity induced by the transformation. If we look at (6.53) we note that
2912 mainly differs from 7'2 in (6.54) by the factor 1/m. The physical dimension of
the superpotential is that of a stress-energy-momentum tensor multiplied by a time,
and therefore this term must be of the order of nfi/mc*t where 7 is the microscopic
correlation time scale of the original stress-energy-momentum tensor or the collisional
time scale in the kinetic language and 7 the shear viscosity obtained from the original

tensor. Thus, the expected relative variation of shear viscosity in this case is of the

A h
70 (e)
n mect

which is (as it could have been expected) a quantum relativistic correction governed

order:

by the ratio (A./c)/7T being \. the Compton wavelength. For the electron, the ratio
(Ae & 1072! sec, which is a very small time scale compared to the usual kinetic time

scales, yet it could be detectable for particular systems with very low shear viscosity.
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Chapter 7
Conclusions

In this work we have studied the effect of changing the pairs of fundamental stress-
energy-momentum and spin tensor {f, S } with another one linked by a pseudo-gauge
transformation {T\’ ,3\’ }. Despite the common belief that such pairs are physically
equivalent, or at least that only gravitational effects can distinguish between them,
we found that they are in fact inequivalent, both for system at thermodynamical

equilibrium and transport coefficients.

We have seen that his inequivalence is strongly linked with the symmetries of the
state of the system, which we use to take mean values and to find the macroscopic,
classical, tensors {7, S}. Even though a system at homogeneous equilibrium have the
same mean values for every pair of fundamental tensors, being it canonical or grand
canonical global equilibrium. The looser symmetry of a rigidly rotating system allows

to see the inequivalence.

Besides in chapter 6 we have seen that a pseudo-gauge transformation change the
value of transport coefficients, even for a system arbitrarily close to homogeneous
equilibrium, which does not show inequivalence in mean densities. Farther, this dif-
ference can not be compensated by a variation in other coefficients in order to leave
observable quantities unchanged, as the entropy itself change (out of equilibrium) if

we change the couple of fundamental tensors.

For the time being we lack a theoretical way to identify the right pair of tensors,
but could prove if a couple is wrong with high precision measurements, for instance,

of angular momentum density and transport coefficients.

119
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In both cases we have seen that the difference is a small quantum effect but is not,
in principle, out of the range of possible experimental investigations. The greatest
difficulties in developing possible tests lie in the calculations of the effects in relevant
cases. The explicit calculation in chapter 3 was for a very ideal case. In cold gas
experiments it is possible to reach very low temperatures, and thus a ratio hw/KT of
the order of a few precent, but mutual interactions of particles and interactions with
external fields (trapping the atoms in a spatial region) have to be taken into account.
Regarding transport coefficients, quark gluon plasma has a very low viscosity, making
it an interesting candidate for a shear viscosity tests, but it may prove necessary to
take into account the high external magnetic fields produced in peripheral heavy ion
collisions. These strong magnetic fields, providing a privileged direction, break the

isotropy assumption thus requiring a more general framework.



Appendix A

Creation and destruction

operators, average

We follow the argument used in [1]. The aim is to calculate:
tr (palaw)
with p given by eq. (2.27). For this purpose we define, with §=1/T"
al(3) = e—ﬁ(ﬁ—wf—u@)aileﬁ(ﬁ—wf—u@) (A1)

and similarly for ay, b, and bl,. Now, from the above equation one can readily check
that:

dal ~ ~ ~
) — (ah(3), 7 - w0 — Q) (A2
and, since:
[H,d}] =cdl,  [J,a}] = Mal,  [Q,af] = qaf,

one readily obtains that eq. (A.2) is equivalent to:

Oal,(8)
op

which is solved by, being a/,(0) = a, :

= (=& 4+ Mw + pq)al,(B)
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al(B) = afe e Memna) (A3)
We can now write:
tr (palaw) = tr <ﬁaLeﬁ(ﬁ_“‘7_“@e_ﬁ(ﬁ_“j_“@an/) =
— i <efﬁ(ﬁ+wf*u@)an, pal eﬁ(ﬁ*wﬂu@)) -

— itr (e—ﬁ(ﬁ—wf—u@)an/ Py e—ﬁ(ﬁ—wJ—;@)af eﬁ(ﬁ—wJ—MQ)) o

1 o~ ~ ~
_ Z_tr (PV e—ﬁ(H—wJ—MQ)an/ aI}(ﬁ)) = tr (ﬁan/a:rl<ﬁ)) ,

where we have used the ciclicity of the trace, the definition of p in eq. (2.27), the
commutation relations with the volume projector Py, and the eq (A.1). It should be
pointed out that the ciclicity of the trace can be used safely because a complete set of
states for the cylinder with finite radius can be constructed with eigenvectors of the

operators H ,j; and @ By using eq. (A.3) and the anticommutation relation (3.22),
the above equation can also be written as:

tr (palaw) = tr(Pawa(B)) = tr (pawal,) e e Memra) =
= (—tl" (ﬁa’La'n’) + 5nn’) e—ﬁ(a—Mw—uq)’

whence:

5nn’
efle—Mw—pq) 4 1°

tr (palaw) =

The above method can be used for the calculation of other bilinear combinations of

creation and destruction operators, leading to the equalities reported in eq. (3.28).



