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Nonequilibrium thermodynamical inequivalence of quantum stress-energy and spin tensors
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It is shown that different pairs of stress-energy and spin tensors of quantum relativistic fields related by
a pseudo-gauge transformation, i.e., differing by a divergence, imply different mean values of physical
quantities in thermodynamical nonequilibrium situations. Most notably, transport coefficients and the total
entropy production rate are affected by the choice of the spin tensor of the relativistic quantum field theory
under consideration. Therefore, at least in principle, it should be possible to disprove a fundamental stress-
energy tensor and/or to show that a fundamental spin tensor exists by means of a dissipative thermody-

namical experiment.
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I. INTRODUCTION

In recent years, there has been considerable interest in
theoretical relativistic hydrodynamics and its most general
form, including dissipative terms [1]. This renewed interest
has been mainly triggered by its successful application to the
description of the quark gluon plasma dynamical evolution
in ultrarelativistic heavy ion collisions [2]. Relativistic
hydrodynamics can be seen as the theory describing the
dynamical behavior of the mean value of the quantum
stress-energy tensor 77, that is, tr(pT*”). This tensor is
generally assumed to be symmetric, although in special
relativity it does not need to be such if it is accompanied
by a nonvanishing rank three tensor, the so-called spin tensor
S*M¥ In fact, in special relativistic quantum field theory,
starting from particular stress-energy and spin tensors, dif-
ferent pairs can be generated (and are generally related) by
means of a pseudo-gauge transformation [3,4], preserving
the total energy, momentum and angular momentum:
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where @ is a rank three tensor field that is antisymmetric in
the last two indices (often called and henceforth referred to
as a superpotential), and Z is a rank four tensor that is
antisymmetric in the pairs A and uv.

In a previous paper [5] we have shown that indeed
different pairs (7, S) and (7", 8') are, in general, thermo-
dynamically inequivalent as they imply different mean
values of physical quantities for a rotating system at equi-
librium. Particularly, for the free Dirac field, we showed
that the canonical and Belinfante [obtained from the ca-
nonical one by setting ® = S and Z = 0 in (1), hence with
a vanishing new spin tensor S'] quantum stress-energy
tensors result in different mean values for the momentum
density and the total angular momentum density.

The thermodynamical inequivalence is (at least in our
view) surprising because it was commonly believed that
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the only physical phenomenon which can discriminate
between stress-energy tensors of a fundamental quantum
field theory related by a transformation like (1) is gravity,
or, in other words, the coupling to a metric tensor. In this
paper we reinforce our previous finding by showing that the
inequivalence extends to nonequilibrium thermodynamical
quantities, specifically entropy production and transport
coefficients. In summary, we will show that the use of
different stress-energy tensors, related by (1), to calculate
transport coefficients with the relativistic Kubo formula
leads, in general, to different results. Therefore, at least
in principle, an extremely accurate measurement of trans-
port coefficients or total entropy in an experiment where
dissipation is involved would allow one to disprove a
candidate stress-energy or spin tensor, with obvious impor-
tant consequences in relativistic gravitational theories. This
finding means, in other words, that the existence of a
fundamental spin tensor affects the microscopic number
of degrees of freedom, or at least how quickly macroscopic
information gets converted into microscopic, namely, en-
tropy generation.

The paper is organized as follows: in Sec. II we will
extend the framework of the nonequilibrium density
operator introduced by Zubarev [6] to the case of a non-
vanishing spin tensor. In Sec. III we will show that the
nonequilibrium density operator is not invariant under a
pseudo-gauge transformation (1); that is, it does depend on
the chosen couple of stress-energy and spin tensors. In
Sec. IV we will provide a general formula for the change
of mean values of observables, and we will determine how
entropy is affected by a pseudo-gauge transformation. In
Sec. V we will show that transport coefficients are also
modified and, particularly, we will focus on the modifica-
tion of the Kubo formula for shear viscosity. Finally, in
Sec. VI we will discuss the implications of this finding and
draw our conclusions.

A. Notation

In this paper we adopt the natural units, with
h=c=K=1. The Minkowskian metric tensor is
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diag(1, —1, —1, —1); for the Levi-Civita symbol we use
the convention £°1?* = 1. We will use the relativistic
notation with repeated indices assumed to be saturated.
Operators in Hilbert space will be denoted by an upper hat,
e.g., R, with the exception of the Dirac field operator which
is denoted with a capital V.

II. NONEQUILIBRIUM DENSITY OPERATOR

A suitable formalism to calculate transport coefficients
for relativistic quantum fields without going through ki-
netic theory was developed by Zubarev [6,7], extending to
the relativistic domain a formalism already introduced by
Kubo [8]. In this approach, a nonequilibrium density
operator is introduced which reads (9]

1 ~
p= 7 exp[—Y]
1 !
=— exp[—lims dres=")
V4 e—0 —
< [exdvp,w - Peen] @

where ] is a conserved current, the four-vector field 3 is a
point-dependent inverse temperature four-vector (B =
u/Ty, u being a four-velocity field and T, the comoving
or invariant temperature) and & = uo/Ty is a scalar func-
tion whose physical meaning is that of a point-dependent
ratio between comoving chemical potential wu, and
comoving temperature T; the Z factor is analogous to a
partition function, i.e., a normalization factor to have
trp = 1. The operators in the exponential of Eq. (2) are
in the Heisenberg representation. It should be stressed that
in the formula (2) covariance is broken from the very
beginning by the choice of a specific inertial frame and its
time. However, it can be shown that the operator p is, in
fact, time independent [9], namely, independent of ¢,
so that p is a good density operator in the Heisenberg
representation.

In the formula (2) 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 (or improved ones; see the last section),
whose associated spin tensor is vanishing. It is the aim of
this section to find the appropriate extension of the formula
(2) with a spin tensor.

Using the identity

ea(tfl’)(TOVIBV(x) — jof(x))
9 est=t)\ , ~
_ (W - )(T” B, (x) — j*&(x)),

1Throughout the paper, the four-vector x implies the time # and
position vector X, i.e., x = (f, x). The dependence of the stress-
energy and spin tensor on x will always be understood.
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integrating by parts and taking into account the continuity
equations d Mf’“’ =9 Mf'“ = 0, the operator Y in Eq. (2)
can be rewritten as

Y=f&ﬂW%A%m—Pﬁﬂw)

!

+11m dtee(’ ) f dSn,(T™ B, (x) — J'¢é(x))
~tim [ drest) [ Bx(T70, B,(x) — 4, £(x)).

