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1 Introduction

Hydrodynamics is a robust effective theory capable of describing a wide variety of phe-
nomena, ranging from stellar evolution through fluid flow in a pipe to heavy ion collisions.
The dynamics of fluid flow are captured by the conservation laws of the underlying many
body theory at hand, supplemented by constitutive relations which parameterize the con-
served currents as local functions of the dynamical variables. For example, energy can be
parameterized by a local temperature field and energy conservation serves as a dynamical
equation for it.

In a relativistic theory, on a flat torsionless background, translation invariance implies
that the energy momentum tensor, T#”, is conserved. In relativistic hydrodynamics the
constitutive relations for the energy momentum tensor are expressed in terms of a temper-
ature field 7" and a velocity field u* normalized such that u*u, = —1. As in any effective
theory, the constitutive relations are the most general ones possible, compatible with the
physical constraints of the problem. In hydrodynamics these include symmetries, unitarity,
the second law of thermodynamics and various Onsager relations. Once the constitutive
relations are available (usually in terms of a derivative expansion), the equations of motion
for T and u* are given by energy momentum conservation and form the relativistic version
of the Navier-Stokes equations.

Over the last few years there has been increasing interest in a theory of hydrodynam-
ics in the presence of an independently conserved angular momentum density, J#**?, or,
alternately, a non vanishing spin current, S#7;

JHP = gVTHO — gPTHY — GHVP, (1.1)

In the context of heavy ion collisions there is experimental evidence for correlations between
the spin polarization of A-hyperons and the angular momentum of the quark gluon plasma
in off center collisions [1, 2]. Likewise, an experimental realization of spin currents in
liquid metals has been demonstrated in [3]. A proper theoretical understanding of these
phenomenon necessitates a consistent hydrodynamic theory of spin currents. While there
has been a significant amount of work on the matter, see, e.g., [4-41], a fully consistent
theory of hydrodynamics of spin currents is lacking. This work aims at filling in this gap,
expanding on the recent work of [42].

The first issue that needs to be addressed when constructing a theory of hydrodynamics
with spin currents is the identification of a canonical spin current. In a relativistic theory, on
a flat torsionless background, Lorentz invariance dictates that energy and momentum are
conserved and, as a result, that angular momentum is conserved. Indeed, it is well known
(see [43, 44]) that in the absence of torsion, it is always possible to add an improvement
term to the energy momentum tensor, T#”, such that the stress tensor satisfies TH" = T"#,
as an additional equation of motion. Then, angular momementum conservation follows
from energy-momentum conservation. Put differently, the spin current S#*# is ambiguous
due to the possibility of adding improvement terms to the stress tensor, and, in particular
it can be set to zero by judiciously choosing these terms.



One way to deal with this ambiguity is to couple the theory to an external spin con-
nection, w,ﬂb, which is independent of the vielbein e, due to non vanishing torsion. In
this case, one can define a canonical stress tensor and spin current via

58 = / diz|e| (T“aée“u + %S“abwu“b +E- 5¢) (1.2)

where |e| is the determinant of the vielbein, E denotes the equations of motion, and d¢ the
variation of the dynamical fields associated with the action describing the constituents of
the fluid. Here and in the remainder of this paper greek indices will denote spacetime indices
and roman indices tangent bundle indices. As we discuss in depth in section 2, the presence
of torsion precludes an improvement term, leading to a unique spin current. Of course, after
obtaining the stress tensor and spin current via (1.2), one can set the background vielbein
to the Minkowski one and the spin connection to the metric compatible, torsionless, one.

Since the stress tensor and spin current are well defined in the presence of torsion,
one can generate a set of constitutive relations for them by introducing a hydrodynamic
spin chemical potential ©® in addition to the temperature and velocity field. We compute
these constitutive relations in two steps. In the first step, discussed in section 3, we
use the hydrostatic partition function introduced in [45, 46] to construct the constitutive
relations associated with hydrostatic equilibrium configurations. Then, in section 4 we add
dissipative corrections to the constitutive relations and check compatibility of the resulting
constitutive relations with the entropy current and Onsager relations. The constitutive
relations obtained this way are the most general ones possible in a generic number of
spacetime dimensions. For ease of reference we have collected our results in appendix B.
A full discussion of the constitutive relations which explicitly break parity or time reversal
via the presence of the Levi-Civitta tensor is left for future work.

After obtaining the full set of constitutive relations for hydrodynamics with a spin
current, we carry out a linearized analysis of the resulting equations of motion, allowing us
to identify the various hydrodynamic modes of the problem and to express the appropriate
coefficients in the constitutive relations in terms of Kubo relations. We do this in section 5.
We then turn our attention to charged fluids in section 6 and to conformal invariant fluids
in section 7.

One of our main findings is that under the “simplest” possible assumptions, the spin
chemical potential should be considered as a first order in derivative quantity. This is
somewhat unusual since the temperature, velocity and chemical potential associated with
a conserved charge are naturally evaluated as zeroth order in derivatives quantities. Not
only is the spin chemical potential first order in derivatives, its equations of motion are
algebraic, tying its value to the acceleration of the fluid, its vorticity and the background
torsion. While somewhat puzzling at first, these features of the spin chemical potential
are what allow for the recovery of standard hydrodynamics in the limit where the torsion
tensor vanishes — with an appropriate choice of improvement term, the dynamics of the
velocity field and temperature effectively decouple from that of the spin chemical potential.
This feature of hydrodynamics with a spin current, and other effects associated with the
spin current are discussed further in section 8.



2 The canonical spin current

As discussed in the introduction, the first step in setting up a hydrodynamic theory of
spin currents is to construct a well defined spin current. The challenge being the inherent
ambiguity in the definition of the stress tensor constructed via Noether’s procedure due
to improvement terms. These improvement terms modify the structure of the angular
momentum density and therefore the structure of the spin current, as defined in (1.1). In
what follows we will go over the origin of the ambiguity of the spin current and make two
observations. The first is that the ambiguity in the spin current is removed once the theory
is placed on a torsionfull background geometry. Thus, by coupling the theory to torsion
one can obtain a well defined spin current. Our second observation is that the ambiguity
in the spin current does not affect the combined dynamics of the stress tensor and spin
current. Therefore, to obtain a well defined spin current we can couple our theory to a
torsionfull background and take the torsionless limit to obtain physical results. While the
material contained in this section is known, it is central to our construction, so we present
it here for completeness, and to set up the notation for the rest of this work.

Given an action S[¢; x] with dynamical fields ¢ and couplings x, we define the variation

5506: x] = [ (C-6x + E-60)d's (2.1)

such that FE denotes the equations of motion. If S = 0 and §x = 0 for a particular ¢,
we say that d¢ is an infinitesimal symmetry. If S = 0 for a particular (non vanishing)
dx and d¢ we say that dx and §¢ constitute a spurionic symmetry. If we parameterize an
infinitesimal symmetry via d¢ = Ady¢ with A a constant then for a spacetime dependent A
we neccessarily have

6S[o; X] = —/J“V#)\ddx = /E DVINCT: i (2.2)

which gives Noether’s theorem, V,J# = 0, under the equations of motion.

The transformation associated with d¢ = A(x)d ¢ is not a symmetry. But, if we
manage to couple the action to a source x, such that a generic transformation of the
action yields

0S[d; X Xu) = /(J“(SXM +C-dx+ E-09) d%z (2.3)

then d¢ = A(z)dr¢p, o0x = 0 and dx, = V, A will be a spurionic symmetry with the
associated conservation law V,J#* = 0. Conversely, suppose S = 0 for some spurionic
symmetry 6¢ = F(A(x)), dx = x(M(z)) and dx, = Xu(A(x)) where ), X and X, are
linear functions of A with (possibly) a finite number of derivatives acting on them. Then,
J# defined in (2.2) will satisfy a certain identity under the equations of motion. Often,
this identity is referred to as a conservation equation even though, as should be clear from
the above construction, it will result in V,J# = 0 only for éx, = V A and éx = 0. In
what follows we will refer to identities associated with the above spurionic symmetry as
conservation laws if they lead to a conservation equation of the form V,J# = 0 and to
non conservation laws otherwise. Our entire discussion can be mapped to a quantum field



theory (modulo a treatment of anomalies) where the non conservation laws are referred
to as Ward identities and hold inside correlation functions as long as there is no overlap
between J# and the inserted operators.

Before applying this somewhat abstract construction to the vielbein and spin connec-
tion, let us first discuss it in a more familiar setting. Consider a set of dynamical fields
¢ coupled to an external metric g, and an external gauge field, A, such that the action
is coordinate reparameterization invariant and gauge invariant. In this case, the coordi-
nate reparameterizations and gauge transformations are spurionic symmetries. A general
variation of the fields and sources is given by

1
6S[¢5 guvs Al = / <2TW59W + JHSA, + E - 5¢>> Vadix . (2.4)

Only the gauge field transforms under gauge transformations so J* will satisfy a conser-
vation law, V,J# = 0. On the other hand coordinate reparameterizations will modify the
metric and the gauge field leading to the non-conservation law

vV, TH = F"], (2.5)

with F'* the field strength associated with the external gauge field A,. Often, the right
hand side of (2.5) is referred to as a Joule heating term. It is interpreted as the work done
on the system in the presence of an external field. We will see, shortly, that similar terms
arise when placing a theory in a background with torsion.

Indeed, moving on to our main construction, consider a field theory with dynamical
fields ¢, coupled to a vielbein e, and spin connection wu“b. The variation of the action
associated with this theory is given in (1.2). Such an action can be made invariant under
coordinate reparameterizations, £#, and local Lorentz transformations, 6%, as long as the

dynamical fields transform as appropriate tensors, e.g.,
0Q%, = £:Q%, — 0%Q", (2.6)
for some tensor Q“,, and the vielbein and spin connection transform as

de, =Lee, — 0abebu

2.7
0w, ™ =£ew, ™ + V.07 27

Here £ is a Lie derivative along &, and V,, denotes a covariant derivative,
v,uQaV = aMQal/ + W,u,achy - Fa,u,l/Qaa . (28)

If w,® and e?, are independent fields, the transformations (2.7) will lead to two non
conservation laws: one for T#, and one S*.. Conversely, if w““b is determined from
e®, then the only current is the stress tensor and (2.7) will lead to two non conservation
laws for it. The improvement term which allows for an ambiguity in the definition of the
spin current can be traced to the latter and its absence to the former. Before showing



this explicitly, let us introduce some notation. We define the torsion free spin connection

d’),ﬂb via

ooab _ _ a (8 vb V7 Ub)

W, = e, (0ue”” + 15, e (2.9a)
where

o 1

[y = §9a5 (989vs + 0v985 — 0598+) - (2.9b)

The covariant derivative associated with d’)ﬂ“b or '@ s~ Will be denoted by @u- For instance,
VuQ% =9V, 4+ &, Ve, — 1%, Ve, . (2.10)

Likewise, R g5 and other ringed curvature tensors are associated with ringed connections
in contrast to their non-ringed counterparts, e.g., R*g,s. The difference between the spin
connection and the ringed spin connection is the contorsion tensor

wp =0, + K, (2.11)
The contorsion tensor, K uab, is related to the torsion tensor, T%g., defined via
[, =I5 =T%, (2.12)

through
T = K — K% (2.13)

Going back to (2.7), suppose that w,%® = &, In this case (1.2) will reduce to

5[0, ¢ @, ,_, = [ (Tade + B-0)lcla’s (214)
wp =,
where ,
1 r1_, 0w, (y
TEaa) = Tha(o) + 1 [ 38"t o Dletulaty. (215)
I

The conservation equations associated with the spurionic symmetries (2.7) read
VI =0,  TH T =0. (2.16)

Note that in our current formulation, the absence of an antisymmetric component of the
energy momentum tensor is a dynamical statement. That is, it is satisifed only if the
equations of motion, E = 0, are satisfied.

However, one can construct an improved stress tensor,

1
T =T - (T - T (217)

Then (2.16) read
V.Y =0, TE T =0, (2.18)



under the equations of motion, but now the improved energy momentum tensor is sym-
metric, TI[” - 0, independently of the equations of motion.

b

So far, we have set w,*® = ,% and then taken the variation (1.2) in order to get the

stress tensor. We could have carried out the same procedure in the reverse order, first take

b

the variation (1.2) and then set w,* = d’}uab. In this case we would have obtained the non

conservation equations
VT = %sz”amsaﬁv, THY — TVH =V, 8% (2.19)
Note that the first equality in (2.19) can be written in the equivalent form,
@MT’“’ = %@#@a (S — Shav _ Grary (2.20)

The second equality in (2.19) is equivalent to angular momentum conservation, cf., (1.1).
Using (2.9) and (2.15) it is straightforward to show that S is related to T¢, via

1.
TE = T = SV (SO — §Ho — 570 (2.21)

Thus, equations (2.16) and (2.19) are, obviously, equivalent, and no information is lost by

solving one or the other. In fact, since dzlﬂb

b

is a function of e, the dependence of the

action, S, on the spin connection w,* is ambiguous: we may always shuffle a dependence

of the action on (fb#“b into a dependence on e, and its derivatives. In particular, since
ab b

w,® — w,* is a tensor, we may add arbitrary couplings to it which will vanish in the

wuab — (,Z)Mab limit.) Thus, in general, we find

o 1. o
VI = R, S0P T T = VS (2.22)
where 1
T'W =T + SV (B — 1 — BY") . (2.232)
with
Baul/ — S/aw/ _ SOWV i (223b)

Equations (2.16) and (2.19) are special cases of (2.22).

Let us emphasize once again that given an action, S, equations (2.16), (2.19) and (2.22)
are all equivalent and will take the same functional form. The difference between T and
T'# exhibited in equation (2.23a), is often referred to as a Belinfante-Rosenfeld improve-
ment term, and amounts to exchanging derivatives of the vielbein in the action between
the spin connection and the stress tensor. In equations, it amounts to a decomposition of
the stress tensor 74" of the form

1.
TE =T = SV (8701 = SThev — grven) (2.24)

Colloquially, due to the similarity between (2.22) and (2.19), one oftentimes refers to the
decomposition in (2.21) as an ambiguity in the spin current. The construction presented



in this section makes it clear that the modification of the spin current a’ la (2.23b) is
compensated by a modification of the energy momentum tensor given by (2.23a) so that
the equations of motion are unchanged.

As we’ve seen in (2.17), in addition to the Belinfante-Rosenfeld improvement term one
can add to the stress tensor additional improvement terms to obtain a manifestly symmetric
stress tensor, T/"”. As mentioned in the introduction, and as we will see later, in the absence
of torsion the improved stress tensor 77" is indistinguishable from the standard stress tensor
of hydrodynamic theory, in accordance with general expectations. Nevertheless, the current
S still exists and still satisfies the non-conservation equation (2.19). In a hydrodynamic
theory, where there is no access to the equations of motion of the fundamental fields and
only conservation equations play a role in determining the dynamics, we will use (2.19) to
determine the dynamics of the spin chemical potential.’