Appendix B

General form of the entropy

current

Here we will present the formula for entropy current we use to introduce transport

coefficients for a generic stress-energy tensor. We will follow mainly [23], while we

) |

Without loss of generality, we can call @ the z (or 3) axis and write the exponent using

disregard charge currents for mathematical ease.

The global equilibrium density matrix reads, if we consider rotations:

~ ~

H w-J

the stress-energy-momentum and spin tensors, understanding the position dependence

of operators:
CH w1 g L[l (6562 — 5502) (xﬂfof/ — T + 3‘0’“”) =
T T 2 wv VR

[ (f%(x) - é‘@’“ﬁwam)) ,

where = 1/T(1,w X x) is the four temperature of the rigidly rotating system,
and wy, = w/T (5&53 — 5$5§). Calling d>* the space-like hyper-surface element of

the three dimensional space (embedded in Minkowski space-time), the last equation
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reads:

N[

T . 1 4
+ "’T = - / dx, (T’“’ﬁy - 5%55%@5) .

Total entropy S thus reads:

S=—tr(plnp)=InZ+ /dZM {T“”(:p)ﬁy(x) — %S“’aﬁ(:p)wag(x)} .

For an entropy current to exist in relativistic thermodynamics the logarithm of the
partition function must be written as an integral over the same hypersurface of a

vector eld, hereby defined as the thermodynamic potential current:

InZ = /dzﬂ o,

so that the entropy current reads:

st(x) = ¢H(x) + T (x) B, (x) — %S“’aﬁ(:p)wag(:p). (B.1)

The last formula holds for rotating equilibrium, it naturally holds for vanishing angular
velocity w and, as reported in [23], can be extended to a more general class of thermo-
dynamical equilibrium. The equilibrium relation between w,, and four-temperature
is still wy,, = —1/20),0,). The interpretation of the thermodynamic potential current
¢! is not yet clear in the most general case but corresponds to pressure times four
temeprature ¢* = p* for homogeneous (non-rotating) equilibrium.

In relativistic Navier-Stokes theory it is assumed that equilibrium thermodynamic
relations even hold if the system is out of equilibrium. So we will use (B.1) as a general
form of entropy current, though the relation between w,, and four-temperature out

of equilibrium is unclear.



Appendix C

Linear response theory with spin

tensor

We extend the relativistic linear response theory in the Zubarev’s approach to the
case of a non-vanishing spin tensor. The (stationary) nonequilibrium density opera-
tor is the one in Eq. (6.12), with T expanded as in Eq. (6.13). As has been shown in
Sect. 6.1, at equilibrium only the first term of the T operator survives in Eq. (6.13);
therefore, one can rewrite that equation using the perturbations 03, 6§ and dw which
are defined as the difference between the actual value and their value at thermody-

namical equilibrium:

~ ~ ~ 1
T = /d3X {To”ﬁy(t',x) — jof(t',x) — 53\0’“”ww(t',x)}
¢

/ ) . . 1 N
+lim [ dt et / dS n; [T“’éﬁy(:p) — j6&(x) — 58“‘”5%(@}

e—0 oo

t/
—%nn}) dt / d3x et {TSW [8M5ﬁy(x) +8M55V(x)] +
T [ 0,06,() = 0,08,(x) + 20w (2)] +
=SB ) — 270,06 () } (C.1)
where it is henceforth understood that = = (¢, x).

In fact, we will use a rearrangement of the right-hand-side expression which is more
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convenient if one wants to work with an unspecified, yet small, dw. Therefore, the

above equation is rewritten as:

~ ~ ~ 1
T = /d3x (Toyﬁ,,(t',x) — 7, x) — 53\0’“’@“,,@',){))
¢

— lim [ dt eE(t‘t')% /d3x (fo’“c?ﬁu(x) - %go’“”éwuu(x) —3055@)) (C.2)

e—0 oo

what it can be easily obtained from Eq. (6.12) integrating by parts in time.