3)

The first term is the so-called local thermodynamical
equilibrium one, which is defined by the same formula
of the global equilibrium [10,11] with x-dependent
four-temperature and chemical potentials, whereas the
term dependent on their derivatives is interpreted as a
perturbation.

At equilibrium, the right-hand side should reduce to
the known form, which, at least for the most familiar
form of thermodynamical equilibrium with B% =
(1/T,0) = const and &% = u/T = const, is readily rec-
ognized in the first term, setting 8 = % and & = £°4:

qu — /d3X(TOVIB?,q _ J"Oé';eq)

+ hrré dteE(’ ’)den (T B — jig=a)
— lim [ dte*:(f ?) f Ex(T* 9, B — j*a,£%)
=H/T — /LQ/T
. e(t—1) ~iv neq 2 geq
+1£n ) dte dSn (T B! — j'¢°9)
— lim dteg(’ ’)[d3 9, B3 — j*9,,£9).
E— —

“4)

Hence, the two rightmost terms of (4) 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
B and £°4. However, this is not the case for the most
general form of equilibrium; in the most general form (see
discussion in Ref. [11]), while the scalar £°4 stays constant,
the four-vector S fulfills a Killing equation, whose solution
is [12]

B (x) = b5 + wixH (5)

with both the four-vector »®¢ and the antisymmetric tensor
w® constant. Therefore,

[&
0B = —

which, in general, is nonvanishing, so the third term on the
right-hand side of Eq. (4) survives. For instance, for the
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thermodynamical equilibrium with rotation [11], the tensor
w turns out to be

) = w/T(5}6% — 835)), (6)
w being the angular velocity and T the temperature mea-
sured by the inertial frame.

In order to find the appropriate generalization of the
operator Y, let us plug the formula (5) of general thermo-
dynamical equilibrium into (4):

qu _ [d3x(f10vBiq _ jOé:eq))

/

t , A
+ lim drest—1) f dSn; (T (b3 + w5hx*)
— jifeq)
+ hrI(lJ dtew ) f PxTH wi, (7)
o

where 9,£% = 0 has been taken into account. For a
symmetric stress-energy tensor 7, the last term vanishes,
but if a spin tensor is present 7' may have an antisymmetric
part. Particularly, from the angular momentum continuity
equation,

1

(1 = Ty = = 2,8 w03, (8)

Y

™" a),“,=

so that the last term on the right-hand side of Eq. (7) can be
rewritten as

1irr(1) f drest=1) f d3xTH" S

= w,“,hm dtes(’ ) [ d?x9,SMH

2

= —am,,hm/dg'/ dre(~ ’/) SO’“’

—

" drest=0) / dSn,»S'i’“V. )

1
Ewwhm

The first term on the right-hand side of (9) can be inte-
grated by parts, yielding

1 /
Ewwhm d3x f dresl~ f) SO’“’
— ——wMV/d3 XS04 (11, x)
+ — wﬂyhms[ drest— ’/)[dg S (x).  (10)

Plugging Eq. (10) into (9), and this in turn into (7), we
obtain
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qu = /d3X(TOVB?/q _ ]"‘Ofeq _ lw(;flys‘o,p,v)

+ lim dtes(’ ")I: eq[dSn T

&—0
- feq[dSnifi —Ea)i’,?,,den,-(x“T"”
+ = w,ﬁ,,hmsf dres(~ ’)fd3x80“”(x) (11)

where the surface term involving 7' in Eq. (7) has been
rearranged, taking advantage of the antisymmetry of the w
tensor. The surface terms in the above equations are now
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 thermodynamical
equilibrium through suitable conditions enforced on the
field operators at the boundary, so (11) reduces to

qu — /d3x(f~01/18‘;q _

+ = w,f,,hms / drest=1) j x84 (x).  (12)

1 N
J“'Ogeq __ a)%lVSO"U“V)

The first term on the right-hand side just gives rise to the
desired form of the equilibrium operator. For instance, for a
rotating system with  as in Eq. (6), one has [11]

f d3X<T0vBiq é:eq

=H/T — nQ/T - wJ/T,

eq SO ,uv)

J being the total angular momentum, which is the known
form [13]. Nevertheless, the second term in Eq. (12) does
not vanish and, thus, must be subtracted away with a
suitable modification of the definition of the Y operator.
The form of the unwanted term demands the following
modification of (2):

p = expl— Y]
=%e [—llma[ dres=1) de (TO”,B (x) — JP€(x)
—530”‘”ww(X))], (13)

where w,,(x) is an antisymmetric tensor field which
must reduce to the constant wff‘,, tensor at equilibrium.
It is easy to check, by tracing the previous calculations,
that the equilibrium form of Y reduces to the desired
form:
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as the spin tensor term in Eq. (12) cancels out. Therefore, the operator (13) is the only possible extension of the

nonequilibrium density operator with a spin tensor.

The new operator Y can be worked out the same way as we have done when obtaining Eq. (3) from Eq. (2):

Y= f d3x(f'0”,8,,(t’, X)

1.
~PE ) 58 0,0 x)

' dteg(’ ’/)fd3X(T’”(8,“3 (x) + 8, B,(x) + T47(8,,B,(x) = 8,8,(x) + 2,,(x))

(14)

Y=Y +—11msf drestt=1)

2 £—0

1 , . n 1 A
+ lil‘l(l) dres=1) den,-(T”’BV(x) — J'&(x) — 73”’“’wlw(x))
1
“pim )
- S)l”uva)uw,uv(x) - 2]“6M§(x)),
where
A 1 . . A 1 . A
Tg”’ = E(T‘“’ + T7%) Tg“' = E(TW —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, while the third term
can be further expanded to derive the relativistic Kubo
formula of transport coefficients (see Appendix A).

ITII. NONEQUILIBRIUM DENSITY OPERATOR
AND PSEUDO-GAUGE TRANSFORMATIONS

A natural requirement for the density operator (13)
would be its independence of the particular couple of
stress-energy and spin tensors, because one would like
the mean value of any observable 0,

0 =tr(p 0),

to be an objective one.” In Ref. [5] we showed that, even at
thermodynamical equilibrium with rotation, this is not the
case for the components of the stress-energy and spin
tensors themselves because they change through the
pseudo-gauge transformation (1). However, at equilibrium,
p itself is a function of just integral quantities (total energy,
angular momentum, charge) which are invariant under a
transformation (1) provided that boundary fluxes vanish, so
a specific operator 0, including the components of a
specific stress-energy tensor, does not change under (1).
However, it is not obvious that this feature persists in a
nonequilibrium case; in fact, we are going to show that, in
general, this is not the case.