Let us now turn our attention to the somewhat simpler situation where w,ﬂb and e?,
are independent parameters. Coordinate invariance and local Lorentz invariance imply the
non-conservation equations

. 1
VT = SR Spa0 — Toe K™l 4%

= %ﬁﬂ (@A (S/\lw _ KAV _ SV)\/L) _ SupaKumf) + %S)\pJ@VKApU’ (2.25)

ﬁ)\s)\#y = QT[MV] + QSAP[Mey]aepbK,\ab .

Since, in the presence of torsion, w,ﬂb and e?,, are independent sources the freedom leading
to (2.23) is absent and the stress tensor and spin current can not be transmuted into
one another. In the next section we will use this feature of torsionful backgrounds to
compute the spin current and stress tensor in hydrostatic equilibrium. In the torsionless
limit equations (2.25) reduce to (2.19) (or equivalently, (2.16) or (2.22)) as expected.

3 Hydrostatics

A fluid which is acted on by time independent external forces will settle down to a hy-
drostatically equilibrated configuration. Since a hydrostatically equilibrated configuration
must be a solution to the hydrodynamic equations of motion, the explicit form of the hy-
drostatic configuration must be compatible with the constitutive relations of the fluid. Put
differently, the existence of hydrostatic equilibrium poses constraints on the constitutive
relations of the fluid. Therefore, if we can generate a valid hydrostatically equilibrated
configuration we may use it to simplify the construction of the constitutive relations for
the fluid.

To obtain a valid hydrostatically equilibrated configuration we use the methods devel-
oped in [45, 46]: consider a hydrostatically equilibrated state. In such a state Euclidean

! As is perhaps expected, and as we discuss in section 8, we will find that the resulting equations for the
spin chemical potential are independent of the choice of improvement terms and, in addition, the dynamics
of the temeprature and velocity field, as determined by the improved stress tensor T}, will be identical to
those of a standard theory of hydrodynamics in the absence of the spin conservation equations and torsion.



correlation functions of generic operators at equal Euclidean time will decay exponentially
at large distances (assuming we are not at a critical point or that there are no long range
forces at play). That is, there exists a power series expansion of zero frequency correlation
functions of generic operators around zero spatial momentum. Let us consider a generating
function for such correlation functions valid up to, say, m powers of the spatial momentum.
In real space such a generating function will contain m derivatives of its arguments, the
sources for the operators in question. For instance, the hydrostatic generating function
for the energy momentum tensor will be a local function of the background metric and its
derivatives.

There exists an abundant body of literature on the construction of the hydrostatic
generating function, and the associated constraints on constitutive relations for a variety
of operators and sources. See e.g., [47-76]. For the current work, we are interested in
hydrostatics in the presence of a spin current, as defined in (1.2). To this end, we need
to construct a Lorentz and coordinate invariant generating function associated with a

time independent external vielbein, e, and spin connection, wu“b

(and their covariant
derivatives).

To make time independence of the sources manifest, we denote by V# the Killing
vector along which the metric is time independent, and by 6y %, the Lorentz transformation
parameter under which e, and w,ﬂb are invariant. Then, time independence of w,ﬂb and
e?,, amounts to

0= £yey — e’ 3.1)
0= £Vw“ab + 8H0v“b + wuacevcb — evacwucb . '

While it is often convenient to choose a particular gauge where V# = (1,0,...,0) and
Oy, = 0, expressions of the form (3.1) are useful in order to make the notation covariant.
In order for the generating function

W = / |e|ddacW[eau, w#ab, VHE, Oy, V), (3.2)

to be invariant under coordinate transformations and local Lorentz transformations, the
vielbein, spin connection, Killing vector and Lorentz parameter 6y %,, together with their
covariant derivatives, must be contracted to form scalars. Coordinate transformations of
the vielbein and spin connection are given by (2.7) while those of V# and 6y%; are given by

SVH = £cVH

3.3
00y y = £eOyy — Ly 0% + Oy 0% — 670y (8:3)

The last two equalities can be obtained by writing d201Q%,, in terms of the action of d2 on
the parameters &} and 6%, and comparing it to the same expression when treating §;Q%,
as a tensor on which dy acts.

The transformation properties of the constituents of the generating function, (2.7)
and (3.3) imply that e®,, V# and V, transform as tensors, but w,ﬂb and 6y%, do not.
Since our goal is to generate a scalar expression for the density W, it is convenient to



replace 0y%, with the combination

b Vuwﬂab + gvab

— (3.4a)

which transforms as a tensor. Altertnately, one may view pu® as the holonomy of the spin
connection around the thermal circle. Defining,

Az
T'=v-Vv2 = — (3.4b)

allows us to write W in the form
W=w (T, ut, p®, e, K, %) : (3.5)

In writing (3.5) we have replaced the spin connection w,ﬂb with the contorsion tensor,
K%, see (2.11), and the covariant derivative with a ringed one, cf., (2.10).

In order to obtain the most general generating function W, we need to construct all
possible scalars out of the constituents of W specified in (3.5). Due to the presence of the
covariant derivative, @#, in (3.5) there are an infinite number of such scalars. Often, it
is convenient to expand W in terms of a derivative expansion in which case there are a
finite number of scalars at each order in the expansion. In all systems which have been
studied so far, the expansion of W in derivatives paralleled the derivative expansion of the
associated constitutive relations. That is, order n terms in W corresponded to order n
terms in the constitutive relations derived from W. In our current setup this is not quite
the case: in (3.5) we have replaced the non tensorial spin connection with the contorsion

b

ab __ ab _ o ab :
tensor, K, = w, w,*. Since,

0

e,

b .
/ le| B o K, dz = (5@ / \e\B”abddx> K, + |e|Vy (BW — BYM™ — B“’\”) Cep s

g b
Se,,cd / le| B! oy K % = (&U od / IGB“abddI) K, + |e| B eq,
v v

(3.6)

then the contribution of the contorsion to the constitutive relations of the stress tensor will
be one order higher in derivatives than its contribution to the spin current. We will refer
to terms which contribute to the spin current at order m and the stress tensor at order
m + 1 as order m + 1 terms.?

Keeping in mind the unwonted contributions of the contorsion tensor to the constitu-
tive relations, we can now consistently expand the generating function W in a derivative
expansion. From it, we may construct the hydrostatic energy momentum tensor and spin

Ay

current 7" and S;" via

oo, = LOW W2 W

_ 1 L 3.7
le| de,, hab = ] dw,, (3:7)

We will carry out this task in the remainder of this section.

2The alert reader may have noticed that (3.6) has a structure very similar to (2.23a). We will comment
on this resemblance shortly.



3.1 The ideal fluid

The generating function whose variation will give us constitutive relations with no explicit
derivatives is given by
b
W = P(T, v*, u, e*,) . (3.8)

A fluid whose constitutive relations are obtained by varying the expression on the right hand
side of (3.8) is often referred to as an ideal fluid. Ideal fluids are fluids whose constitutive
relations contain no explicit derivatives of the hydrodynamic variables. Note that we have
phrased the previous sentence rather carefully. In most instances an equivalent definition
of an ideal fluid is one whose constitutive relations are zeroth order in derivatives. We
will see shortly that in our current scheme, these two definitions of an ideal fluid are not
interchangeable. In the remainder of this work we will use the former definition exclusively.
To proceed, it is convenient to decompose u® into components parallel and orthogonal

to the velocity field,
Mab — uamb _ ubma + Mab (3'9)

where ugM® = 0 and uym® = 0. With this notation the available scalars in a generic
number of spacetime dimensions d are given by contractions of chains of M%,

My = M, My .. .My, n>2, (3.10)
with a pair of m,’s or with themselves:

M) = Me M2q)“'my

. (3.11)
My = M2n)"c -
For notational convenience it is useful to define
My =%, My =M%, (3.12)

so that m ) = mem® and M) = d are well defined. The number of possible independent
scalars is bound by the dimensionality of M and m®. In a generic number, d, of space-
time dimensions the independent scalars are given by m), ..., m|dz2)) for d > 2 and
Mgy, .-y M(L% for d > 3. Of course, in addition to (3.11) one may construct various
dimension dependent pseudo scalars using the Levi Civitta tensor. For example, in 3 + 1
dimensions one may use,

M = ey my M,y . (3.13)

Since M2 = dm(y — 2Mym o) keepingNall four of m gy, m1), M(;) and M is redundant
and we may keep only mg), M(;) and M. In what follows we will consider contributions
to the constitutive relations for a generic d dimensional spacetime theory.

The dependence of the ideal stress tensor and current on the external fields can now
be computed by varying P(my,), M, T') with respect to the vielbein or spin connection
respectively. Inserting (3.8) into (3.7) and denoting the resulting stress tensor and spin
current by T!;" and S;4""?, viz.,

16 2 5
T'a = o5 / dla/GP, Sy = [ / dlz\/gP (3.14)

~10 -



we find

7}‘;” = eutu’ + PAM + ul AV P,

(3.15)
Sz’d}\uu = U)\P;w
where
AR = gt 4 utu (3.16)
is a projection orthogonal to the velocity field, € is given by
1 B
€= —P+3T+§pa5u , (3.17)

and s, pap and P, are given by the variation of the pressure with respect to the variables
T, 1 and u?,

oP 1 oP oP
= — —Pab — T 7 a — . .1
ST ar g Pab Opab Aus (3.18)
Their explicit dependence on derivatives of the pressure with respect to our basis of scalars
is given by
2] op BN
pap =4 > — MmeMan) ot + O MM eM @2n—1—k)5) Ma
n=0 9" (n) k=0
) (3.19)
5]
oP
—4 n M(anl)ab
=1 M)
and
2] op BN
P,=-2 Z M) Ua — mbM(2n+1)ba + Z mbM(2n—1—2k)bam(k)
=0 Omm) k=0
(3.20)
2] 5
—4 a s
;::1 naM(n) mpM 2,1y
where square brackets represent an antisymmetric combination, A, = %(A,“, —Ayy).

Note that the stress tensor is not symmetric due to the term proportional to (the transverse
part of) P*.

A few comments are in order. The relations given in (3.15) describe the dependence
of the energy momentum tensor and spin current on the external sources which have been
conveniently packaged into the variables, T', u® and u® given in (3.4). Since these are
hydrostatically equilibrated configurations the resulting stress tensor and current should
also be expressible in terms of solutions to the hydrodynamic equations. This interpre-
tation allows us to identify T as the temperature, u# as the velocity field and p® as the
spin chemical potential. From this point of view, the relations (3.15) are the constitutive
relations for an ideal fluid and (3.4) give the dependence of the hydrodynamic variables on
the external sources once hydrostatic equilibrium is achieved.
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Once the hydrodynamic variables T', u* and ;® have been ascertained, we may identify
P with the pressure, ¢ with the energy density, s with the entropy density, p,s with the
spin charge density and P, with what we refer to as a momentum density. With the above
interpretation of thermodynamic variables, equation (3.17) can be interpreted as the Gibbs
Duhem Relation relating energy density and pressure. This expression together with (3.18)
gives us the first law of thermodynamics

1
de = Tds + 5mbdpa,, — Pydu®. (3.21)

From (3.21) (or (3.18)) we observe that the momentum density is the variable conjugate
to the velocity field, u®*. Such a quantity is absent in relativistic thermodynamics as long
as the velocity field is the only tensor which breaks Lorentz invariance. Thus, normal,
charged and uncharged fluids, do not support such a variable. The two component model
of superfluids includes a superfluid velocity field which further breaks Lorentz invariance
but there, since superfluid flow is a gradient flow, thermodynamic quantities are packaged
in a somewhat different way than here. The only instance we are aware of where the
momentum density plays a thermodynamic role similar to the one in (3.21) is in non
relativistic thermodynamics without boost invariance. See [77].

3.2 An aside on non hydrostatic terms

By construction, the constitutive relations (3.15) do not contain explicit derivatives of the
vielbein, e®,, spin connection, w,ﬂb, and hydrostatic parameters, V#, and 6y%. In the
remainder of this section we will follow standard procedure and add to the generating
function W terms which contain derivatives of the vielbein and hydrostatic parameters,
order by order in a derivative expansion. By varying the generating function with respect to
the sources we will obtain the stress tensor and spin current as a function of these sources,
cf., equation (3.7). We can then use the identifications in (3.4) to obtain the constitutive
relations for a fluid in hydrostatic equilibrium.

Having said that, let us pause the computation of higher order corrections to the
hydrostatic constitutive relations, and comment on the possible, additional, constitutive
relations which are not hydrostatic which we will compute later in this work. Recall that
the constitutive relations for a fluid do not depend on the particular configuration the fluid
is in, be it hydrostatic or not. While we use the hydrostatic partition function to obtain
those constitutive relations which do not vanish in hydrostatic equilibrium, we must, later,
supplement these by any additional expressions which vanish in hydrostatic equilibrium.
Let us comment on such expressions.

In hydrostatic equilibirum, the vielbein and spin connection are time independent in
the sense of (3.1). Since the external sources are eventually identified with hydrodynamic
variables, as in (3.4), hydrostatic equilibrium poses constraints on the hydrodynamic vari-
ables themselves. Indeed, the stationarity condition on the background metric £y g,, = 0
(which follows from (3.1)) leads to

AN, T

10,T =0 K
utdy, ; a” + T

0, 6=0, o"=0, (3.22)
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where a*, 6 and o"¥ are components of the derivative of the velocity field,

o 1

Vo, = HQAW —upay + ou + QM (3.23)
with a#u, = c"u, = Q*u, = o#, = 0 and o = o"* and Q" = —Q"F. A compendium
of decompositions of various quantities appearing in this work relative to the velocity field,

ab

including (3.23) can be found in appendix A. Similarly, the constraint on e®, and w,,
given in (3.1) read

u K, = 5% 4?6, (Q‘“’ - 2u[“al’]> (3.24)
and
. 'uab
Tef ey Va7 = R pqu® — 26”46 K1t | (3.25a)
with
R 5 = R34 267067, (VKo™ = K Kol (3.25b)
respectively.

Equations (3.22) maintain that the shear and expansion of the flow vanish and that
the acceleration must be proportional to gradients of the temperature if the system is in
hydrostatic equilibrium. Likewise, equation (3.24) implies that in hydrostatic equilibrium

M* =0 and Wm*=0 (3.26)
where
MM = MR KR QY
(3.27)
= mb — kHF — gt
and
k= uw'ugK,*" K = A APsul K, (3.28)

(A full decomposition of the contorsion tensor into components can be found in ap-
pendix A.) The last equation, (3.25a) implies that covariant derivatives of the spin chemical
potential may be written in terms of the spin chemical potential and the Riemann tensor.
These relations, combined with (3.26) will also constrain gradients of the acceleration and
vorticity two form. Since the explicit form of these constraints is somewhat long and not
very useful, we will not write them explicitly.