For the sake of simplicity we calculate the linear response with £, = 6§ = 0, but
it can be shown that our final expressions hold for &, # 0 (in other words with a

non-vanishing chemical potential p # 0). Let us now define:

—~ ~ 1
A=— /d3x (Toyﬁy(t',x) — 53\0’“’@“,,@',)()) ,

and:
fay t/ ’ 8 i 1 /\0
B=1lim [ dte1) = / d*x <T0”5ﬁy(x) - =S ’W&uw(x)) :
e—0 J_ ot 2
so that:
5= Lexp|—T] = ~ explA + B (C.3)
p= 7 exp = exp , )

with Z = trexp[A + B].
The operator B is the small term in which p will be expanded, according to the
linear response theory. It can can be rewritten in a way which will be useful later on.

Since:

[ex gt me = [@xo, (f7w 6,0) - [ExaT @) -

— [ Ex P @ame) - [ a8 il (@) 5, )

ov

then:
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/
~

¢
B=lim [ dtet ) /dgx (T’Wﬁuéﬁy(x)

e—=0 [

10

- 55 (Swéww(x))) - /8 ds 2T () 86, ().

The perturbation §5 must be chosen such that §3|s = 0 so that only the bulk term

survives in the above equation:

tl

B = lim dt et /d3X (f’wauéﬁu(ff) -

e—0 |

DO | =

% <§O’W5ww(:p))) L (Ca)

[e o]

At the lowest order in B:

Z =tr (eg+§> ~ tr (eK [1+§D =71k (1+(§>LE> = % ~ ZLLE (1—<§>LE> , (C.5)

and:

o 1 T - 1 S T
A+B _ [1 +/ dz ez(A+B)BezA:| oA~ {1 +/ dz ezABezA:| A (C.6)
0 0

where the subscript LE stands for Local Equilibrium and implies the calculation of
mean values with the local equilibrium density operator, that is prg = e®/tr(e?).

Thereby, putting together (C.5) and (C.6) and retaining only first-order terms in B:

1 ~ o~
p (1 - <B>LE) PLE +/ dz e Be *pip,
0

hence the mean value of an operator @(y) becomes:

O = (1= (Blus) Oue + O) [ @z eFBe=u (€1

Let us focus on the last term, which, by virtue of (C.4), contains expressions of this

sort:
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~ —~

(O@@)X'(z,t, %)) = (O(2)e X (t,x)e *)1p,
where X is a general notation for components of either T or S or 80§ . From the

identity:

t

(O(y)X'(2,t,%))15 = / dr (O(y)0, X' (2, 7, x))is + lim (O(y)X'(z,7,%))1s,

T——00
—00

and the observation that correlations vanish for very distant times, one obtains:

t

(O(y)X'(2,t,%))1x =/ dr(O()9, X' (z,7.%))e + lim (O(y))1s(X(1,%))15, (C.8)

T——00
—00

-~ -~

where we have also taken advantage of the commutation between exp[A] and exp[+2zA].

We now approximate (see [33]) the local equilibrium density operator with the

nearest equilibrium operator py in Eq. (6.26), which also implies that:

~

A~ —H/T,

where H is the hamiltonian operator (which ought to exists given the chosen boundary
conditions). The straightforward consequence of this approximation is that the second

term on the right hand side in Eq. (C.8) can be written as:

(X (=00, %))1e = (X (=00,%))o = (X(t, %))

because the mean value is stationary under the equilibrium distribution. There-

fore, the Eq. (C.8) can be approximated as:

t

(O(y)X'(2,t, %)) = / dr (O(y)9, X' (2. 7,%))o + (O(y))o(X (£, %))o,  (C.9)

—00

and the (C.7) as:
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O = (1= (Bo) @+ | d= @) BN (C10)

Once integrated, the second term in (C.9) gives rise to a term which cancels out

exactly the (§>0((’A)(y))0 in the equation above, which then becomes:

(O(y)) ~ (Oy))o + (O(y)B" o, (C.11)

where B” is an operator built flollowing (C.4), but substituting in any instance the

terms )?’(z, t,x) with the integrals ffoo dr 87)?’(2, T,X).