Let us consider the operator Y in (13) and how it gets
changed under a pseudo-gauge transformation (1) with
7 = 0. The new operator Y’ reads

It should be pointed out that the mean values of operators
mvolvm% quantum relativistic fields are generally divergent
(e.g., T for a free field has an infinite zero point value). To
remove the infinities, the mean values must be renormalized,
which can be simply done for free fields by using normal
ordering in all expressions, including the density operator itself.
Henceforth, it will be understood that all the mean values of
operators are the renormalized ones.

x [ Bx(0,6278,(x) + D w (), (15)

where

oAy = HAur _

é HHA — prm (16)

is antisymmetric in the first two indices. We can rewrite
Eq. (15) as

A A

1 ' ,
Y -Y= 51ims fi dt[d3xe8(”’)[aA(gﬁAO"’B,,(X))

e—0

= 1000, B, + B, ()]

=—11ms f drest~ ,/)[ f dSn; ™" B, (x)

2 =0

= f d3x(¢A°’”aABV—<i>°’*”ww<x)>] (17)

after integration by parts. Let us now write the general
fields B and w as the sum of the equilibrium values and a
perturbation, that is,

Bx) = B*(x) + 6 B(x)

and first work out the equilibrium part off the right-hand
side of Eq. (17). As 9,65 = — '} one has

w(x) = 09+ dw(x), (18)

Y - Y)qu hme[ dres— ’/)[’[dSn P17 B(x)
+ [ Px(07 0 + O )]
—fhms f dres=[ f dSn; ™7 B3 (x)
[d3x(CI)AO” _ §0r, @
_ ch,x\Oweq n (I)O,,uuweq )]

21m(1)s f drest=1) f dSn; 07 B (x),
(19)
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where we have used Eq. (16) and the antisymmetry of
indices of the superpotential ®. By using Eq. (5), the last
expression can be rewritten as

hmsf drest— ’/)I: eqden v
+ Ewi‘}L deni(x“gbiO’V —x go’O“):I

The two surface integrals above are the additional four-
momentum and the additional fotal angular momentum, in
the operator sense, after having made a pseudo-gauge
transformation (1) of the stress-energy and spin tensors.
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 (7, 8) of tensors, then the two fluxes in the
above equations must vanish as well. Therefore, we can
conclude that

Y'log = Yleg

Now, let us focus on the nonequilibrium perturbation of the
Y operator.

( I_Y)lnon eq
——hmsf drest~ '>Ud5n 30758,

'/'d3 A A0, VaASB (i)O,,uvawMV]

——llms[ drest~ ’)I:[dSn o078,

2e—0

_ fd3x(&)A,0u I I (iDO’“”Sa)#,,]

——hmsf drest~ ’)I:[dSn Vs,

2e—0

- fd&é””(a@@y +9,88,)

_&(),Av(%(a/\(sﬁy—ayaﬁ/\)—l—éw,\,,)], (20)

where the dependence of 68 and dw on x is now under-
stood. 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 term by locking the perturba-
tion of the tensor w to that of the inverse temperature
four-vector:

1
6w/\V(x) == E(a)ﬁ‘sﬂy(x) - aVBB)\(x))! (21)
but it is impossible to cancel out the term
8Y = - —1111(1)8 f dres=1)

X [ Bxd(5,88,(x) + 9,88,() (22)
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except in special cases, e.g., when the tensor ® is also
antisymmetric in the first two indices.

We have thus come to the conclusion that the nonequi-
librium density operator does depend, in general, on the
particular choice of stress-energy and spin tensors of
the quantum field theory under consideration. Therefore,
the mean value of any observable in a nonequilibrium
situation shall depend on that choice. It is worth stressing
that this is a much deeper dependence on the stress-energy
and spin tensors than what we showed in Ref. [5] 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 (1) because the relevant
quantum operators could be varied, but not because the
density operator p was dependent thereupon. In fact, at
nonequilibrium, even p varies under a transformation (1).
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 mo-
mentum operators are invariant under a transformation (1).
Again, this comes about because the density operator is not
invariant under (1), in the following formula:

tr (p'P'™) = tr(p' PH*) # tr(pPH).

It must be pointed out that the variation of the Zubarev
nonequilibrium density operator (22) depends on the gra-
dients of the four-temperature field, and it is thus a small
one close to thermodynamical equilibrium. In the next
section we will show in more detail how the mean values
of observables change under a small change of the non-

equilibrium density operator, or, in other words, when the
system is close to thermodynamical equilibrium.

IV. 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
8Y the supposedly small variation, under a transformation
(1), of the operator Y. This can be either the one in Eq. (22)
or the more general one (only bulk terms) in Eq. (20).
We have

A 1 NP 1 ~ A n
tr(p'0) = > tr(exp[—Y']0) = i tr(exp[—Y — 6Y]0),
(23)

with Z' = tr(exp[— Y — 8Y]). We can expand in 8Y at the
first order (Zassenhaus formula):

7' =7 — tr(exp[— Y]8Y)
trlexp[— Y — 6Y]0) = tr(exp[— Y] — 8Y + %[Y 5Y]

— é[Y, [Y, 8YT+--)0); (24)

025029-5



F. BECATTINI AND L. TINTI
hence, with () = tr(p), at the first order in 8 Y,
tr(p'0) = (OY
~ ~ P 1, .~ A A
= {(0)(1 + (8Y)) —(08Y) + E<[Y 8Y]0)
1 omon o n

which makes the dependence of the mean value on the
choice of the superpotential & manifest.

As has been mentioned, close to thermodynamical equi-
librium, the operator 6 Y 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 rela-
tivistic linear response theory [9]. This method, just based
on Zubarev’s nonequilibrium density operator method,
allows one to calculate the variation between the actual
mean value of an operator and its value at local thermody-
namical equilibrium for small deviations from it. In fact, it
can be seen from Eq. (22) that the operator 6 Y, from the
linear response theory viewpoint, is an additional pertur-
bation in the derivative of the four-temperature field, and
therefore the difference between actual mean values at first
order turns out be (see Appendix A for reference)

/

. T ) . .
A(O) = ~lim - " dres-1) [ Bx[D(x), O],

e—021 J -
X (a)\aﬁll('x) + avaﬁ/\(x))’ (25)

where (...), stands for the expectation value calculated
with the equilibrium density operator, that is,
1 n R
po= Z exp[—H/T + pQ/T] (26)
Since tr(po[D*, O]) = tr(® [0, p,]) the right-hand
side of (25) vanishes for all quantities commutating with
the equilibrium density operator, notably total energy,
momentum and angular momentum. Nevertheless, in prin-
ciple, 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 3.
We now set out to study the effect of the transformation
(1) on the total entropy. In a nonequilibrium situation,
entropy is usually defined as [13] the quantity maximizing
—tr(p logp) with the constraints of fixed mean conserved
densities. The solution p;p of this problem is the local
thermodynamical equilibrium operator, namely,