Relation (3.24) is key. Suppose our fluid extends throughout R*! with g, = 7,, and
K ,ﬂb = 0. In such a background an equilibrated fluid will have vanishing acceleration and
vanishing vorticity, a* = 0 and Q*” = 0, and therefore vanishing spin chemical potential,
p®% = 0. (This can be proven by noting that Minkowski space possesses only one Killing
vector which is everywhere timelike.) In fact, from (3.24) we find that (in the absence of
torsion) a spin chemical potential can be sustained in equilibrium only if we have non zero
acceleration (implying a temperature gradient due to the second equality in (3.22)) or non
zero vorticity.

The relation (3.24) was obtained by different means in [6], where it took the form

b = —Tele, M, 9 (3.29)
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valid in the absence of torsion, where the last term on the right, —% (ﬁp%’ - VU%)
is referred to as the thermal vorticity. We emphasize, in light of the above discussion,
that the relation (3.24) or its equivalent form (3.29), is, a priori, only valid in hydrostatic
equilibrium where the velocity and temperature are time independent and are fixed in terms
of the background metric. Of course, it is possible, and as we shall see shortly, practically
relevant, that the relation (3.24) will hold dynamically. Meaning, it will be enforced as an
equation of motion. At this point however, we can not ascertain this.

To summarize, the relation (3.24) implies that a non vanishing spin chemical potential
can only be supported by acceleration, vorticity or torsion (in hydrostatic equilibrium).
Therefore, in order for a consistent derivative expansion to exist the spin chemical potential,
torsion, acceleration and vorticity should all be of the same order. The simplest way to
implement this would be to require that the spin chemical potential and contorsion tensor
are first order in derivatives. While a bit surprising at first, it is, perhaps, not so strange
once the previous discussion is taken into account. A spin chemical potential will naturally
vanish once first order in gradient quantities are small. Likewise, the contorsion tensor,
in its role as a connection, is often associated with explicit derivatives. Therefore, in the
remainder of this work we will treat the spin chemical potential and the contorsion tensor
as a first order in derivative quantity. This implies, among other things, that the ideal
stress tensor and current, while not containing explicit derivatives, may be expanded in a
derivative expansion by counting m® and M as first order in derivative objects. Thus,
while the ideal constitutive relations given in (3.15) do not contain any explicit derivatives,
they may still be expanded in a derivative expansion once m® and M® are counted as first
order in derivative quantities.

Let us remark that there may be other possible derivative counting schemes compatible
with (3.24). Perhaps the spatial component of the contorsion tensor may be counted as
zeroth order in derivatives while its temporal component and the spin chemical potential
count as first order in derivatives. Or, it might be possible to decompose the temporal
component of the contorsion tensor and the spin chemical potential into an order zero and
order one term, treating each component separately in some sense. While we haven’t ruled
out such possibilities so far, we seem to encounter difficulties when trying to implement
them effectively. Another counting scheme implicitly implemented in e.g., [10, 11] is to
consider a background vorticity. We will discuss some of these further in section 8.

3.3 The hydrostatic expansion to leading order in derivatives

Having set up the derivative expansion for fluids with spin, we are almost ready to compute
higher order corrections to the ideal constitutive relations (3.15). The last obstacle we need
to deal with is a mismatch between derivative counting of the constitutive relations and
the derivative counting of the equations of motion. Since the hydrodynamic equations are
conservation laws it is often the case that the m’th order in derivative constitutive rela-
tions contribute to the m + 1’th order terms in the equations of motion. As discussed in
detail in section 2 the equations of motion in the presence of torsion are non conservation
equations, (2.25). In terms of derivative counting, we observe that the antisymmetric com-
ponents of the stress tensor enter the equations of motion at the same order as derivatives

— 14 —



of the stress tensor and spin current. Therefore, in order to have a consistent perturbative
scheme for the hydrodynamic equations of motion we must count the constitutive relations
for the antisymmetric components of the stress tensor as one order higher than that of the
symmetric components and of the spin current. In the remainder of this work we will con-
struct the leading, non ideal, contribution to the constitutive relations for fluids with spin.
This implies that we will expand the spin current and symmetric components of the stress
tensor to first order in derivatives, and the antisymmetric components of the stress tensor
to second order in derivatives. To avoid the latter lengthy articulation of our perturbative
expansion, we will often state that we are computing the constitutive relations such that
the equations of motion are second order in derivatives.

Keeping in mind the derivative counting scheme described above and in the previous
section, in order to compute the hydrostatic constitutive relations to the required order we
must enumerate all possible hydrostatic scalar quantities up to first order in derivatives, and
all hydrostatic scalar quantities which may contribute to the antisymmetric components of
the stress tensor to second order in derivatives.

At zero order in derivatives, the temperature 7' is the only available scalar and its
contribution to the constitutive relations has been computed in (3.15). At first order
in derivatives, the only available scalar is the trace of the contorsion tensor, x, defined
in (A.11). At second order in derivatives, we need to consider only those terms which
contribute to the antisymmetric component of the stress tensor. The scalars M(;) and m)
have been dealt with in the previous section which studied the all order in derivative ideal
fluid. Second order scalars involving derivatives of m* and M*"” can be traded with the
Riemann tensor using (3.25a). Following [45, 46] the latter contributes to the symmetric
components of the energy momentum tensor and is less relevant to our current study.
Similarly, (3.26) may be used to remove scalars involving the vorticity two-form and the
acceleration, Q" and a*, in place of the components of the contorsion, K** and k* and
the chemical potential M*” and m*. Thus, at the end of the day, the only two contorsion
independent scalars are M) and m ) which we have treated earlier in our discussion of
the ideal fluid. In addition, we find that there are four scalars linear in contorsion and ten
additional scalars quadratic in contorsion.?

To obtain the contribution of the constitutive relations to equations of motion to second
order in derivatives we may write the partition function, W = [ Jjgdd$W, as

W=P+Waq + Wy (3.30)
where P is the pressure function given in (3.8) which determines the constitutive relations
for the ideal fluid, and

Way = Wk,

N L@ (3.31)
Wiy = 2% S -

31f we allow for terms which explicitly break parity or time reversal (involving the Levi-Civitta tensor),
then more terms will be available, their explicit form will depend on the spacetime dimension. We leave a
discussion of such terms to future work.
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Order zero hydrostatic scalars

T

Order one hydrostatic scalars

K

Order two, contorsion independant hydrostatic scalars

M) m(0)

Order two, hydrostatic scalars linear in contorsion

Swy = Mkl Spy = MuE"™ S =muk" S =mKy

Order two hydrostatic scalars, quadratic in contorsion
5(5) = /-€2 5(6) =k-k 5(7) = KuVK“V S(g) =k- ’CV
S(g) =Ky Ky S(lo) = K,WRA‘LW 5(11) = IQAM,RA‘LW 5(12) = Iﬁsuyﬂs‘mj

Suz) = KauwpKa"™?  Saay = Kr pw K™

Table 1. Summary of zeroth, first and second order independent inequivalent scalars which may
contribute to the equations of motion at second order in derivatives. The components of the spin
chemical potential M, and m* have been defined in (3.9), the scalars m ;) and My have been
defined in (3.11) and the various K, k, x and K denote components of the contorsion tensor whose
definition can be found in appendix A.2.

In writing (3.30) as a derivative expansion, we may, for consistency, expand the pressure
term, P, to quadratic order in the chemical potential

P(my, M(ny, T) = Po(T) + pm(T)mo) + par (T)Mzy + O(V?). (3.32)

Put differently, we may expand the ideal constitutive relations, (3.15), to quadratic order in
the chemical potential (such that the equations of motion are second order in derivatives).
Explicitly, one finds

Tl = (60 + (pm + Tph)mam® + (par + Tp’M)MagMaﬁ) ubu”
+ (Py + pmmam® + pMMaBMaﬁ)AW

+ uFma M (2pm — 4pu) + O(VY) .
Si,\duu — (4pmm[“u”} _ 4pMMW) + O(V4) ,
where
o= T% _p, (3.34)

and primes denote a derivative with respect to the temperature.
The constitutive relations associated with (3.30) can be computed using (3.7). Consider

T = 1o en, o Sh(j-1)"ab
Lab_

_ 2 0Wy
" e| dw, b

(3.35)
K,,0b=0
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with j = 1,2 and W(;) = [ |e|d?@W;). The subscript ‘h’ specifies that we are considering
hydrostatic components of the stress tensor or current and the subscript ‘(j)’ specifies the
order in derivatives of the resulting constitutive relations for the stress tensor and current.

Writing
Apv Apv Apv
Sn)™ = SuGyar T Sh(mpr (3.36)
Thp" = T%’)BR + Tﬁ(';')nBR
with
v le y . ,
Ther = 5V (Sho-08r™ = Sng-ner™ = Sn-yee"™) (3.37)
hydrostatic equilibrium
we find
174 1 v
gh(O)BRM :2x§ ) A,V
Sh(o)nBR)‘W =0
Sppr™ = — 20 M £ 2 DM — 0 P ultm P AN
+ 4xé2)/1A)‘[“u”]
+2u <2Xé2)k[uuy] + 2X(72)KW + X§20) “Auy) (3.38a)

+ QUAXS(;Q)]CV[HUV] + 4AMH (Xéz)k"] + 2Xg(;2)ICVV])
— o RN — 4y B e Mo 1 ay D) kM)
AN 4 ax Qe
Snampr™ = +2u* (X§2)F~'AW XS K - ng)u[”ky]) — oy Putuliicy,
and

v axt” 1 y nd—2 .,
T,’;(l)nBR: <T 8% —xﬁ) kutu +X§)d_1/§A“

1
+ 2Xg1)u(“k”) + §X51)u“/Cv” — Xgl)/iglw — Xgl)/m’“’

(Q)HM;W

v 2 « « v X
T;:(Q)nBR:XE)OCT 5[N+]CA ﬂ[u)u ]Ma6+ 1d—1
(2)

X v 2 v 2 v v
+ Q(dl— 2)u[“M ]BICvg — 2X§ Jullti 4 wm@ + x§ ) pels (HA lo — ks ]a)
. 2Xé2)u[u (Mu}ozka + Ky]ama> _ Xg2)u[u (le]aka + Ku}ama)

(2)
+ 2P meg + 2P e, + X4 KVm

[d-2)
@ @ 27 (d — 2)
- X4 u[“M”]O‘/CVa + 2x4 ult (/@Al’]a — ﬁg”}a) Mea + ?d Y rultimY!

(3.38D)
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A few comments are in order. First, we note that T}’:(Z)nBR = 0 and S,’X%RBR =0
when the contorsion tensor vanishes. Thus, in the absence of torsion, the structure of
the constitutive relations (3.36) is identical to the ambiguity in the definition of the stress
tensor, cf., (2.23a). Following the discussion leading to, and succeeding (2.23a), it is not
surprising that all hydrostatic contributions to the stress tensor coming from variations
of the contorsion tensor are of this type. Further following the discussion, it should be
clear from (2.22) that the constitutive relations (3.38) will not contribute to the equations
of motion in the absence of torsion. Be that as it may, the terms associated with the

(1) (

coefficients x; ’ and Xi2) do affect the expectation value (and correlation functions) of the
stress tensor and spin current and should not be ignored or removed. In the remainder of
this work we will refer to constitutive relations of the form (3.37) as Belinfante Rosenfeld
terms, or BR terms for short. The subscripts ‘BR’ and ‘nBR’ in (3.36) specifies those
constitutive relations which contribute to BR terms or non BR terms respectively.

We would also like to point out the importance of imposing the hydrostatic relations
after taking the derivatives of the spin current on the right hand side of (3.37). A naive
evaluation of the right hand side of (3.37) without imposing the hydrostatic relations may
result in non hydrostatic contributions to the constitutive relations. This point is probably
best explained through an example. Consider Sy )p M and T}%) pgr- Inserting (3.38a)
into (3.37) yields

(1)
v _ . v ™) opr Ix el
T;LLL(l)BR =x; a'u’ 4+ x; T — aijlﬂAM OuTut
o (1) AV
+ o aTAM 4 X110 (n“” - d_1> — Xt (3.39)

hydrostatic equilibrium

o (1)

— Xgl)a,uuu + Xgl)Q;uz + Xl TU'U'CLV ’

oT

where in going from the first equality to the second equality we have used (3.22). A similar
computation can be carried out for T(’;).

4 Non hydrostatic terms

So far we have considered only those terms in the constitutive relations for the stress tensor
and current which do not vanish in the hydrostatic limit, 7}" and S}AL“ Y, cf., equation (3.7).
The full stress tensor and spin current are given by a combination of hydrostatic terms and
non hydrostatic terms,

v v Ay Ay
TH =T + T M = SR 4 S (4.1)

where the non hydrostatic contributions include the most general constitutive relations
which vanish in hydrostatic equilibrium.

Note that while the non hydrostatic terms are well defined, the hydrostatic terms are
not. One may always add to the hydrostatic expressions terms which vanish in hydrostatic
equilibrium. More formally, there exists an equivalence class of hydrostatic stress tensors
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and spin currents where elements of the same class differ by non hydrostatic terms (ex-
pressions which vanish in hydrostatic equilibrium). In the previous section we have chosen
a particular representative for the hydrostatic components of the stress tensor and spin
current. A somewhat different representative which will be useful in characterizing the
full set of constitutive relations is to choose the BR type terms for the stress tensor such
that they are BR terms also outside of hydrostatic equilibrium. We will refer to such a
representative as T} .
For instance, in place of T; f;(l;.) pp defined in (3.37) we consider

le A A B
Tlii(j)BR = §VA (S(j—l) P =S = 5" M) : (4.2)
The expression for Tﬁ:(j) pr, differs from T, }%.) R Py non hydrostatic terms, so that 7" ()BR
= T,‘;G.) pr in hydrostatic equilibrium. As an explicit demonstration of this fact consider
v ) p, v 1) uv axgl) po %
Th+(1)BR:X1 atu” 4+ x7 ' _37TA OaTu

W (4.3)

9 ARV
+ X1 uaaaTAuV + Xgl)‘g (nuu _ ) _ Xgl)o.uy

oT d—1

which coincides with T}’l‘(yl), cf., equation (3.39), in hydrostatic equilibrium.
Following the above discussion, we will, without loss of generality, consider the decom-
position
A A A
T TR TS — G S (4.4)

Our strategy for writing down the full set of non hydrostatic constitutive relations is the
standard one. We first tabulate all possible non hydrostatic constitutive relations at the
order we are interested in, and then impose restrictions enforced by the second law of
hydrodynamics, Onsager relations or unitarity. We can also use field redefinitions, often
referred to as frames, to remove ambiguous terms in the constitutive relations and use the
equations of motion at one order lower in derivatives to identify what would otherwise seem
like distinct tensor structures.

4.1 The leading order constitutive relations

There are no non hydrostatic zero order in derivative constitutive relations that we may add
to the stress tensor and current. Recall, however, that the equation of motion for the spin
current, (2.25), relates the divergence of the spin current to the antisymmetric component
of the stress tensor. Therefore the antisymmetric component of the stress tensor at first
order in derivatives contributes to the equations of motion at the same order as the zero
order in derivative contribution to the spin current. Thus, a full analysis of the leading
order in derivative equations of motion requires us to consider all possible non hydrostatic
first order in derivative contributions to the antisymmetric components of the stress tensor.