Let us now take care of the first term in Eq. (C.9) and integrate it in z:

/dz/ dr (0(y)8, X' (2,7, %)) / du/ dr )?(T,x)e“ﬁ>o,

where 3 = 1/T and Bz = u. As H is the generator of time translations:

%/ﬁdu/m dr (0o K(rx)e )y = =  au / ; dr (O)0 X (7 + i, %)) =
~L [ ar ) LR+t =+ [Cdu [ ar 2 (0)R(r+ inx000) -
i3 Jo _ u i Jo e Ou

1 —0 0 ou

Hence, putting the last three equations together, we have:
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/w/<h 0, r == [ ar (Rx.06)0 (€12

i3 J oo

Substituting now X with its specific operators, Eq. (C.11) can be expanded as:

5100 = () (Ol =ty £ faret-0ar fix (17,2, 00 st fo) +

e—0 Z

1.1 " : ~
i e(t—t )_ 3 Q0, v _
5 llir(l) 7 /_OO dt e g /_OO dT/d x ( S (T, x),(’)(y)}}oéww,(x)

= lim —/ dt e~ t/dT /d3 T“” (1,%) (5(y)}>08u55,,(:c) +

e—0 Z
BT dte =) [ @ <[§°W(t x), O( )]) S, () +
2 e—0 ZB ’ ) Yy 0 %
L. 1 v e(t—t") 3 A d
_533(1%/ dt / dT/d (%), 0 o bm(®).  (C13)

The first term on the right hand side of the above equation can be integrated by parts

using:

t/ ) t v e(t—t") t
/ dtea(t_t)/ de(T):/ dt%(e . )/ dr f(r) =

_ E/t/ dr f(7) —/tl dt eE(t_t/)f(lﬁ) Z/t/ dtﬂf@)v

e e e

—00 —00 —00

so that the Eq. (C.13) can be finally written:

R ] _ ee(t—t) . .
5(B(y)) = lim % / iz / @ ([T (2), O(y)] o, (1) + (C.14)
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There is another useful expression of the § (6(y)) which can be obtained starting from
the expression (6.13) of T, where the continuity equation for angular momentum was
implemented from the beginning. Repeating the same reasoning as above, it can be

shown that one gets to:

5160 =ty o= [t =5 oo [0 6 Pu(@umit) + (o) +
Hlim oo /éltl 7 ([T“y( ):00)|Y0(0,88. (2) = 0,83, (2) + 2000, (@) +
——hm—/dt e(t=t) /dT /d3 S)‘ (1, %), 6(y)])08,\5ww(:1€) +
——hm— dt s(t=t) /dT/d3 (7, %), Oy )])0%5%“,(36) (C.15)

As we have pointed out, these expressions hold when py has a non-vanishing chemical

potential.
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Appendix D

Discrete symmetries

During the calculations for the linear response we found the average values of terms

of the form:

([0t (r. ), 05 (0,0) o

where @2 and (52 are tensors of rank respectively m and n and hermitian operators,
e.g. the commutator ([fslz(r, x),éo‘lQ(O,O)bo in Eq. (6.45)(46).

As long as we take as the equilibrium distribution the non rotating density matrix
Po = eXp[—f-\I /T)/Z, the system enjoys translation, rotation, time reversal and parity
invariance, provided the the hamiltonian H is itself parity an time reversal invariant.
The symmetry under this class of transformations allows to write the mean value in
more convenient forms. For any linear unitary transformation T which doesn’t change

the state of the system he have:

~

<O>O = tr (ﬁo 6) = tr (-/I:ilﬁo:l: 6) = tr (ﬁo ?6:|\'*1> — <:|\'(//)\:|:71>0
the average value of the transformed operator. Henceforth translation invariance

imply in our case that we can translate both operators of the same distance without

changing the mean value:

(|01 (7,%), (0,0 |yo = (|01 (7 + 4o, + a), OF ™" (a0, ) )o
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and so, for (ag,a) = (—7, —x) it reads:

([0t (r,%). 05 (0.0) o = ([OF(0,0), O (=7, =) )o

On a similar manner parity invariance of the state means that performing a parity

transformation on the argument doesn’t change the mean values, hence:

([0 (7,%), 05 (0,0) o = (=1) ([ O (. =), Oy (0,0) )o

The overall sign in the above formula depends on the number of total spatial indices
Ng among [i1,- - - Vpy, V1, - -V, since parity, besides changing the sign of the spatial
variables x, change the sing of tensors with an odd number of spatial indices.

Time reversal works in a similar way, but an important difference is that time

reversal © is antiunitary and antilinear. An operator A transforms thus using:

A—-o0ATe!

instead of the more familiar rule for linear transformations. It follows that operators

in a product invert their relative order, hence for commutators:
TR 2> ol o-1 St 2t o-1
[A, B] -0 [A,B} o'-0 [BT,AT} o

Hermitian operators are self adjoint Hf = ﬁ, but the hermitian conjugation still change
the order of hermitian operators in a commutator. Time reversal invariance for the

density matrix ensures that the mean value at the beginning reads:
(@ (7,%), B (0,0) ] o = (=1)7¢[B5+(0,0), O (—7. %)

where ng is the number of temporal indices.
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