PLe(?)
_expl— JEREB,0) — PE) — 18w, ()]
tr(exp[— [ &x(F B, (x) — *é(x) = 18" w,,,(x)])
(27)

which—as emphasized in the above equation—is explic-
itly dependent on time, unlike the Zubarev stationary
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nonequilibrium density operator (13); of course, the time
dependence is crucial to make the entropy,

S = —tr(prglogpLg), (28)

increasing in a nonequilibrium situation. In order to study
the effect of the transformation (1) on the entropy it is
convenient to define

N . 14
Y= [d3X<T0V,3u(X) —JP£(x) _ESO'MV“)MV(X))’ (29)

for which it can be shown that, with calculations similar to
those in the previous section, the variation induced by the
transformation (1) is

~ 1 .
oY g = i{denié’o”’é,B,,
- fd&[ciﬂ'o”(aﬁﬁy +0,88,)

- (@008, — 0,08)) + swa) || G0

As has been mentioned, it is possible to get rid of the
surface and the last term in the right hand side of above
equation through a suitable choice of the perturbations, but
not of the second term.

Since SYLE is a small term compared to YLE we can
determine the variation of the entropy (28) with an expansion
iné YLE at first order. First, we observe that [see also Eq. (24)]

Zip = tr(exp[_YLE - 6YLE])
=~ tr(exp[— Vel — 6Yp) = Z1g(1 — <5YLE>Y)’

where () stands for the averaging with the original YLE local
equilibrium operator. Hence, the new entropy reads

1 R n ~ ~
S = 7 tr(exp[_YLE - SYLE](YLE + 5YLE)) + 10gZ£E

LE
1 N N N

= Z—(l +(8Yp)g)tr(exp[—Yig — 6Yig]
LE
X (Yig + 6Yg)) + logZ g + log(1 — (Y g)5)-

€2

We can now further expand the exponentials as we have done
in Eq. (24). First,

tT(exp[_YLE - 5YLE]YLE)

~ ~ 1 A ~
= tr(‘“fXP[_YLE](I —0Y g + E[YLE’ Y k]

1 - ~ A A
- E[YLEr [Yig 6Y gl + -~ ')YLE>
= tr(exp[_YLE]YLE) - tr(exp[_YLE]‘S YLEYLE)
= ZLE<YLE>Y - ZLE<6YLEYLE>Y’ (32)

where, in the second equality, we have taken advantage of
commutativity and cyclicity of the trace. Then,
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tr(exp[ — YLE -0 YLE] o YLE)

~ ~ 1 _~ ~
= tr<exp[_YLE](I —0Y g + E[YLE, Y gl

1 _~ ~ ~ ~
- E[YLE’ [Yig 6Yigll + - ')5YLE)

= tr(exp[— Y116 Yie) = ZLE<5YLE>Y’ (33)

keeping only first order terms. Thus, Eq. (31) can be
rewritten as

1 ~ N N
S = Z—(l + (Y p)ptr(exp[— Y g — 6Y g]
LE

X (Yig + 8Y1p)) + logZ g + log(l — <6YLE>Y)
1 ~ ~ ~ ~

= (1 + (Y Lp) ) Zie(Yie)y — ZLe(dY g Yip)y
LE

+ ZLE<5YLE>Y) + logZ; g + log(1 — <6YLE>Y)
=(1+ <8YLE>Y)(<YLE>Y - <6YLEYLE>Y
+ <6YLE>Y) + logZ; g + log(1 — <6YLE>Y)- (34)
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Retaining only the first order terms in SYLE, expanding the
logarithm for (6Yg) g << 1 and inserting the original
expression of entropy, we obtain

§'= 8 —(8Y e Yip)y + (6Yie)e(Yie)y-  (35)

Therefore, the variation of the total entropy is, to the lowest
order, proportional to the correlation between Y and & Y,
which is generally nonvanishing.

We can expand the above correlation to gain further

insight. For the 6YLE, let us keep only the second term
of the right-hand side of Eq. (30):

Y g = —% [d3x<i>A’0”(8A5,8V +9,88)). (36)

By using (29), (36), and (35) can be rewritten as

§'(1) = 8(1) + % [ dx f B (DM ()T () = (D ()T ()5 B () (028 B, (x) + 8,8 BA(x))

=5 [ [ @U@ = @M@ PNERN @58, + ,68,()

— 5 [ [ @E T Wy — @ E T W) (@158, + 0,08, ()

where x and x’ have equal times. The above expression
could be further simplified by e.g., approximating the local
equilibrium mean ()5 with the global equilibrium one (),
but this does not lead to further conceptual insight. The
physical meaning of Eq. (37) is that the entropy difference
depends on the correlation between local operators in two
different space points multiplied by a factor which is at
most of the second order in the perturbation 6 8. This kind
of expression resembles the product of transport coeffi-
cients expressed by a Kubo formula times the squared
gradient of the perturbation field. Therefore, the difference
between entropies suggests that the introduction of a super-
potential may lead to a modification of the transport co-
efficients. We will show this in detail in the next section.

V. TRANSPORT COEFFICIENTS: SHEAR
VISCOSITY AS AN EXAMPLE

As has been mentioned, a remarkable consequence of
the transformation (1) is a difference in the predicted
values of transport coefficients calculated with the relativ-
istic 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 density operator in
Eq. (2). For this purpose, the derivation in Ref. [9] must be

extended to the most general expression of the nonequilib-
rium density operator including a spin tensor, that is,
Eq. (13); it can be found in Appendix A.

Equation (25), which yields the difference of mean values
of a general observable under a transformation (1), cannot
be straightforwardly used to calculate the mean value of the
stress-energy tensor setting O = T#"(y) because T*(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 (1) thereafter.

We will take shear viscosity as an example; the trans-
formation of other transport coefficients can be obtained
with the same reasoning. Shear viscosity, in the Kubo
formula, is related to the spatial components of the sym-
metric part of the stress-energy tensor. It is worth pointing
out that, since a nonvanishing spin tensor can make the
stress-energy tensor nonsymmetric, there might be a new
transport coefficient related to the antisymmetric part of
the stress-energy tensor.