At first order in derivatives there are two antisymmetric tensor structures which are
orthogonal to the velocity field, only one of which vanishes in hydrostatic equilibrium, and
five antisymmetric tensor structures which have one leg parallel to the velocity field, two of
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Tensor type All data Non hydrostatic data
Vectors AP = AN T + Ta*, ik, mb, k*, Kyt | AP = AN, T + Tak, ik

Antisymmetric M M gAY K M

Table 2. A table of all first order tensors which may contribute to first order antisymmetric tensor
structures, independent of the equations of motion. A vector Y* can be combined with a velocity
field, u*, to construct an antisymmetric tensor with one leg parallel to the velocity field, Y #u¥!.

which vanish in equilibrium. See table 2. Thus, the non hydrostatic constitutive relations
contributing to the leading order equations of motion take the form

T = 5o (1) AP + 0 (T)lu!) + o (TN + O(V?), S — O(V).  (4.5)

The resulting equations of motion at leading order in derivatives can be obtained
by inserting (4.5), (3.15) (appropriately expanded in derivatives as in (3.32)) and the
expressions in (3.38) into (2.25). We find

(d = 1)urV,T + TV, ut = O(V?) AP = O(V?),

K ) .~ ) (4.6)
ommt + o A = O(V?), oy M" =0O(V?).

The first two expressions coincide with the equations of motion for an ideal uncharged
fluid without spin. The last two equations follow from the equations of motion for the spin
current and are new. Before proceeding with the second order in derivative equations of
motion, let us discuss them and their implications in some detail.
Unless o,,, and o)y vanish, the leading order equations of motion for the spin current
imply that
mt=0(V?, and  M" =0O(V?). (4.7)

These equations of motion are identical to the constraints coming from the requirement
of hydrostatic equilibrium, see (3.26) . Thus, even though the spin chemical potential
is constrained to satisfy (3.26) in hydrostatic equilibrium, we see from (4.7) that it is
dynamically constrained to take on the same value even outside of hydrostatic equilibrium.
At least to leading order in derivatives. We remind the reader that there is an analagous
situation for A*. In hydrostatic equilibrium we have the constraint A* = 0 as in (3.22), in
addition, the dynamics ensure that A* = 0 also outside of equilibrium as in (4.6).

The equalities in (4.7) (and A* = 0) valid to leading order in derivatives has signifi-
cant repercussions on the higher order in derivative structure of the constitutive relations.
For instance, when going to next to leading order in derivatives one may remove tensor
structures which are equivalent under the equations of motion. Thus, A", MM and >
will not contribute to the stress tensor and spin current at that order in derivatives.

Having MM =0 and m* = 0 essentially forces the dynamics of the spin current to
take on its hydrostatic value at least to leading order in derivatives. This situation is
consequentially modified if, for some reason ops = o, = 0 (which was studied in [42] and
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referred to as the dynamical spin limit) or if oj; and o, are made perturbatively small
in an appropriate sense (as discussed in [29, 78]). A priori there is no reason to consider
either case, but it may be that in certain dynamical situations argued for in [78] the latter
may be physically relevant. Here, and in the remainder of this work, we will consider non
infinitesimal o; and o,,. We expect that dynamical situations in which o,; and o, are
less relevant to the equations of motion may be worked out using the formalism developed
in this letter. We will discuss this further in section 8.

4.2 Fluid frames

Gradient expansions allow for field redefinitions. In the framework of relativistic hydro-
dynamics without spin this implies that the definition of the velocity field, temperature
and possible chemical potentials may be modified at every order in the gradient expan-
sion. For instance, if we denote the velocity field by u* then one may equally define, say,
WH = ul + u*Vau”. The alternate velocity field, v/ # will coincide with u# at zero order
in gradients but will deviate from it at first order in a derivative expansion.

Of course, physical observable will be independent of the particular choice of frame as
long as the derivative expansion is used consistently. While the solutions to the equations
of motion for u# and w'# will differ, the expectation value of the stress tensor under the
equations of motion, appropriately truncated in a derivative expansion will be the same
whichever frame is used. For this reason it is often convenient to choose a useful definition
of the hydrodynamic variables (in terms of higher order derivative corrections) which will
simplify computations.

An often used frame in hydrodynamics without a spin current is the Landau frame
where the velocity field and temperature are chosen such that w,T*" = —equ” (with €g
defined in (3.34)) is valid to all orders in a derivative expansion. To show that such a
frame is possible one starts with the constitutive relations at zero order in derivatives,
T = equru” + PyA* (with Py the pressure in equilibrium) and considers how shifts in
ut and T, u'#* = ut + dut, T = T + 6T affect them. One may always choose v/ and T
such that the Landau frame condition holds, order by order in a derivative expansion. See,
e.g., [79], for a modern discussion.

Another frame which has been discussed in the literature is the hydrostatic frame. The
hydrostatic frame is the frame in which the hydrostatic constitutive relations naturally
appear after varying the generating function with respect to the sources [45, 46]. To go
from, say, the Landau frame, to the hydrostatic frame, one needs to redefine the velocity
field and temperature field by appropriate higher derivative terms.

In the presence of a spin current one may carry out field redefinitions of the velocity
field, temperature, and spin chemical potential,

u't = ut + dut T =T+4T, W = 4 5pal . (4.8)

Since the velocity and temperature are zeroth order in derivatives and the spin chemical
potential is first order in derivatives then modifications in the velocity field and temper-
ature, du* and 07 can be of first or higher order in derivatives, and modifications to the
spin chemical potential, 6 can be of second or higher order in derivatives.
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Since the zeroth order in derivatives expression for the stress tensor, given in (3.33),
is identical to that of a neutral, spinless, fluid, first order shifts in the temperature and
velocity field can only affect the first order symmetric components of the stress tensor,
much like a neutral spinless fluid. Modifications to the spin chemical potential will affect
the second order and higher antisymmetric components of the energy momentum tensor
(as well as second order components of the spin current). Given (4.5) (and assuming that
om and o7 are non zero) we may always choose p such that, e.g., second order and higher
contributions to the antisymmetric components of the energy momentum tensor vanish.

Taking the above considerations into account, we could define a Landau like frame as
the frame where

UVT(W) = — equt,

. 4.9
T = o A (T) AP + o (TYMPUY) + o (T) NIV (4.9)

The drawback of the Landau like frame in the current context is that useful features of the
hydrostatic frame, such as the grouping of the contributions of certain expressions into BR
terms, is somewhat obscure.

Thus, let us consider a decomposition of the non hydrostatic (nh) terms into non
hydrostatic BR terms (nhBR) and non hydrostatic non BR terms (nhnBR),

WY v v
Tnh - TnhBR + TnhnBR

ALY QAuv Auv
Suh =5uhBr t SnhnBR

(4.10a)

where .
T#}I:BR = §V,\ (thBR)\'uV - nhBR'u)\V — thBRV)\“) , (4.10b)

and the distinction between S, ,gr and S,n,BR is somewhat superficial and can be chosen
conveniently. As we will see shortly, up to the order we are working in, the choice S:l‘f;;: BR =
0 is possible, but other choices are also allowed. With this decomposition in mind, a
slightly more useful frame which we will use in most of what follows is a hybrid frame
which combines the Landau like frame above, the hydrostatic frame, and non hydrostatic

BR terms, such that
“uT(W) = “u(TiEiy) + TTEZVB)R) )

] | el , (4.11)
T[IW] — (Th+ + TnhBR) + O'A(T)A["‘u”] + O‘m(T)TAfL[Mu”} + UM(T)M’“’ ’

where T4 was defined at the beginning of section 4. Of course, one can go from one frame
to another using standard field redefinitions. In section 7 we will see that, for a certain
range of parameters, the hybrid frame above is incompatible with conformal invariance and
homogenous scaling of the hydrodynamic variables. In that case it is more convenient to
work with a hybrid conformal frame. We will discuss this frame further in section 7 where
it is more relevant.

4.3 Tabulating the constitutive relations

To obtain the most general constitutive relations in our hybrid frame we must tabulate
all possible inequivalent non hydrostatic contributions to the stress tensor and current.
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Tensor type All data EOM Independent Independent non
data hydrostatic data
Scalars uﬂﬁuT, 0,k u, DY =0 0,k 0
APNLT + Tak, ik, ALDY =0
Vectors mt, kP ICyH
mt kH Iy H A”auﬁLaﬁ =0
Symmetric
leiad ot leiad
traceless
Antisymmetric MH | N[H A’LQAVBL(W =0| M*
Spin symmetry KP, K Khe, K

Table 3. A list of all first order in derivative non composite data, the constraints generated by
the equations of motion, and constraints from hydrostatic equilibrium. The expressions for N
and 7m* are given in (3.27) and D" and L"¥ denote energy conservation and angular momentum

conservation respectively (e.g., L' = @,\S)‘W — 2T} — 25* %P Kyap, see (2.25)).

pluCv]

While the operative procedure for such a classification has been discussed extensively in
the literature, see for instance, [80], we will briefly outline it for completeness.

To obtain, say, m’th order in derivatives constitutive relations for the stress tensor,
we need to classify all possible m’th order rank 2 tensor structures, barring expressions
which do not contribute in the Landau-like frame we are interested in. It is convenient to
decompose these rank 2 tensors into traceless symmetric tensors transverse to the velocity
field, antisymmetric tensors transverse to the velocity field, vectors transverse to the ve-
locity field and scalars. To obtain the m’th order in derivative contributions to the spin
current we need, in addition, m’th order transverse vectors, and m’th order rank three
tensors whose last two indices are antisymmetric. We will refer to tensors of this type as
tensors possessing spin symmetry.

The various scalars, vectors, and higher rank tensors which we need to construct can
be further grouped into composite and non composite tensors. Composite tensors are
those obtained from products of lower rank tensors, e.g., a composite rank 2 vector can be
obtained by, say, taking a product of a rank 1 scalar and a rank 1 vector. Non composite
tensors can not be reduced to a product of lower order tensors. Once we have all appropriate
non composite tensors at a given order, it is a straightforward combinatorical task to
generate the composite ones at the same order. (Note that one might need to classify
higher rank non composite tensors of lower order for this purpose.)

Finally, since we are working in a derivative expansion, when enumerating tensor struc-
tures at order m we may use the equations of motion up to that order to equate seemingly
different tensor structures. Therefore, when constructing the constitutive relations we need
to classify all appropriate composite and non composite, inequivalent (under the equations
of motion) non hydrostatic tensor structures in the absence of torsion or curvature, to an
appropriate order in derivatives. The main tensor structures required to do so can be found
in tables 3 and 4.

~ 93 -



Composite 1st order spin symmetric data

ohlpyVl PAPlPy0]

Table 4. A list of all composite non hydrostatic first order data with spin symmetry.

From the above data we may now construct the most general TY(LZU) = % (T¢Y + T2

and S:L‘ZV to first order in derivatives, and T%y] to second order in derivatives. We find,
using the decomposition in (4.10),
A
SnZZBR =0 )
SQ,‘:%R = 2010MH Y + 2050 ANy
T = —COAM — ot
T = oA (T) Al + 0 (T)ml ) + 00 (T) NI

n

(4.12)

As discussed earlier, the distinction between S:L‘Zg r and Si}% pr is somewhat arbitrary and

Apv _ .
we have chosen to set S; »p = 0 for convenience.

Putting together (3.33), (3.38) and (4.12), and setting the torsion to zero, we find
S — g A (4pmm["u"] — 4pMM’“’> + ZXgl)A/\["u”]
— 2Xg2)MA[“u”] + 2Xg2)u)‘M“” — 2Xz(,,2)u)‘u[“m”} + 4XZ(12)A)‘[“m”}
+ 2010 M) £ 2050 ANV ,
T = (eo + (pm + Tp.,)mam® + (par + Tp/M)MaﬁMa’B) utu”
+ (Py + pmmam® + pMMaBMag)A“V + u*ma M (2pm — 4par)

+ Va (Xgl)AA[“u”] — 2Xg2)M’\[“u”} + 2xé2)u)‘M‘“’ — 2X:(52)u)‘u[“m”] + 4xi2)A)‘[“m”]

+ oot + e ANy — N w+ A< V)

— COAP — ot 4 o 4(T) Alrur! + o, (Y u?! + oy (T) MM
(4.13)

The full set of constitutive relations for the stress tensor and spin current, including torsion,
can be found in appendix B.

4.4 The entropy current

One of the main constraints on the constitutive relations in hydrodynamic theory follows
from a local version of the second law of thermodynamics. Following [81] (see also [82-84]
for a modern treatment) we posit that there exists an entropy current J% satisfying

Jh = sut + O(V) (4.14)
with s = OP/JT the entropy density, and

V,Jh > 0. (4.15)
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Equation (4.15) must be statisfied under the equation of motion and poses constraints on
both the constitutive relations for the stress tensor and spin current and on the higher order
corrections to the entropy current in (4.14). In all cases studied so far, (4.14) and (4.15)
completely fix the entropy current to first order in a derivative expansion.

To implement (4.15), we first note that

o 1 o o
NIl + S1an (VASN® = 205") = =TV, (su?) (4.16)

implying that su* is conserved for an ideal fluid. Put differently, the entropy current for
an ideal fluid is given by the first term on the right hand side of (4.14) and the inequality
in (4.15) is saturated.
Motivated by (4.16) we define a canonical entropy current
Uy v 1 Hab b
T = sut = 2 (T T ) = S (5 - i) (4.17)
which satisfies

o ° Uy v v 1o Hab a a
Ve ==V, <T> (T = Tig') = 5V (T) (5A b 5% b)

_ %“? (Vi (W (870 = g1 — §720) — 80 |77 )+ 8, VP ENT) - (4:18)
- (T T+ )

under the equations of motion. We define the full entropy current as
JE = JF+ Jh (4.19)

where JF. is the most general current one can construct (within a derivative expansion)
such that (4.15) can be satisfied.

To proceed, it is convenient to insert the constitutive relations into (4.18) and expand
them to second order in derivatives. We find that, under the equations of motion,

(1)
V=Y, (X% (Ou + ru + mﬂ))

(4.20)
% nouot 3
4+ —— 4+ 0O(V7).
+ 5 T TOWV)
In order for the full entropy current to be positive semidefinite we must take
X(l)
Jh = % (Ou* + kut + mt) (4.21)
and
¢>0, n>0. (4.22)

The following comments are in order. First, we emphasize that the equality (4.20)
is satisfied only under the equations of motion. Had the equations of motion not been
satisfied we would have obtained several additional terms on the right hand side of (4.18),
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among them ouM WM # and oy, mP. Had the latter type of terms appeared we would
have been forced to set ops > 0 and o, > 0. The fact that M,W = 0 and 7, = 0 under
the equations of motion implies that, at least to order O(V?) that we are working in, o/
and o, are not constrained.

In fact, the structure of the canonical entropy current is such that the spin current of
order O(V) contributes to the entropy current at order O(V?) and therefore, can not be
constrained by positivity of V- Jg at the order we are working in. To fully constrain all the
transport coefficients associated with the terms in (4.12) we need to compute @FLJ % to the
next order in derivatives. While we will not carry out such an analysis here, we point out
that, at least for fluids without spin, the constraints obtained from the hydrostatic partition
function together with the first order constraints on positivity completely determine the
entropy current [61]. We believe that a similar analysis for fluids with spin will lead to the
same result implying that the constraints obtained by the hydrostatic partition function
together with (4.22) are the full set of constraints following from (4.15). We will return to
this issue in a future publication.

We also note that the entropy current obtained in (4.21) is unique. By requiring
that (4.14) and (4.15) are valid in an arbitrary background geometry, we were forced to
fix (4.21). The non vanishing contribution of J¥. to the entropy current is neccesary
to obtain (4.14) and (4.15). Note also that it ensures that the total entropy current
Jg is independent of the choice of improvement terms once the torsion is set to zero.
This observation resolves some issues raised in previous work [85] regarding the effect of
improvement terms (sometimes referred to as pseudo-gauge transformations) on entropy
production.

Apart from the constraints coming from (4.15) and constraints coming from Onsager
relations (which may be related to (4.15), see [81]) it was shown in [86] that there may
exist extra constraints on transport coming from unitarity. To compute these additional
constraints one would have to construct a Schwinger-Keldysh effective action for hydrody-
namics with spin. This too, will be the topic of a future publication.

The full constitutive relations for a fluid with spin can be obtained by combining (3.15),
(3.38a), (3.38b) and (4.12). For ease of reference, we have collected these terms together in
equation (4.13) in the vanishing torsion limit, and in appendix B in generality. But before
ending this section let us comment on one particularly puzzling feature of the constitutive
relations associated with Xgl) in (3.39). A careful look at (3.39) and (4.12) reveals that the
coefficient multiplying the shear tensor (usually referred to as the shear viscosity) is given
by —Xgl) — 1, and not just —n. Yet, it is only n that contributes to entropy production
and it is also only 1 which is restricted to be positive (likewise, as we shall see in the next
section, standard positivity constraints on correlation functions constrain 7 and not Xgl)).
Further, it is only n which contributes to the equations of motion on account of terms

associated with Xgl) being of BR type. A similar observation can be made regarding Xgl)

and the bulk viscosity ¢. At this point one might wonder whether Xgl) contributes to any
physical observable. In section 5 we will show that it does. In particular, it will contribute
to the value of the stress tensor slightly out of equilibrium, and to stress tensor correlators

in equilibrium.
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5 Linear response and Kubo formulas

It is often convenient to relate the various coefficient functions of the constitutive relations
to low momenta and low frequency correlation functions. Especially from an experimental
standpoint. In what follows we will compute the Kubo formula for all coefficients which
contribute to linear response theory.

Recall that retarded correlation functions of the stress tensor in flat space can be
obtained by varying the on-shell stress tensor with respect to a background metric. That
is, the response of the on-shell stress tensor in the presence of a perturbative background
metric relates to the retarded correlation function in the absence of such,

G"v"a le|T”

, (5.1a)

b
e=00,w=w

= a
de?,,

where by e = 0y we mean that we evaluate the variation of the stress tensor on a flat
background, and w = @ implies that we have set the torsion to zero. Likewise,

)
GY oy = 2——le|T” 5.1b
¢y ab 5w“ab ’6‘ c emep .0t ) ( )
G apt'e = SA 5.1
aby ¢ (5(30“ |6| ab e—eo W ’ ( C)
)
G"oqV ap = 2——e|S* 5.1d
cdy ab (5wy“b|e| cd emeo W= ( )

Thus, contributions to the expectation value of the spin current and stress tensor which
are linear in contorsion will contribute to correlation functions in a torsionless background
and must therefore be included when classifying all possible constitutive relations for the
stress tensor and current (which is the reason we have included them in our analysis).

To evaluate the on shell stress tensor and spin current in the presence of a perturbed
metric and perturbed contorsion tensor we must first solve the linearized hydrodynamic
equations. The hydrostatic solution to the equations of motion (2.25), in a flat torsionless
background is given by u# = ufj, T = Ty and 1 = 0 where

ulf = (1,0) (5.2)

in Cartesian coordinates and with Ty constant. To compute (5.1) we consider u* = ufj+du*,
T =Ty + 6T and p® = 6u, and solve the linearized equations for du, 6T and 6u® in
a background geometry with a linearly perturbed metric g,, = 7, + hyu and linearly

b

perturbed spin connection wuab = cfjuab + ou‘lb, where @, is expanded to linear order in

hyw. These linearized equations take the schematic form
BX =S (5.3)

where Bis a d(d+1)/2 x d(d+1)/2 matrix, independent of the hydrodynamic sources, §7,
Sut and 5% or on the background perturbations hy,, and 0,%, X is a d(d+1)/2 dimensional
vector of the hydrodynamic sources, and S is a d(d+ 1)/2 dimensional vector composed of
linear combinations of the background perturbations. By solving (5.3) and inserting the
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solution into the expressions for the stress tensor and current (equations (B.1), (B.4), (B.6),
and (B.7)) we can compute their variations explicitly using (5.1) and obtain the associated
correlation functions. Before doing so, and as an intermediate result, we can set S = 0 on
the right hand side of (5.3) and study propagating modes in the linearized hydrodynamic
theory.

5.1 An aside on sound modes

Solving the linearized hydrodynamic equations often leads to the observation of sound
modes or other propagating modes associated with an appropriate dispersion relation.
Indeed, a non trivial solution to (5.3) with S = 0 will exist only if |B| = 0. Going to
Fourier space with the conventions

£(t,7) = / e~ HHEE () 1) ldw (5.4)

we find
B = (oar — 2iwpar) Palw , k) Ps(w k), (5.5)

with Py and Ps fourth order polynomials in w. Solving |B| = 0 reveals three gapped modes
in addition to the more standard diffusion and sound modes present in fluids without spin.
In what follows we will discuss these solutions in some detail. We comment that our analysis
is restricted to configurations for which o, # 0 and oj; # 0. If one of these coefficients
vanishes the dynamical equations for the spin chemical potential will be modified, making
this analysis moot. We will not discuss the dynamical spin limit in this work.

At the derivative order that we are working in, the first term on the right hand side

of (5.5) is associated with gapped modes, w = wy with
. OM
wp =1—. 5.6
oy (5.6)

In this case the solution to the linearized equations is given by
6T =0, dul =0, om; = 0, SMij = €ijoy. ., k2 ta-2 (5.7)

In real space this is equivalent to 6 M = xd¢ with ¢ a d — 3 form and * proportional to the
hodge dual. Stability requires oprpar < 0.
The four solutions to P; = 0 are given by

2i0 01 pM (PMOm + PrmOM)

— wn — k2 + O(k* 5.8
W= APYT p3,0m + pmon (0aomT + AP pmT — omonr) + Ok (58)
in 2 3
- k k -
R Ty + O (59)

_ iTyP} N Topm P (TopmP§ — Tor a0 + 03,)
W4 +1

= + O(k?), 5.10
Toos — o Topmoa — PmOm ( ) ( )

where wg was defined in (5.6). One can check that stability of wy and w_ together requires
Tooa — o < 0 and oppm < 0. The constraint (4.22) suggests that Py > 0 is a necces-
sary and sufficient condition for Im(wg) < 0, and Im(wy) < 0 poses stability constraints

~ 98 —



involving pm,, 04, oy and derivatives of the pressure. The linearized solutions associated
with w = wy + O(k?) are the same as in (5.7) up to O(k) corrections. The gapped modes
associated w4 are of the form

0T =0 (k2> , omt o du’, SMY o k'ou? — K dut, (5.11)
and the modes associated with wy are the standard diffusion modes
6T = O(K*)  du' = vda-if vy o0 dml =0k MY =0(k?). (5.12)
where vj,. j, , is a d-2 form.
The four solutions to P; = 0 are given by ws+ which satisfy

(d= 1)+ (=2,
2(d — )Ty P

wst = tegk —i + Ok, (5.13)

and wy which have been defined in (5.8). Stability of these modes does not provide addi-
tional constraints on the transport coefficients of the linearized theory. The modes associ-
ated with w4 are identical to those associated with the w = w4 solution to P; = 0, while
the sound modes (associated with ws4) are given by

(d—1)C+(d—2)n
2(d — 1)Ty P}
om' = O(k?) SM = O(k?)

5T:<imy+m2 )%¢+ow% Su' = k'¢+ O(k*)  (5.14)

where ¢, is the speed of sound
,_ B
S TOPOII .

Thus, as advertised, we find that in spin hydrodynamics there exist gapped modes wy

C

(5.15)

and w4 in addition to the standard sound and diffusion modes, ws4+ and wy present in
hydrodynamics without spin. The modes presented here would be in agreement with [29]
were 04 and o, to vanish.

5.2 Kubo formula

Once we go to Fourier space, equations (5.3) become algebraic and can be solved ana-
lytically. It is then straightforward, though somewhat tedious to insert the solution back
into the stress tensor and current and carry out the variation in (5.1) to obtain the ap-
propriate Greens functions. Since the original equations of motion were valid to second
order in a derivative expansion we can use the Greens function to obtain Kubo formulae
for the transport coefficients which play a role in linearized hydrodynamics. Our results
are summarized below.

After a somewhat long computation we find that the Kubo formula for the bulk and
shear viscosity remain unchanged from those of a normal fluid,
1 Im (G272 0)0, A 0)pr)

¢ = lim lim —

w—0 k%; w (d _ 1)2 ’ (5.16)
= 7 li im — nv, po
1= o @ ot (G M)
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Here the subscript (0) specifies that we are evaluating expressions in the background solu-
tion (5.2). More explicitly,

u?()) = (170)7

Algy = 0"+ ufgyufy, (5.17)
pvps A H(p ATV 1 AN
Aoy =20 20 ~ 712020

A naive glance at the contribution of Xgl) to the constitutive relations in (4.3) and (4.12)
might lead one to argue that the shear viscosity should be given by n + Xﬁ” and that the
bulk viscosity should also be modified in a similar manner. However the results in (5.16),
which are consistent with the results of the entropy current analysis (4.22) suggest that
it is n and ¢ which specify the shear and bulk viscosity and not the modified expression
mentioned above. The Kubo formula for Xgl) (defined in (3.31)) can be obtained from the
zero momenta correlator,

2
4X(2) _ (Xg )) - _ 1 lim lim Re (G,\pa,mxﬁ) A, Apo A (5.18)
’ 2ToFy (d—1) (d—2)* w=0k>0 poaRkf :

(2)

where yg  is determined via (5.20) below. The Kubo formula for X(Q) defined in (3.31) can

i
be determined from the following zero frequency correlation functions:

(2) 2 _ 2 : . Apo,Ka
Xi +Xig =— ([d—2)(d—3) lim lim Re (G P /BH(O))\QH(O)pBu(O)Ju(O)/@> :
(2) @) _ i 1 Apar,
Xo T = i i e (GY* Mgy uak @yt -
2 2 | S
o = - lim, lim, —Im (&M ugauoypkotopuuon)

@ @ e 1 Apo a1
Xg +xg = lim lim mlm (G POl H(O)uuu(O)Au(O)pk(O)J) :

. . 1 o,k
X((;2) + X:())Q) — Pm = lim lim —2Re <G)\p ’ BU(O))\U(O)Hu(o)pkau(o)akﬂ) s

k—0w—0
(2)

x§2) + x5 +pym = lim lim

1 Apo,kaf
k—0w—0 2 (d — 2) k2 Re (G I

(O)pau(O))\k(O)au(O)nk5>
(5.19)
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and

2) e 1 Apor i
= fim li 5 gy (O Tkt

2 _ 4. . ; Apo,uv
W= f by gt (G oo

(2)
d—2 1
2) 7( ) X1 = — lim lim —Im (GAPU’HV]C)\’LL(O)pkiUU(O)Mk/‘y> ,

Bt d—1 k—0w—0 k

(2)

2 Xi2 o (d—1) Ao

Xs' — g1~ am lim mlm (G pop H(O)Apu(o)ou(o)uky> 7

(2) 1 [9Re (GHv:lroly, aaticoraTTon -

2 = M0 i lim ( outolow) | o0
2 k—0w—0 k2 d—2
(2) 9Re (G127 4o awren I -

1 0)rY(0)eti(0

Xﬁ)—l—m:lim]im— ( (0)%(0) ()up)+P |
2 k—0w—0 k‘2 d—2
: lpo]

s+ =300y g L |2 (G ko Tloyp) P
P 1 d—2 2 kH0w—08k2 s :
@+ NN B e (G Mg lTons) 3 P
RIS el 2(d —2)(d - 3) 1|

and p,, and pys are given by

2 (d — 2) (d — 1) (pm + X&Z) + X§2)> = lim lim Re (GAPU’KaﬁU(O)/\U(O)KA(O)paA(O)Uﬁ) ,

w—0k—0

(2) @ _ : Apo,ka
—xs”| = lim lim Re (GM7"ugo)u(0)c0)0)a B 0)05) -

(5.21)

It may seem somewhat surprising that we need to consider zero momentum correlators to
get a handle over transport coefficients generated by the hydrostatic generating function.
We believe that had we had control over the second order symmetric components of the
stress tensor, we would have been able to obtain zero frequency Kubo formula for p,,
and pjs.

Finally, the Kubo formula for the non hydrostatic terms ¢ and oy are given by

2 o1 o
o1 — 2X(2) lim lim —Im (G)‘p ’“U(o)pA(O)AaW>

127 (@ =2) (d+ 1) w—0ks0 w

o PCY 1
o9 — 2xg2) + < X1 ) ( Xi = — lim lim —Im (GAPJ’“”A(O)MU(O)UA(O)W) .

0s oT w—0k—0 W
(5.22)

At the order we are working in, there are no Kubo formula for o,,, oy and o 4. This
is a result of the algebraic equations of motion, (4.7) which imply that the stress tensor is
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insensitive to these coefficients under the equations of motion. The same reasoning doesn’t
allow us to obtain constraints on o, and o); as we now show.

Kubo formulas can be used to constrain transport coefficients. As far as we are aware
these constraints always match the constraints obtained from requiring positivity of the
entropy current. One of the main observations used in this context is that for any Hermitian
operator O the imaginary part of the retarded function Goo(w, k) should be positive for
w >0

ImGoo(w, k) > 0. (5.23)
From (5.23) it follows that

ImG%* >0 no sum on 1,
12,12 . . .o (524)
ImG >0 i# jandnosumoni,j,

which implies that
n=0 ¢=0, (5.25)

matching the entropy current analysis (4.22).