For the symmetric part of the stress-energy tensor
T¢" = (1/2)(T* + T**), using the general formula
of relativistic linear response theory [Eq. (Al4) of
Appendix A], the difference 87" (y) between the actual
mean value and the local equilibrium value reads, at the
lowest order in gradients,
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T

i

' / 2 Ay 1. T
x [ arert0 [ (8@, 74 0 Dod e ) — 3 lim
o e—0 |

X [_’ drest=") [_’ dr [ (& 5,50, T2 6) o 5 5,00, (38)

In order to obtain transport coefficients, a suitable pertur-
bation must be chosen which can be eventually taken out
of the integral. Physically, this corresponds to enforcing a
particular hydrodynamical motion and observing the re-
sponse of the stress-energy tensor to infer the dissipative
coefficient. The perturbation 68 = 1/Tu is taken to be
a stationary one and nonvanishing only within a finite
region V, at whose boundary it goes to zero in a continu-
ous and derivable fashion. The perturbation dw is also
taken to be stationary, and it can be chosen either to
vanish or to be as in Eq. (21); in both cases, one gets
the same final result.

Let us then set dw = 0 and expand the perturbation
6B = (0,0, 58%(x"), 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 wavelengths must be cor-
respondingly suppressed. The component with the longest
wavelength will then be much larger than any other, and,
therefore, 8% can be approximately written, at least far
from the boundary, as A sin(zx! /L), where L is the size of
the region V in the x! direction and A is a constant. The
derivative of this perturbation reads

9,6 B,(x) = %Acos(wxl /L) = 9,8 B,(0) cos(mx' /L)
= 9,6B,(0) cos(kx"),

where k = 7r/L. Therefore, by defining k = (k, 0, 0) and
using the last equation in Eq. (38),

T 4 1_ S(Z*f/)
o7 (0) = lim = 0,54,00) [ ar-—"

X f d*x cosk - x([T'2(x), T4" ()]
%

_ es(t—t’)

C
= limT9,56,(0)1m f Ca—&
& —00 &

x [ Exe® (P20, Py (39)
\%

taking into account that the commutator is purely imagi-
nary. To extract shear viscosity 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 — o0 and k — 0 at the same time:

w ) ) 4 1 - ee(t—t’)
6TS (ty, 0) = igr}) II(EY%) T815,82(0)Im [,oo dtf

x f Bxe® N [T2(), T4 (1, 00D (40)

where we assume that the integration domain goes to its
thermodynamic limit independently of the integrand.
Because of the time-translation symmetry of the equilib-
rium density operator p,, the mean value in the integral
only depends on the time difference 7 — ,. Thus, choosing
the arbitrary time #' = ¢, and redefining the integration
variables, Eq. (40) can be rewritten as

1 —e®

0
8T§"(1,,0) = liH(l) %irr(l) T818,82(0)Im[ dr

X [ xR0, 7O @D
which shows that the mean value 67¢"(z,,0) is indeed
independent of 7,, which is expected as 03 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 the same components.® In our case
the Curie principle implies that only the same component
of the symmetric part of the stress-energy tensor, i.e., f‘}gz,
will give a nonvanishing value:

1 —e®

0
ST(1,,0) = lim lim T3, 58,(0)Im f dr

x ] Exe® TR, RO (42)

From the above expression, a Kubo formula for shear
viscosity can be extracted, setting 8 = (1/T)du,

- 0o 1—e*
7n = lim lim Im dr
£—0k—0 o €

x [ Exe®X(TR), TR,  (43)

which, after a little algebra, can be shown to be the same
expression obtained in Ref. [9]. Because of the rotational

*This is true provided that the right-hand side of Eq. (41) 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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invariance of the equilibrium density operator, shear vis-  where
cosity is independent of the particular couple (1, 2) of
chosen indices. It is worth pointing out that, had we started |
from Eq. (A15) instead of Eq. (A14), choosing dw = 0 or 5((13 ’
like in Eq. (21), we would have come to the same formula
for shear viscosity; in the latter case, the third contributing
term in Eq. (A15) would have been of higher order in
derivatives of 68, and hence negligible.

Now, the question we want to answer is whether Eq. (43)
is invariant by a pseudo-gauge transformation (1), which
turns the symmetric part of the stress-energy tensor into

+ driry = M, 45)

=} being symmetric in the last two indices. We will study
the effect of the transformation on the mean value of the
stress-energy tensor in the point y = 0 starting from
Eq. (A15) instead of Eq. (A14), with dw = 0 or like in
Eq. (21), which allows us to retain only the first contribut-
ing term to 8T§*(0). The perturbation 84 is taken to be
T/S;w — f/sw _ %aA(qA)M»)\V + (i)v,/\u) — a)L‘—’/\,U«V, statlona'ry anq t’. 1s se.t to be equal to 7, = 0. Eventually, the

appropriate limits will be calculated to get the new shear

(44)  viscosity. Thus,
|

8T§2(0) = 8T§(0) + lim j "t ] Ex([0, 5 (), 55700081 8B2(%) + 9,88, (x)

1 —e®

) 0
— lim dr
&—0 00

f Bx[,E (), TRO0)Dg + (T 1, %), 0,200 D)(318B82(%) + 92684 (x)).
(46)

We can simplify the above formula by noting that the mean value of two operators at equilibrium can only depend on the
difference of the coordinates, so

<[01()’), 9M02(x)]>0 = axi“qél 02]>0()’ —x)=- %Qél 02])0()’ —X).

Hence, Eq. (46) can be rewritten as

o742(0) = 5TP(0) ~ tim [ art =< [ s TS TE(0, ZP RO D(0,58:00 + 52,0

E
0 1 __ A&t
—fim [ dr—

e—0 J —0

[d3 py a(([ﬁalz(x) TE0) Dy — (T (), Malz(o)]>o)(31552(x) + 9,68:(x)). (47)

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 B) that

(1Y %), E*7(0,0] = (=)™ ([E"(0,0), T{(=1,%)] = (=1)"([E"(1, —x), T{(0, 0)])o,

where n is the total number of time indices among those in the above expression. Similarly, if the Hamiltonian is parity
invariant, then

BV, —x), 790,01 = (—1)"[E(2,x), (0. 0)])o,

where n; is the total number of space indices. Using the last two equations to work out the last term of Eq. (47), one gets

8T{(0) = STY(0) — lim [ el =" f dx B, %), BP0, 0)10(0,8(x) + 9,68, (x))

aaﬂ

1 —e®

0
— 2lim dt

&—0

j @ B %), TRO 000,08, + 9,881 (x)) 48)

Now, the two terms on the right-hand side of (48) can be worked out separately. Using invariance by time-reversal and
parity, one has