It is not possible to extract similar information from the spin current without access
to higher order terms in the derivative expansion. For instance, the non hydrostatic second
order contributions to the spin current, parameterized by A; and As,

S = [t AL+ APAY LK 4 (5.26)

will lead to

1 [ (6 -20m) ’

: : 1 AUV, K PO
—}Jlg%)%;mo ;Im (G e (w’O)U(O)AU(O)KA(O)u[pA(O)a]u) == (d—1)2 p— +A3
(5.27)
and
i li 1 I G/\,ulz,npa 0 A
— L L. — m ( (@, 0)u(0) (o)) A ) H(0)0]
1 (2o +xP) (27 (Woa + 5 (20m +x2)) — 0 ) (5.28)
= .
d—1 som T

Thus, without including the additional factors of A we might have erroneously con-
cluded that opr > 0, or if 04 = 0 then o,, > 0. That the sign of o, and oj; is undeter-
mined, is compatible with the entropy current analysis. We note that equation (5.27) with
X§2) =0, pps =0, and A3 = 0 was obtained in [29].

It can be shown that a generic combination of the stress tensor, T#", and spin current,
SM¥ wwhich we schematically write out as O = a;T + a2S will not give any additional
constraints on transport, again, compatible with our entropy current analysis.
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6 Charged fluids

Often one is interested in fluids which conserve charge in addition to energy and momentum.
In this case, the chemical potential, u, conjugate to the charge serves as an additional
(scalar) hydrodynamic degree of freedom whose equation of motion is determined by charge
current conservation. In this section we will extend our analysis to include an Abelian
conserved current. QOur analysis will not be as comprehensive as that carried out for
uncharged fluids. We will mainly be interested in the constitutive relations for the stress
tensor, spin current and charge current in the absence of torsion. We leave a full analysis
of the Kubo formula associated with a charge current to future work.

Let us start with the conservation equations for energy, angular momentum and cur-
rent. In place of (1.2) we now have

55 = [ dtale <T“a6eau ¥ 35S i + JHSA, + B 6¢) (6.1)

with A, an external gauge field associated with the conserved charge generated by J*.
(We will be using A, to denote the gauge field and also the particular combination of
acceleration and temperature derivatives cf., table 2. We hope that the reader will be
able to distinguish the two from context.) Following the analysis in section 2 the resulting
equations of motion are given by

. 1
vV, T* =F""J, + §R”””)‘S)\pg — Tpe K77V,
S oA A P 2
VaSY = 2T — 257, K7, (6.2)
V,J? =0
where F},, = 0,A, —0,A, (in the absence of anomalies). Equations (6.2) are a combination
of (2.5) and (2.25).
As before, we separate the constitutive relations into two categories. Those constitutive

relations that come from hydrostatics, and non hydrostatic constitutive relations. That is,
in addition to (4.4) we have

JH = J;f + Jﬁfh, (6.3)

where L oW
M= 6.4
h |e’ aAM ( )

Consider the hydrostatic sector. In addition to the vielbein and spin connection, we
have added an external gauge field A, which couples to the charge current which, in
hydrostatic equilibrium, is invariant under the timelike Killing vector, V*, the Lorentz
parameter 6y%, and, a gauge parameter Ay such that

0= £VA# + a,uAV . (6.5)

(Compare with (3.1).) As in (3.2) we wish to construct a generating function W from
A, (and the vielbein and spin connection) and from Ay (and V# and 6y%) and their
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Zeroth order hydrostatic scalars in the presence of charge

"

Order two hydrostatic scalars in the presence of charge

S(l) = E,m" Se) = Euk" 3(3) = By (Kv)*
S = BuwM" _S5) = Bu K" S(6) = Byykia™

Table 5. Second order hydrostatic scalars which are associated with a U(1) charge and will
contribute to the stress tensor and current at zero and first order in derivatives and to the anti-
symmetric components of the stress tensor at second order in derivatives. Here E¥* = F*”u, and
B, = A Ay FPO.

derivatives, which is coordinate, Lorentz, and gauge invariant. The relations (3.3) remain
unchanged since gauge transformations do not affect the vielbein and spin connections. In
addition to it, we have

SAy = £eAy — £yA. (6.6)

Since
_VEAL+ Ay
w= 7_‘/2

is a Lorentz and gauge invariant scalar (04, = £¢A, + J,A), it is convenient to use it

(6.7)

in the generating function in place of Ay. Similar to the situation with u*, T" and pu®
which were defined in (3.4), p will be interpreted as the chemical potential in hydrostatic
equilibrium.

Thus, we should extend W in (3.30) to include gauge invariant contributions coming
from A, and p. At zero order in derivatives this implies that the pressure term P in (3.30)
will also depend on p. At first order in derivatives we find that, for a generic number
of dimensions, there are no further first order in derivative contributions to W, but Xﬁ”
may depend on p in addition to its dependance on 7. At second order in derivatives we
find that there are six additional scalars that can contribute to W which will affect the
antisymmetric components of the stress tensor at second order in derivatives. These scalars
can be found in table 5. Using the scalars in table 5 and 1, and omitting those contributions
which vanish in the absence of torsion, we have

4 6
W=P+xVk+ 3 PS50+ 3 175 . (6.8)
i=1 i=1
Where now P = P(T, u, m(), M()), and X;i) = Xgi) (T, ). With the generating function
W at hand we can use (3.7) and (6.4) to obtain the constitutive relations in hydrostatic
equilibrium. The explicit form of the constitutive relations generated by the generating
function in hydrostatic equilibrium have been collected in appendix B.

Out of equilibrium we can add those scalars, vectors and tensors which vanish in
hydrostatics due to the stationarity conditions (3.1) and (6.5). We find that, in addition to
the first order scalars, vectors, and tensors in table 3, there is an additional scalar uo‘ﬁa,u
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2nd order antisymmetric tensor | 1st order antisymmetric tensor 1st order vector

s (19, (5) = B) | et (19, () - ) [ A (19, () - )

Table 6. All contributions to the constitutive relations at subleading order in derivatives which
vanish in the absence of a U(1) charge current.

which is not an independent scalar under the equations of motion, and one additional
independent vector, T@M (%) — E, with E¥ = F*u,. Thus, out of equilibrium, we have
one additional contribution to the second order antisymmetric stress tensor, one tensor
with spin current symmetry and one vector contribution to the charge current, see table 6.
The full constitutive relations for the stress tensor, spin current and charge current can be
found in appendix B.

An interesting feature of hydrodynamics with spin and charge is that the hydrostatic
condition m* = 0 (cf., (3.26)) is no longer satisfied under the full equations of motion.
Instead, using (B.17), we find

o .

it = | g e | A <Tvp (;ﬂ) - Ep) , (6.9)
oT + £
ok T T
o

(compare with (4.7)). The dynamical equation M* = 0 is unchanged in the presence of

charge.

7 Conformal fluids

In many instances the structure of the stress tensor and spin current is further constrained
by symmetries. Since conformal invariance is often associated with fixed points of RG flow,
it is sometimes particularly useful to consider constraints on transport which follow from
conformal symmetry.

Conformal transformations includes all those coordinate transformations which scale
the Minkowski metric by an overall multiplicative function. It is always possible to place
a conformally invariant theory on a curved manifold such that the resulting dynamics are
Weyl invariant [87]. Infinitesimal Weyl transformations scale the vielbein by an overall
mutliplicative function which we denote by ¢,

dwey = pe”, . (7.1)

In what follows infinitesimal Weyl transformations of fields which result in an overall mul-
tiplicative constant will be referred to as homogenous. Tensors which transform homoge-
nously under Weyl transformations will be referred to as Weyl covariant tensors. Note that
the transformation (7.1) implies that the ringed connection transforms inhomogenously,

S, = 2el2,eM9,6. (7.2)
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If we take a conformally invariant theory and place it in a background with non trivial
curvature and with non trivial torsion, the resulting dynamics will still be Weyl invariant
as long as the spin connection transforms as the ringed spin connection, up to an overall
multiplicative constant which we parameterize by ¢ [88, 89],

5Ww,ﬂb =2(1— q)e[aueb]” oy (7.3)
Equation (7.3) implies, via (2.11), that the contorsion tensor satisfies
5WKu“b = fq26[aueb]”8,,¢>. (7.4)

Thus, if our action is invariant under (7.1) and (7.4) it will be invariant under Weyl
transformations. This suggests that in a flat torsionless background the theory will be
conformal invariant for ¢ = 0. If ¢ # 0 it seems that K M“b will transform inhomogenously
under conformal transformations implying that a torsionless background will transform
into a torsionfull background under conformal transformations. In what follows we will
entertain the possibility of arbitrary g, but keep in mind that ¢ = 0 is more relevant for
the physical setting we have in mind.

If we manage to construct a Weyl invariant action then the stress tensor, derived from
varying the action with respect to the vielbein, must satisfy

T, = (1= q)VuS\™, (7.5)
and Weyl transformations of the stress tensor and spin current read

SwTH = —(d+2)pT" + (q — 1)S"*d,¢ — (¢ — 1)SHM V"¢

7.6
Sw SN = —(d + 2)pSM . 70

Thus, our strategy for constructing the conformally invariant constitutive relations will be
to ensure that (7.5) and (7.6) are satisfied. We note in passing that in a theory with ¢ =0
we may recover the standard tracelessness condition and Weyl rescaling relations upon an
appropriate BR transformation.

Let us start by constructing constitutive relations which transform homogenously un-
der Weyl rescalings. Once such constitutive relations are available it is straightforward to
construct Weyl covariant tensors, such as the spin current, from them. Constructing the
energy momentum tensor, which is not Weyl covariant, requires some more work, as we
shall see shortly.

To construct constitutive relations which transform homogenously under Weyl rescal-
ings, we generalize the techniques of [90]. Consider the zeroth order in derivative hydro-
dynamic variables, T" and w*. Using the hydrostatic relations (3.4) and the scaling of the
vielbein and spin connection (7.1) and (7.3) we find that

owT = —o¢T, owut = —put. (7.7)

Thus, zero order in derivative terms will always scale homogenously under Weyl transfor-
mations.
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Hydrodynamic variables Background torsion

(Swma = (1 — q)Aaﬂaﬂ(ﬁ 5Wku = _uny u(z)
Sy M = —3¢pMP Sw KM = —3pKM
Swl = —¢f + (d — 1)u®0p dwk = —ok — q(d — 1)u®0u¢
Swau, = 0,0, owks" = =3¢rg""
Sy QY = —3pQH dwral” = =3¢prs"
(5{/[/0'/“/ = —3(]50'”” 5WK:VM - _QQ(d - Q)A,uu l/(b

Swuld,T = —20ul 9, T — Tuld,e | WK = —4gKreot
SwAYO,T = —¢A, 8, T — TA, 0y | owka®™H = —4¢K 427

Table 7. A listing of relevant Weyl transformations of first order quantities, derived from the
transformation rules (7.1), (7.4) and (7.7).

Weyl covariant vectors | Weyl covariant scalars
Ao =Tag + AV, T | 0T + (d — 1)u®8,T
(1—q)ag —mq qf + K

qao + ko
2¢(d — 2)aq + Ky o

Table 8. Composite, homogenously transforming (under Weyl rescalings) scalars and vectors
whose components do not transform homogenously under Weyl rescalings. Note that x transforms
homogenously under Weyl rescalings for ¢ = 0.

At first order in derivatives we can construct tensors which contain explicit derivatives
of the zero’th order hydrodyhamic variables, and, in addition, the various components of
the contorsion tensor and the spin connection. We have collected all relevant first order
tensors and their transformation laws under Weyl rescalings in table 7. The tensors mq, a,,
AT, kyy K, 0, k and u*9,T do not transform homogenously under Weyl rescalings
(for generic ¢) but we may construct linear combinations of them which do transform
homogenously. We have collected the independent homogenously transforming first order
scalars and vectors in table 8.

To proceed, it is convenient to define a Weyl connection and a Weyl covariant deriva-
tive, constructed in such a way that derivatives of Weyl covariant tensors will also be Weyl
covariant [90]. Indeed, suppose we have at our disposal a connection A, satisfying

ow A, = 0,0, (7.8)
from which we construct A?

pv

A, = gu AN — A, — ) A, (7.9)
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From A, and Af;l, we can construct a Weyl covariant derivative,

zf)uQaL..ﬁlm — @MQO&L..IBL“ o WAMQOLI.”,BL.. o AZfBlQalmpl--- I AZ%‘1QUIW51-~ ..,
(7.10)

where w is the Weyl weight of Q%1 5, ,
SwQ™ g, =wQ 5, . (7.11)
The Weyl covariant derivative satisfies
ow (DuQ™ ;.. ) = woDuQ™ 5, . (7.12)
It remains to construct the connection A,,. One possibility for a connection is
A, =a, — Luu. (7.13)
d—1

There are other connections which we may construct out of the first order quantities in
table 7 which will have the property (7.8). All of these connections will differ from (7.13)
by the vectors and scalars in table 8; differences of connections are proper tensors. Thus,
we may, without loss of generality, use the connection (7.13). It is now straightforward to
construct non composite, second order in derivative quantities by acting with 75# on first
order in derivative quantities.

As mentioned earlier, now that we have a full classification of the relevant Weyl co-
variant tensors constructed from the hydrodynamical variables and sources, it is straight-
forward to construct Weyl covariant tensors, such as the spin current, from them. As is
clear from (7.6) the stress tensor is not Weyl covariant for ¢ = 0 (or any ¢ # 1 for that
matter). In order to construct constitutive relations for the stress tensor such that (7.5)
and (7.6) are satisfied we first construct a Weyl covariant tensor 7" such that

SwTH = —(d + 2)oTH (7.14)

and
T = (1= @)V (7.15)

Given TH” we may construct T via the relation
TH = TH 4 (g — 1)S*P A, — (g — 1)S,/ A . (7.16)

The definition (7.16) and the property (7.15) ensure that (7.5) and (7.6) are satisfied.

We now have all the necessary ingredients in order to construct the constitutive rela-
tions for a conformally invariant theory. In the remainder of this section we will follow the
same path taken in previous sections. We first construct the conformally invariant hydro-
static partition function and then consider non hydrostatic contributions to the resulting
constitutive relations.

A conformally invariant hydrostatic partition function, W, can be constructed by re-
quiring that W is invariant under Weyl rescalings, or dyyW = —d¢W. In order to obtain
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First order Weyl covariant scalars

(sqoli

Second order Weyl covariant scalars
Sty =S, Sy =5, S =0-a((1—@k+qgm)*, SG = ((1—qk+qm)- (Kv —2(d—2)k)
Sy = &7, Sie) =S, Siry = (Kv —2(d - 2)k)?, S(sy = S(10)

56 = San,Sto) = Saz. Shn = Suy: Sti2) = Saa)

Table 9. First and second order Weyl covariant scalars which may contribute to the parition
funciton at the order we are interested in. When ¢ = 1 the covariant vector (1 —q)k, +gm, reduces
to m,, in which case the contribution of ((1 — ¢)k + gm)? can be identified with that of m? which
has been taken into account by considering the ideal constitutive relations. For this reason we have
multiplied the expression associated with S(CS) with an overall factor of 1 — q.

all possible first and second order Weyl covariant scalars we take linear combinations of
the scalars in table 1 using the data in table 8. The resulting list of Weyl covariant scalars
can be found in table 9. Using the data in table 9, we find that the hydrostatic partition
function reads,

W =P+ Wq) +Wea (7.17)
where

P = p()Td + TMTd_2M(1) + rde_26q1m(0) + 0(64)
_ (Dpd—1
12 » ’
Wig) = D@ T728g,) .
i=1

Here, pg, 7m, rar and the xl(-j )’s are real numbers. The Kronecker delta d,1 ensures that
the hydrostatic partition function includes all possible scalars for generic values of ¢ and
for ¢ = 1. Note that k is conformal invariant in the hydrostatic limit for any value of ¢,
but is conformal invariant in general only for ¢ = 0. Therefore, later, when including non

hydrostatic corrections, we will need to modify the expressions associated with xgl) and

x?) so that they are conformal invariant for all values of q.

The stress tensor T} and spin current S associated with (7.18) can be obtained by
varying the generating function W with respect to the vielbein and spin connection respec-
tively, and adding non hydrostatic terms to expressions derived from terms linear in K M“b
so that the resulting stress tensor is of the BR type. (Recall the discussion around (3.39).)
Instead of carrying out this variation explicitly, we can read the result off of (3.33)—(3.34)
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and (3.36)—(3.38) by making the substitutions

Py = poT* eo = (d — 1)poT* Xgl) e A
XgZ) = ng)Td—Q XgQ) = ng)Td—Q X;(32) _ (_2(1 _ Q)2Q$:(32) —2(d - 2)qx512)) Td—2
X4(12) _ qxf)Td—z Xéz) _ $é2)Td_2

2 = (1= e + 2(d = 2)(q - Dol + 4(d - 2%P) 702

ng) — xéQ)Td—Z Xg) — (1 _ q>mi2)Td—2 XE()Q) — m(72)7‘61—2

2 2) d— 2 2) d— 2 2) rd—
xﬁo) _ azé )pd—2 Xgl) _ xé )pd—2 X%Q) _ wgo)Td 2
N =T\ = )T pin = (@ (1= @)y + 18 T

par =T 2.
(7.19)

The explicit form of the resulting constitutive relations can be found in appendix B.

Weyl invariance of the generating function W guarantees that, in the hydrostatic limit,
the stress tensor and spin current will satisfy (7.5) and (7.6). Yet, a naive computation
of the Weyl transformation of T} (or T;") resulting from the constitutive relations given
in appendix B do not reproduce (7.6). This is due to the inhomogenous transformation
properties of k, and Ky, under Weyl rescalings together with the fact that we have dropped
terms quadratic in contorsion. Once we include the full hydrostatic constitutive relationsx2
derived from W, quadratic in contorsion, into the stress tensor, then (7.6) will be satisfied.
Since the constitutive relations for the stress tensor at second order in the contorsion tensor
are somewhat long we will have chosen not to list those terms here. The interested reader
can find the terms relevant for this computation in appendix C. We have also checked that
T} and S satisty (7.5) and (7.6) outside of hydrostatic equilibrium.

In order to construct a Weyl covariant non hydrostatic tensor 7/, (and from it the
stress tensor 1"} using the prescription of (7.16)) and the Weyl covariant non hydrostatic
spin current Sﬁ,’f’j, we consider the non covariant constitutive relations (4.12) and use table 7
to remove from them all non Weyl covariant expressions. We find that in order for the
non hydrostatic spin current to transform covariantly under Weyl rescalings, we need to
set 07 = T9 251 and 09 = 0 in (4.12), leading to

Sr)L\;ZJZ;R = 2T 25 M ] (7.20)

To construct the Weyl covariant tensor 7" from the non Weyl covariant expression,
7'V, of (4.12) we must not only set ¢ = 0 in (4.12) and scale the remaining transport
coefficients by powers of T', we must also replace the ringed derivatives in (4.12) with Weyl
covariant ones:

7.(],1“,) = —hT" "o — Dy (55221% - S;L\Z%R)

n

: . (7.21)
771[/:/] = Dy\SMY R + saT 2 A 4 s, T2l 4 s, 1420

Note that (7.15) is trivially satisfied since S,nprA™ = 0.
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We can now construct the non hydrostatic stress tensor using the prescription of (7.16)
with 7# and S#? replaced by 7' and S!,*. The only missing terms we need to include
gl) and LL‘é2) terms once ¢ # 0 and we are outside of hydrostatic
equilibrium. Some trial and error reveals that we need to add to the spin current a term of
the form 4xé2)q¢9A>‘[”u”] and to the stress tensor contributions of the form Td_qugl)e((d -
1)utu” +AH) and %:Ug)Td_zq(lC@u“ —K{u —4k47)6. The resulting constitutive relations
are presented in appendix B. It is given in a non Landau like frame since the latter will

are corrections to the x

not have manifest conformal symmetry.

The constitutive relations for the conformal fluid described in this section will be
modified in the presence of a charge current. The chemical potential and external gauge
field associated with the charge current allow for additional tensor structures both in the
non conformally invariant case and the conformally invariant one. Since we have refrained
from classifying the constitutive relations for the charge current in the presence of an
external torsion field, we will only discuss the ¢ = 0 torsionless, conformal, constitutive
relations for a charged fluid with spin. (Recall that since torsion does not transform
homogenously under Weyl rescalings, a ¢ # 0, torsionless background can be transformed
into a torsionfull one.)

Consider the hydrostatic generating function for a charged fluid, (6.8). When ¢ = 0
the vectors k* and K, transform homogenously under Weyl rescalings, (see table 7) so all
the scalars in table 5 will contribute to W, except for 5(1). Thus, the generating function
for a conformal charged fluid will take the form

2 6
W = poT? + T eV + 3" 1922 51 4 3™ 1250208, | (7.22)
i=1 =2
where pg the 1‘2(2), and the ;%52) all depend on the chemical potential to temperature ratio
wu/T. The explicit form of the hydrostatic constitutive relations for a conformal charged
fluid, obtained by the variation of (7.22) can be found in appendix B.

For the non hydrostatic terms we note that A*” (VU (TE) - EV) transforms homoge-
nously under Weyl rescalings. Thus, the constitutive relations for the stress tensor and
current are similar to those for the uncharged fluid, with the addition of the new terms
associated with A*¥ (V,, (T%) — E,,) (and the dependence of the transport coefficients on
wu/T). The full constitutive relations for a conformally invariant charged fluid with spin
can be found in appendix B.

8 Summary and discussion

In this work we have constructed the most general constitutive relations for an uncharged
fluid with spin in the presence of external torsion and a charged fluid with spin in the
absence of torsion. As emphasized in the introduction, one does not expect background
torsion to play a role in, say, the dynamics of heavy ion collisions. The reason we have
included torsion in the constitutive relations is that, without it, one would obtain incorrect
Kubo formula for the various transport coefficients. (This is similar to the need for including
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a non trivial background metric in order to compute Kubo formula in flat space.) Another
reason we have included background torsion is that it might be relevant as an effective
theory for certain condensed matter systems with dislocations; see e.g. [91, 92]. We have
also carried out a brief analysis of the effect of charge and of conformal invariance. Our
main results have been collected in appendix B for ease of reference.

To summarize the essential features of our analysis, consider the equations of motion
for an uncharged fluid, given by (2.25). Using the constitutive relations in appendix B, the
leading order terms for these equations (in the absence of torsion) take the form

0s oP
g5 m el -
ETik 0T + aT@ 0
A =0 (8.1)
ommt =0
oM™ =0,

Where s = g—; iso the entropyodensity, 0= ﬁuu“, k= pfug—at, MH = AF LAY gueP Q1
and A* = APV, T + Tu*V,u* (not to be confused with the gauge potential A, which
sources the charge current).

The first two equations in (8.1) are the standard equations for energy and momentum
conservation. The last two equations follow from spin current conservation and, as long as

om and oy are non zero imply
mt=0 M =0. (8.2)

The relations (8.2) were derived previously in [8] by appealing to the Boltzmann equation.
(See [12, 13] for reviews on this subject.) In our work these relations were obtained as
dynamical equations in the absence of charge. In the presence of charge the relations (8.1)
are modified and as a result, the first equality in (8.2) is replaced by (6.9). We do find
that, charged or not, (8.2) are always valid in hydrostatic equilibrium.

One of the unusual features of (8.2) is that the spin chemical potential is determined
algebraically from the acceleration and vorticity. This means, among other things, that one
can not impose initial conditions for the spin chemical potential independent of the velocity
and temperature. Rather, it is determined algebraically from derivatives of the velocity. In
a previous paper, [42], we have worked out the constitutive relations for a conformal fluid
with spin, in the absence of torsion, in what we referred to as the dynamical spin limit.
In the notation of the current paper, this corresponds to setting o, = 0 and oy = 0.
If ., and o vanish, then the leading equations of motion for the spin current become
second order equations (recall that the spin chemical potential is counted as first order
in derivatives) involving derivatives of m* and NM*™ . This implies that the equations of
motion for the spin chemical potential become first order differential equations. For this
reason we have referred to the o, = 0 and op; = 0 limits as a dynamical spin limit.
Note that, at least in our current formalism, one can not simply take the limit o, — 0
or oy — 0 of (8.1) in order to obtain the dynamical spin limit since we are working in a
frame where higher order corrections to the antisymmetric components of the stress tensor
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vanish. As discussed in section 4.4 this frame choice is only allowed for ¢,, # 0 and op; # 0.
Thus, in a sense, the work in [42] treats a specialized limit of the constitutive relations for
hydrodynamics with spin which can not be captured by our current formulation. As of the
time of writing of this note, we could not find symmetry arguments which would enforce
om =0or oy =0.

The authors of [29, 78] have set o, = 0 and treated oj; as perturbatively small by
using dynamical considerations; see also [41] for a perturbative computation of the latter
in an effective model for QCD.

Thus, we expect their analysis to be valid only for flows for which this approximation
is valid. We have found that their resulting constitutive relations and correlation functions
match ours where a comparison can be made. An earlier derivation of the constitutive
relations for the stress tensor and spin current can be found in [93]. One of the differences
between the current work and that of [93] is that the authors of [93] used the spin current
itself as a degree of freedom (replacing our m* and MH). If we only consider the consti-
tutive relations for the stress tensor then our expressions match theirs once we remove the
BR contributions.

One particular transport coefficient which is absent from the constitutive relations
described both in [29, 78] and in [93] is the first order term Xgl) which contributes to the

spin current in the form

S = 2x (D ANy (8.3)

and contributes to the stress tensor via a BR term, (2.23). One argument that has been
made for the vanishing of Xgl) in [29, 78] is that such terms do not contribute to the fully
antisymmetric components of the spin current and that minimal coupling of fermions to
torsion generate a fully antisymmetric spin current. While true, it doesn’t seem to us

(1)

a necessary condition for setting Xll = 0. Once the theory is coupled to torsion, even

perturbatively, all terms compatible with the symmetry should be allowed and therefore
Xgl) may appear in the constitutive relations. An extended discussion of the behavior of
Xll under CPT transformations can be found towards the end of this section.

The hydrostatic equations (3.26) (derived from (3.24)) imply that the order in deriva-
tives of the contorsion tensor is tied to the acceleration and vorticity terms which are
usually counted as first order in derivatives. Indeed, in this work we have set the con-
torsion tensor (and therefore the spin chemical potential) to be first order in derivatives.
But other possibilities are allowed. For instance, one could allow for u*K M“b to be first
order in derivatives, but other components of the contorsion tensor to be zeorth order in
derivatives. This would be similar to the derivative counting of the electromagnetic field
strength in magnetohydrodynamics [71] where the magnetic field is counted as one order
lower than the electric field. In both the former, and the latter cases, the spin chemical
potential is counted as first order in derivatives.

In order to have a zeroth order in derivatives spin chemical potential one would need
the acceleration and vorticity to be zeroth order in derivatives quantities. We point out
that it is impossible to achieve hydrostatic equilibrium (with real temperature and velocity
field) in Minkowski space with a non zero acceleration and vorticity. Indeed, in hydro-

43 —



static equilibrium the acceleration and vorticity are given by appropriate derivatives of the
velocity field which in Minkowski space must take the form (1,6). Thus, in Minkwoski
space, (and in the absence of torsion), the spin chemical potential must vanish in equil-
birium. Since unforced fluid dynamics will tend to reach an equilibrium configuration, the
spin chemcial potential will tend to vanish over time. For this reason it is also physically
sensible to count the spin chemical potential as a first order in derivative quantity. This
observation may be contrasted with an analysis of the spin chemical potential in some
applications of heavy ion collisions (see, .e.g, [8, 10, 94, 95] ) where a background velocity
(in four dimensions) of the form

uydet = v (—=Qydx + Qudy) (8.4)

with =1 = /1 — O02(22 + y?), is used, and leads to
a,dat = —~?Q% (zdx + ydy) Qudxt N dx” = —~3Qdx A dy . (8.5)

In order to avoid complex solutions one needs to supplement (8.4) by boundary condi-
tions (or some gluing scheme) at some finite radius, R < Q~!. Boundary conditions which
preserve (8.4) imply that the tangential component of the fluid is not dissipated upon
contact with the boundary which seems somewhat unusual for a non-superfluid. Gluing
the rotating fluid solution to a vacuum solution or to some other fluid would imply, via
a surface tension term, that such a configuration can not be stable (though it may be
metastable with a sufficiently long lifetime).

To properly deal with solutions for which vorticity and acceleration can be properly
counted as zero order in derivative quantities one would need to develop a formalism where
arbitrary powers of vorticity and acceleration appear at the “ideal” fluid level. (Linearly
perturbing normal fluid dynamics around the solution (8.4) is equivalent to an uncontrolled
truncation of the latter.) One approach to constructing a hydrostatic theory which incor-
porates vorticity and acceleration as zero order quantities would be to place the theory on
a curved manifold where the magnetic components of the Riemann curvature, cf., [59], are
counted as zero order in derivative quantities, similar to the procedure for magnetohydro-
dynamics mentioned above. On top of that, one should then be able to add contorsion and
then obtain a zero order in derivative spin chemical potential. In [78] elements of such an
analysis have been carried out.

As we have emphasized time and again, the background torsion we turn on is simply
a means to identify a canonical spin current and stress tensor which are useful in describ-
ing the dynamics of fluids with spin. At the end of the day, if we are to describe a flat
torsionless background we may set torsion to zero. Once we do so, we expect to be able
to use the standard hydrodynamic description of the fluid at least for the temperature
and velocity fields. Satisfyingly, this is indeed the case. If one uses the improved stress
tensor T{" defined in (2.17) then energy momentum conservation will reduce to the usual
relativistic hydrodynamic equations of motion for 1" and u*. In addition, one will find that
the spin chemical potential follows the acceleration and vorticity as in (8.2) (or its modi-
fied version (6.9) in the presence of charge). Thus, in the absence of torsion the standard
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. ij
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(a) CPT transformation prop- (b) Spurionic CPT transforma-
erties of the hydrodynamic vari- tion properties of sources and
ables and some of their deriva- some sources contracted with
tives. hydrodynamic variables.