CE“ (1, %), 227(0,0) ] = (— 1) EP7(0,0), 2V (—1, %))y = (— 1) [EP7 (1, —x), 27 (0, 0)])y
= (1) [ZPY (1, %), E*Y(0, 0] = (EP (1, x), 27 (0, 0)])y, (49)
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with ny + n, = 6. Hence, the first term on the right-hand side of (48) can be decomposed as
Y LU 00j 200 Bekijo 200 9 0 ek i
i [l (T, 20, + 2.0 0, 20y + 2 a5, B0

X (aiaﬁj(x) + aj5Bi(X)): (50)
and, similarly, the second term can be decomposed as
0 _ aft
— 2lim dt ©

&—0

[ d’x <[“°‘2 )T§2(0)1>0+—<[““2(r x), TR(0)])o(8,8B,(x) + 8,8 8,(x)).  (51)

All terms in Egs. (50) and (51) with a space derivative do not yield any contribution to first-order transport coefficients.
This can be shown by, first, integrating by parts and generating two terms, one of which is a total derivative and the second
involves the second derivative of the perturbation 6 8. The total derivative term can be transformed into a surface integral
on the boundary of V which vanishes because therein the perturbation 6 8 is supposed to vanish along with its first-order
derivatives. The second term, involving higher order derivatives, does not give a contribution to transport coefficients at

first order in the derivative expansion. Altogether, Eq. (48) turns into

— 8[

01
STI2(0) = STI(0) — lim f dr

0 l_at
~2lim [ & ©

g—0

[ Bxa2[E" (), 220 ])o(,885(x) + 926, (x))

] Bxa[E200, TR0 Do(015B2(x) + 0,5B,(x)) + O@25B),  (52)

which can be further integrated by parts in the time ¢, yielding

STJ(0) = STI(0) — lim [ di(5(1) — ee®) f Bx[E2(0), BV2(0) (0,88 (x) + 9,68, (x)

- 211m

d’e“/ Ex([E" (), TRO)Do(0,88,(%) + 3,8 81(x)) + O(525B), (53)

provided that, for general space-time dependent operators O, and O,,

t——00

0
lim d3xe"s’ —
v ot

([0,(t, %), 0,(0,0)]) = 0

lim [ Exe™ ([0, (1, x), 05(0, 0)])o = 0
—— Jy

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. (53) the variation of the shear viscosity can be inferred with the very same reasoning that led us to formula

(43), that is,
An=7n"—n=—limlimI
n=mn-—-n Sm(l)klm m

— 2lim lim Im

&—0 k—0

’ _di(3(r) — ee*) f dxe* (271, %), 2°2(0, 0)])y

_dre f dxe™ (E°2(1, %), TH(0, 0)]. G

If the first integral is regular, then the £ — 0 limit kills one term and the (54) reduces to

An=mn'—n

= —lim
k—0

In general, this difference is nonvanishing, leading to the
conclusion that the specific form of the stress-energy tensor
and, possibly, the existence of a spin tensor in the under-
lying quantum field theory affect the value of transport
coefficients. The relative difference of those values

“There might be singularities on the light cone; however, for
fixed x and 0 and integration over a finite region V, in the limit
t — —oo the light cone is not involved.

d3xcoskx1<[”°‘2(0 x), 2°2(0, 0)]), — 2lim lim Im f dre®’ f Bxe (B2 (x), TI20,00]p.  (55)

depends on the particular transformation (1), and hence
on the particular stress-energy tensor. In the next section a
specific instance will be presented and discussed.

An important point to make is that the found dependence
of the transport coefficients on the particular set of stress-
energy and spin tensors of the theory is indeed physically
meaningful. This means that the variation of some coeffi-
cient is not compensated by a corresponding variation of
another coefficient so as to eventually leave measurable
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quantities unchanged. This has been implicitly proved in
Sec. IV where it was shown that total entropy itself under-
goes a variation under a transformation of the stress-energy
and spin tensors [see Eq. (35)].

VI. DISCUSSION AND CONCLUSIONS

As a first point, we would like to emphasize that, in our
arguments, space-time curvature and gravitational cou-
pling have been disregarded. On one hand, this shows
that the nature of the stress-energy tensor and, possibly,
the existence of a fundamental spin tensor could, at least in
principle, be demonstrated independently of gravity. On
the other hand, for each stress-energy tensor created with
the transformation (1), it should be shown that an extension
of general relativity exists, having it as a source, which is
not always possible.

An important question is whether a concrete physical
system indeed exists for which the transformation (1) leads
to actually different values for e.g., transport coefficients,
entropy production rate or other quantities in nonequilib-
rium situations. For this purpose, we discuss a specific
instance regarding spinor electrodynamics. Starting from
the symmetrized gauge-invariant Belinfante tensor of the
coupled Dirac and electromagnetic fields, with associated
S§=0,

S T AU B
P = 2 (UyrVw o+ By ) + Py 4 g B2,
(56)

where V,, = — ieA,, is the gauge covariant derivative,
one can generate other stress -energy tensors with suitable
rank three tensors and then set ® = —&' where & is the
new spin tensor, according to (1). One of the best known is
the canonical Dirac spin tensor:
oy = — ST Tyt y B
({} stands for the anticommutator) which is gauge invariant
and transforms the Belinfante tensor (56) back to the
canonical one obtained from the spinor electrodynamics
Lagrangian (see also Ref. [5] for a detailed discussion).
However, this is totally antisymmetric in the three indices
A, u, v, and thus the variation of the Y operator [see
Eq. (22)] as well as transport coefficients, which depend
on the symmetrized é tensor (45), vanish. Nevertheless,
other gauge-invariant ®-like tensors can be found. For
instance, one could employ a superpotential:

R | .
O Ay = S—‘I’(y”V — y*V*)y ¥ + H.c
m

1 . -
=5V Y IV = [y", Y IVH)W
m

which is the gauge-invariant version of the one used in
Ref. [12] to obtain a conserved spin current. This

PHYSICAL REVIEW D 87, 025029 (2013)

superpotential gives rise to a nonvanishing spin tensor as
well as a = tensor [see Eq. (45)]:

B Ay = F‘P(['}’ yH IV + [y y VW

and hence a variation of thermodynamics. By noting that
the structure of the above tensor is very similar to the
Belinfante stress-energy tensor (56), it is not difficult to
find a rough estimate of the variation of e.g., shear viscosity
induced by the transformation. Looking at Eq. (55) we note
that Z°'? mainly differs from 7°'2 in Eq. (56) by the factor
1/m. The last term on the right-hand side of Eq. (56) tells
us that the dimension of E is that of a stress-energy tensor
multiplied by a time, and therefore this term must be of the
order of ph/mc*t where 7 is the microscopic correlation
time scale of the original stress-energy tensor or the colli-
sional time scale in the kinetic language and 7 the shear
viscosity obtained from the original stress-energy tensor.
Thus, the expected relative variation of shear viscosity
from Eq. (55) in this case is of the order

An ::C)( IZ ),
n mc-r

which is (as is expected) a quantum relativistic correction
governed by the ratio (A./c)/7, A, being the Compton
wavelength. For the electron, the ratio A./c = 107%! 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.

It is also interesting to note that the “improved” stress-
energy tensor by Callan, Coleman, and Jackiw [14], with
renormalizable matrix elements at all orders of perturba-
tion theory, is obtained from Belinfante’s symmetrized one
in Eq. (56) with a transformation of the kind (1), setting
(for the Dirac field and vanishing constants [14])

A 1 -
Zoz/\,/,LV — 8(goz,u,g/\v _ gan)L,LL)’\I]"\I]

and requiring S'=8=0 so that ® * = aaZAM/w;
hence,

qA))\uU«V — _l(g/\ua,u _ g)t,uay)q;\lr

é/\#” l((l):“ Av (i)v,/\,u,)
2

1 1 -
_g[g,uva)\ _ E(g)\ua,u + g)w,av):l\lf\y

A A N N 1 -
Twr = o — 9, BN = frv 4 ¢ (e O —aran) Iy,

(57)

which is just the improved stress-energy tensor [14]. It is
likely (though not verified) that the aforementioned modi-
fied stress-energy tensors imply a different thermodynam-
ics with respect to the original Belinfante symmetrized
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tensor. This problem has been recently pointed out in
Ref. [15].

To summarize, we have concluded that different quan-
tum stress-energy tensors imply different values of non-
equilibrium thermodynamical quantities like transport
coefficients and entropy production rate. This reinforces
our previous similar conclusion concerning differences of
momentum and angular momentum densities in rotational
equilibrium [5]. The existence of a fundamental spin tensor
thus has an impact on the microscopic number of degrees
of freedom and on how quickly macroscopic information is
converted into microscopic. The difference of transport
coefficients depends on the particular form of the tensors,
and in the examined case, it scales like a quantum relativ-
istic effect with 7/c. Therefore, at least in principle, it is
possible to disprove a supposed stress-energy tensor with a

suitably designed thermodynamical experiment.
|
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APPENDIX A: RELATIVISTIC LINEAR RESPONSE
THEORY WITH A SPIN TENSOR

We extend the relativistic linear response theory in
Zubarev’s approach to the case of a nonvanishing spin
tensor. The (stationary) nonequilibrium density operator
is written in Eq. (13), with Y expanded as in Eq. (14). As
has been shown in Sec. II, at equilibrium, only the first
term of the Y operator survives in Eq. (14); therefore,
one can rewrite that equation using the perturbations 68,
6& and dw which are defined as the difference between
the actual value and their value at thermodynamical
equilibrium,

¥ = [@x(1B,0 %) - et - S8 0, (1, )

J/

, . N 1 .
+lim [ deest) / dSn,-(T”’é,B,,(x) — j'8&(x) ——S"“"Sww(x)>
1 / v v
~ i [ dz[d3xes<f D (0, 58,(x) + 0,8B,() + T3, 68,(x) — 9,88, (x)
+20w,,(x) — S* 9,80, (x) — 2j*d,8€(x)), (A1)
|
where it is understood that x = (z, x). so that
In fact, we will use a rearrangement of the right-hand- 1
side expression which is more convenient if one wants to p== GXP[ Y]=- exp[A + B] (A3)

work with an unspecified, yet small, w. Therefore, the
above equation is rewritten as

~ ~ 1.
V= [@x(1B,0 %) — Pett 0 3 5 0,1 %)
— lim

e—0 J —x

58 50,,0) - o€

dte8<f*f’% f d3x(T°”5BV(x)
(A2)

which can be easily obtained from Eq. (13) integrating by
parts in time.

For the sake of simplicity we calculate the linear
response with £, = 8¢ = 0, but it can be shown that our
final expressions hold for &, # 0 (in other words, with a
nonvanishing chemical potential & # 0). Let us now define

A 1.
- [d3x<T0”ﬂV(t’, X) — ESO‘“"wW(t’, X))
and

B = lim
&—0

1L
580w, )

/ Y .
[ dre*:('—f)E f d3x<T0”6,3,,(x)

with Z = tr(exp[A + B)).

The operator B is the small term in which p is to be
expanded, according to the linear response theory. It can be
rewritten in a way which will be useful later on. Since

[ x4 (1 (958,(0)
— [@xa, (1458, — [@xa 70958,
- f BxT(x)a .88, (x) — /a 4T (36,0,

then
/
= lim

e—l

_ds sl f>[d3 9,8
e X( Bu() =5

X (8" 8, (x))) — ,[av dsa, T (x)8 8, (x).

The perturbation 88 must be chosen such that 5 8|,, = 0
so that only the bulk term survives in the above equation:

dte8<f '>fd* ( T9,8B,(x)

= lim
e—0

-5 a[(80*”6 W(x))) (A4)
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At the lowest order in B,

Z = tr(e?*B) =~ tr(ed[1 + B]) = Zz(1 + (B)p)

1 1 N
=—-=~—(1—-(B A5
=71~ B (A5)
and, according to the Kubo identity,
eAts = [1 + fl dzeZ(AJré)l?e’ZA]eA
0
1 R T
= [1 +/ dzeZABe_ZA:IeA, (A6)
0

where the subscript LE stands for local equilibrium and
implies the calculation of mean values with the local
equilibrium density operator (see Sec. IV). Thereby, put-
ting together (AS5) and (A6) and retaining only first-order
terms in B,

. R 1 CA A
p=(1—(Byp)pLe + j;) dze“ Be A p| g,
and hence the mean value of an operator O(y) becomes

(OO = (1 = BreX O + (00) [ dzeiBe ).
(A7)

Let us focus on the last term, which, by virtue of (A4),
contains expressions of this sort:

(OX'(z, 1, X)) = (O K (1, x)e~A) g,

where X stands for components of either 7' or S or 803 .
From the identity

OOt x 0 = [ 000,87 X
+ TEIPOO<O()’)X/(Z, T, X))LE,

and the observation that correlations vanish for very distant
times (check footnote %), one obtains

OOt e = [ dr(00) 8 e

+ TEIPOO<0A(Y)>LE<X(T, X)) (A8)
where we have also taken advantage of the commutation
between exp[A] and exp[ +zA].

We now approximate [9] the local equilibrium density
operator with the nearest equilibrium operator p, in
Eq. (26), which also implies that

A=-A/T,

where H is the Hamiltonian operator (which ought to exist
given the chosen boundary conditions). The straightfor-
ward consequence of this approximation is that the second
term on the right-hand side in Eq. (A8) can be written as

PHYSICAL REVIEW D 87, 025029 (2013)

(X(=00, x))g = (X(—00, %))g = (X(1, X))o

because the mean value is stationary under the equilibrium
distribution. Therefore, Eq. (A8) can be approximated as

OOt~ [ drO6)a, %G 730

+ <O(y)>0<)2(tr X))O: (Ag)

and (A7) as
(OO = (1 = BYNOM), + /0 L d(O(y)e /T BeiITy,,
(A10)

Once integrated, the second term in (A9) gives rise to a
term which cancels out (B),(O(y)), exactly in the equation
above, which then becomes

©O6) =0 + [ dz [ art0ma, R 7.x)

(Al1)
Let us now integrate the last term on the right-hand side
in z:

/0 iz [jm dr(0()9.X'(z 7, %)),

1[5 A . A
-3 f du / " OO0, R (r, x)et Y,
0 — 00

where 8 = 1/T and Bz = u. As H is the generator of time
translations,

l B ! A —ul g ul

2 [0 du [iood7<0(y)¢9re R(r, x)erly,
1
B
1 3 t A 0 4

— foﬁ du f_m dT(O(y)£X(7'+ iu, X))o

fB du [t dr(0()a,X(7 + iu, X))
0 —o00

l

= ™

— ](;ﬁ du fioo dT;—u((O(y))A((T + iu, X))o)

l

||'_ =i

fjw dr foﬁ du;—u«é(y)X(T + iu, X)))

~

B
= % f_[m«é(y)X(T + B, X)) — {OMX(7, X))
On the other hand,
(OWR(7 + iB, X))y = tr(peO()e PAR(7, x)e* A1)
-1 (e PAO(y)e PHX(7, x)ePH)
Zy
= Zio tr(OA(y)e*BﬂX'(T, X))

= w(X(r, X))po0(»))

= (X(7, x) 0.
Hence, putting the last three equations together, we have
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Substituting now X with its specific operators, Eq. (A11) can be expanded as

8O = <0(y)> — (0
e—0if3
2e~0if
e—0if3
20

2e-07]

The first term on the right-hand side of the above equation can be integrated by parts using

1 A~ [t 1
f dze8<f—f>f de(T)=[ d—(

so that Eq. (A13) can finally be written

2e—0]

[le [ artoma e rnxn = [ a0, 000, (A12)
~lim - [ drest—7) [ dr f x4 (7, x), 00)])? . 5, (x)
~gtimz [ a2 [ ar [ @ %), 00)Dede, )
~ im / drestt—7) / dr [ Bx([ T4 (7, x), OO .58, (x)
——hm—/ dres(— ’)/dgx([SO’“’(t X), O(y)]>o5w,w(x)
——hm—[ dres'= f>[ drfd3x<[80“”(r X), o(y)]>0 5ww(x) (A13)
s(t t') 4 es(t—t’)
" )[ d7f(7) ——f drf(7) — [,mdt . f(@)
:[[ dtl_eiwf(t)
—00 &
R 4 _ ag(t=1) R R
KO0 = lim [ art = [ x @), 600,86,
*hmf-/- dt e(r— t/)[d3x<[80'uy(x) 0(y)]>06w,u,v(x)
(A14)

, A R F
fllm—f dres— t)[t dT/d3X<[SO”w(T, X), 0()’)])055")#1/()‘)'

2e-0]

Another useful (equivalent) expression of 6(0(y)> can be obtained starting from the expression (14) of Y, where the
continuity equation for angular momentum is used from the beginning. Repeating the same reasoning as above, it can be

shown that one gets

_ Le(t—=1)
5(0(y) — hm— [ dr 167 j BT (), 00) o8, 88, (x) + 9,88,(x))

_ ag(t=7)
+ hm—[ dr le— [d3X<[T’”(X) OMDo(9,.8B,(x) = 8,88, (x) +28w,,(x)

~Dim L f dres(—) f dr f xS (7, %), 001928 1, ().

2S—>01B

As we have pointed out, these expressions hold when p,,
has a nonvanishing chemical potential.

APPENDIX B: COMMUTATORS AND
DISCRETE SYMMETRIES

We want to study the effect of space inversion and time
reversal on the mean value of commutators like

(O (1, %), 03" (0, 0) ]y,

where O, and O, are physical tensor densities of rank m
and n, respectively.

(A15)

[

The equilibrium density operator p = exp[—H/T]/Z is
symmetric for space-time translations and rotations, as
well as time reversal and parity, if the Hamiltonian is itself
parity and time-reversal invariant. The symmetry under
this class of transformations allows one to simplify the

above expression. For any linear unitary transformation U
which commutes with p, one has

(@
(@)
(@)

(0)y = tr(py0) = (U~ p,U 0) =
= <U 0 U_1>0.
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Taking U = T(a), with T(a) a general translation operator,

[O# (1, %), O5"""(0, 0))o
= ([O" 1 (t + a° x + a), 04" (a®, a)])y

and so, setting (a°, a) = (—1, —x),

([O1 (1, x), 05 (0,0)])y
= ([0}"#(0,0), 07" (—1, =x)])s.

Similarly, for a space inversion,

([Of " Hn (1, x), 05 (0,0) ]y
= (=10 (e, —x), 05 (0, 0) o,

where m, and n, are the number of space indices among
Mt o, and vy, - - - v, respectively.

PHYSICAL REVIEW D 87, 025029 (2013)

The time-reversal operator Ois antiunitary; thus a point-
dependent physical scalar operator A(z, x) transforms as
follows:

OAlLXx)O " = At(—1 x).
Hence, for commutators
O[A(t, x), B(t, )10 " =[BT (1, %), AT(~1,x)]

Then, for Hermitian operators, what gets changed is the
order of the operators besides their time argument. For
tensor Hermitian observables and a time-reversal symmet-
ric Hamiltonian, one obtains

O (1,x), 03 (0,0)])y
= (- 1)mo+n”<[0;r~un (0, 0), O/IM'-'/-L,”(_L X)]>0,

where m and n, are the number of time indices among
M1, o, and vy, - - - v, respectively.
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