Table 10. CPT transformation properties of the hydrodynamic variables, some of their derivatives,
and spurionic transformation properties of the sources.

rules of hydrodynamics apply and they are supplemented by an additional algebraic con-
straint relating the spin chemical potential to the other hydrodynamic variables. Similar
conclusions were reported in [78].

Our result is also inline with the general perception that in the absence of torsion, im-
provement terms (sometimes referred to as pseduo-gauge transformations) should not affect
physical observables. Indeed, in our formalism, carrying out a BR type of transformation
(in the absence of torsion) will not modify the equations of motion of the fluid.

We end this section with a discussion of the CPT transformation properties of the
hydrodynamic variables u#, T, u® and p (allowing for a chemical potential) and the
spurionic version of these transformations on the sources €%, w/‘jb and A, (if a U(1) charge
current is present). In what follows, to keep our notation compact, we will consider even
dimensional theories where parity flips the sign of all spatial directions. An analysis of
CPT for odd dimensions is straightforward.

The vielbein is even under CPT (and so is the metric), the spin connection is odd
under CPT and the vector potential is also odd under it. To determine the transformation
properties of the hydrodynamic variables we may use the hydrostatic relations (3.4). Since
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the timelike Killing vector V* is invariant under CPT, we find that T is even and p® and p
are odd under CPT. We have collected the CPT transformation rules of various quantities
under CPT in table 10.

One can use the CPT transformation properties in table 10 to constrain properties
of transport coefficients. For instance, a CPT even partition function would imply that
Xgl) (11, T') depend on odd powers of . A full analysis of constraints on CPT transformation
properties of transport coefficients would require a Schwinger-Keldysh effective action type
of analysis, similar to the one carried out in, e.g., [86, 96, 97]. We leave such a study for
future work.
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A A compendium of decompositions

In this work we have often decomposed various external sources and hydrodynamic quan-
tities with respect to the residual SO(d — 1) symmetry associated with spatial rotations
orthogonal to the velocity field. In this appendix we have collected the decomposition of
various quantities into representations of the SO(d — 1) symmetry for ease of access. Our
main tool for constructing a decomposition is the projection

AP = g + ubu” . (A1)
We will also often use a symmetrized and antisymmetrized indices using round or square

brackets respectively,

1

A[/“’] = 5 (Al“’ - AVH) S(;uz) = (Sul/ + Syy) . (AQ)

N |

A.1 Hydrodynamic quantities

We often need the decomposition of the gradient of the velocity field

1
19AW —upay + oy + QM (A.3)

VMUV = df
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where
0=V, u,

a” = u'V,u”,

. (A.4)
Qu = ALATV pug)
oM = A“”p"@pua
with 1
AHVPT = NPTV — NV AP A5
d—1 (A:5)
Similarly, the decomposition of the chemical potential is given by
Mab — uamb . ubma + Mab (A6)
so that
m® = abu
pr (A.7)

Mab _ AacAbdMCd ]
A.2 The contorsion tensor

Similar to the hydrodynamic fields we can decompose the contorsion tensor into compo-
nents,

2
K, =—u, (uakb — ubk® + K“b) + diﬁlu[aAb]M + 2u[“/§5b}u + 2u[a/<;Ab}u (A.8)

+ dszu[a/cvbl + K7™+ K™, (A.9)
where
- uywiuab’ y (A.10)
K* = A" A qu"' K,“°
denote the decomposition of wu, K rab into a vector and antisymmetric tensor,
K= e“cKMCdud,
kst = AW'DcKpCdudv (A.11)
KM = (A“CA’”’ ; A”cA“p) K,

denote the decomposition of A" K uabub into a scalar, symmetric traceless tensor and an-
tisymmetric tensor, and

Kyt =20 AP K,
Ka? = APAT7 AN K (A.12)

1 A[O‘ICVB} _ ICAMO[’B

Kru®® = A% A% A" K, — d—2°H

denote the decomposition of AY#A,*APK ““b into a vector, an antisymmetric tensor, and
a mixed traceless tensor,

Ko 7 =0, KrlroN =0, KaPoA = [ 4leoN (A.13)
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Order two hydrostatic scalars
S(l) = MH,,HZV 5(2) = MMVK’W S(g) = muk“ 5(4) = mMIC’(, 5(5) = 52
5(6) =k-k 5(7) = K, K" S(g) =k-Ky S(g) =Ky Ky 5(10) = K ka"

S = Kawra™ Suz) = ks wrs™ Saz) = KaweKa"?  Saay = Kryw, L™

Table 11. Summary of second order independent inequivalent hydrostatic scalars which may
contribute to the equations of motion up to second order in derivatives. This information can also
be found in table 1.

Second order Weyl covariant scalars
Sty =Sw, Sy =50, Si=0-a(1-ak+em)®, S =((1-qk+qm)- (Kv —2(d—2)k)
Sty =r% S =5m, Sk =Ky -20d-2)k)? Sfs) = S10),

So) = San, Sto) = Sa2), Sy = Sy, Stiay = S

Table 12. Summary of second order Weyl covariant hydrostatic scalars which may contribute to
the equations of motion up to second order in derivatives. This information can also be found in
table 9.

A.3 Miscellaneous quantities and definitions

Apart from the above decompositions, we often use the following quantities which vanish
in hydrostatic equilibrium,

A = AN T + Tat
mt =mt — k¥ — ot (A.14)
MM = M — KR QY

The first entry was taken from table 2 and the last two entries were taken from (3.27).
Also, we decompose the external field strength, F*¥, into a magnetic component, B,,,
and an electric component, £,

E* = FMu, B, = DupA,e . (A.15)

Finally, when considering conformal theories, we use a Weyl covariant connection similar
to that discussed in [90],

(A.16)
(See (7.13).)

A.4 Scalars, vectors and tensors

Often, we need to classify various scalar, vector and tensor structures. We have collected
these in the tables below.

B The constitutive relations

For ease of reference, we have collected the full set of constitutive relations for a fluid with
a spin current. We will first present our most general result for the constitutive relations
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Order two hydrostatic scalars in the presence of charge

Say=Eum" Sy =E" S =B, (Ky)!

S = BuwM"  Si5) = B K" S = Buyka”

Table 13. Second order hydrostatic scalars which are associated with a U(1) charge which may
contribute to the equations of motion up to second order in derivatives. This information can also
be found in table 5.

First order non hydrostatic independent scalars
0

First order non hydrostatic independent vectors
TV, (§) - B,

First order non hydrostatic independent symmetric tensors

ohv

Table 14. Independent non hydrostatic data. The entries of this table are collected from table 3
and the discussion around table 6.

of the stress tensor and spin current in a curved torsionfull background relevant when
expanding the equations of motion to second order in derivatives and keeping terms linear
in torsion. We will then discuss various modifications of this result when we go to a flat
spacetime and set the torsion to zero, take the conformal limit or consider the effect of
charge. At appropriate places we refer to the main text where the computations have been
carried out.

The constitutive relations on a curved torsionfull background are given by

_ v pv pv
" =Tq + T + oy B.1)
AUy QAuV Apy Apv '

S =57 ST+ S -
Here, the subscript id refers to the ideal components of the fluid, generated from the
pressure term in the generating function. The subscripts h and h+ refer to components
coming from higher order contributions to the hydrostatic generating function, with the +
denoting the BR completion of the hydrostatic terms as discussed at length at the beginning
of section 4. The subscript nh refers to non hydrostatic terms. We further decompose these
two terms into BR terms and non BR terms,

LY v nz
5y =Tygr+Thupr

=% %
Tnh — “nhBR + TnhnBR

B.2)
AUV QAuv Apv ( :
Sp =5 sr + SinBr

AV QApY Apv
Soh =SnonBr T SnhnBr>
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with
le A A A
T, Br = §V,\ (Sh%VR — SiBR ~ SZ;R)
1.

TonBR = §v/\ (Szﬁ%}z - S%%R - SZQ%R) .
B.1 Generic, uncharged fluid in a torsionfull, curved background.
The explicit form of the constitutive relations for the ideal components is given by
T = (0 + (pm + Tolp)mam® + (par + Ty ) Mas M) uiu”
+ (Py + pmmam® + pMMaBMaﬁ)A“”
+ Mo M (2pm — 4par) + O(VH)
S — A (4pmm[“u”} — 4pMM“”> +0O(VY,

(B.4)

where op
0

— —P. B.

%y (B.5)

(Taken from (3.33) and (3.34).) Here O(V*) denotes terms which are fourth order in
derivatives but do not contain any explicit derivatives of the hydrodynamic fields.

eo="T

The explicit form of the hydrostatic components of the stress tensor and current are
given by

SpprM = 2X§1)A/\[uuy]
— 2Xg2)M’\[“u”] + 2Xg2)uAM’“’ - 2x§2)u’\u[“m”} + 4xf)A’\[“m”}
+ 4xé2)/<A/\[“u”] + 2u? (2xé2)k[“u”} + 2X;2)K“” + x%) IQAMV)
+ 2u’\Xé2)/Cv[”u"] T+ 4NN (Xg(;g)kl’} + QXE;Q)/CVV]) — ZX%)K)‘[“UV]
_ 4X§21)KAA[HUV] + 4X§22)/€sk[”u"] + 4X%)’CA>\IW + 4Xﬁ)’CT}w}\
Shnpr ™ = + 20} (x&Q)KAW + X§2)KW _ x§2)u[”k”]) _ QXL(B)UAU[“/CV"] +O(V?)
(B.6a)

and

, (Y d—2
T#nBR = (T g} - X§1)> kutu” + xﬁ”—m"”

d—1
1
+ 2 k) o e = xqrat
() ruv
+ ng) (,CTaﬂ[u + ,CAa,B[u) UV]MQB + X1 kM
d—1
0
2(d — 2)
— 2Xg2)u[“ (M”]aka + K”]ama) — Xg)u[“ (M”]aka + K”]ama)
(2)

+ 2xf12)ICA“”ama + 2xf12)lCT[“”]ama + (dXi Q)K%m”]

+

u[”MV]BICvﬁ _ 2Xg2)u[“f@4”mm5 + X?)Ma[u (/‘GAV]a _ HSV]a>

2 (d - 2)
(d—1)

l/}'

— xPulrmorcy o + 23 Pl (HA”]a - /is”]a) Ma + rultm

(B.6b)
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The non hydrostatic components of the stress tensor and current are given by

A
Snﬁlr/LBR =0,

Son'sr = 2010 + 20,0 ANy (B.7)
Ty npr = —COAM —not + o AP 4 ottt 4 o N

n

(Taken from (4.12).)

B.2 Conformal uncharged fluid in a torsionfull, curved background.

The explicit form of the constitutive relations for the ideal components of an uncharged
conformal fluid is given by

1y = (po(d = )T + 8g17m(d — DT 2mam® + ras(d = )T 2Mog M) ubu”
+ (poT? + 817 T 2mam® + 1o T2 M8 M, 5) AP
+ utma M T2 (25411, — 4rar) + O(V?)

Si);l“’j = M2 (46q1rmm[“u"} — 4TMM‘”') + O(V4) ,

(B.8)

where pg, m, and 77 are real constants. (Taken by inserting (7.19) into (3.33).)

The explicit form of the hydrostatic components of the stress tensor and current are

given by

T_(d_Z)ShBRA‘U'V :2x§1)T5qu)‘[“u”]
2x§2)M’\[“u"]+2x§2)uAM“”—4(1 q)2 (2 ’\(qu[“u”]+(q—1)k‘[’*u”])

+a? (Iﬁ (4(d—2)qulm” +8(d—2)(g—1)klu —2(g—1) K{ul)

+4(1—q) AMNPEY 44 AN “ml’]> —|—4x 2) g ANy ]—|—4:I:( K

+2 (u (16(d—2)k1u — 8(d—2) Kfu!) + 8 K] —16(d—2) AN )
+2$§;2)( A MV K)\[,uuzz]) 4$§2 Alw 1/]_}_41:(2)5/\[# V]+4x(2)K>\MV+4x§2)K§£V)\
728, pp? ’“’:21‘5 Dt ,%A“”+2mé )u’\K“”—l—4q(1—q):Eg D ((q—l)u[“k‘”}—l—qm[“u”})

+2qx§2)u)‘ (Q(d— 2)ultk] —u[“K";])
(B.9)
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and
-2
T_(d_Q)T,‘L‘ZBR =(d— 2)Tx§1)mu“u” + ngl)%;@AW + 2T$§1)u(“k;”)

1
+ §Ta:gl)u“lCV” - T:Egl)ﬁs“” — Tl‘gl)l-{A/’W

(2) KM 1 [w AV B aBlu, vl aBlu, vl
+ (d_1+2(d_2)u MK + (K37 + K37Pu) Mo
- u[“/ﬁl;‘]ﬁmg + Ma[“/ﬁﬂa — Ma[“/ﬁg]a> - 23:(22) (u[“K”]O‘ma + u[“M”]O‘ka)

+(1- q):vi(f) <2(q — DultKYmg — 2qu* MYl ym® + 2(q — l)u["M”}ako‘)

y y K[N V]
+ qat? (2}(% e + 2K, + % +2(d — 2)ultKMom,,
2d — 2 , y
+ (d_l)/w[“m”] +2(d — 2ult MYy — ult MK, + u[“/fA]ama - u[“/ﬁs]ama> ,
(B.10)
where the X?’s are real constants. (Taken by inserting (7.19) into (3.38).) The non

hydrostatic components of the stress tensor and spin current are given by

Apv -
th nBR — 0 ’

S:L‘;:ZJBR :4:cg2)q9A)‘[“u”] + 27925, oAy :
TohnBr = — T o + s, T2 Al 1 5, T 2@l + s T2 NI (B.11)
(lodaid .
T s (dg 1 Uupaﬁuy) + Td_qu’«"gl)e((d — Dutu” + AP

1
+ ixg)Tddq(lC;u“ — Kyu” —46'7)6
where s1, s4, sy, and sy are real constants. (Taken from (7.20), (7.21) and by using
117 (S’\W — SHA S”’\“) = lv (5”\’“’ - S”)‘“) + SHPA, — S,PPAY (B.12)
27 2 P ‘

in implementing the prescription of (7.16) as discussed below (7.21) .) Note that the last
term on the right hand side of T% .. does not satisfy the Landau frame condition and
may be removed by a frame transformation. Such a frame transformation will induce a
non standard scaling relation for the hydrodynamic variables which will ensure conformal
invariance.

B.3 Generic charged fluid in a torsionless background.

In a torsionless background many of the previous constitutive relations simplify. In ad-
dition, there are additional contributions to the ideal and non ideal constitutive relations
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coming from the background electromagnetic field and the charge chemical potential. The
explicit form of the constitutive relations for the ideal components is given by

Tl = (60 + (pm + T%L:’F” + “8(9[);7) maem® + (pM + Taap—jj‘f + ﬁgf) MQBMW) utu?
+ (Py + pmmam® 4 par MP M) AP
+ uPma M (2pm — 4par) + O(VH)
Si/\d”'j =u? <4pmm[“u”] - 4pMM‘W) +0O(VY,
(B.13)
where now P, P,
€ = Ta—T + MW - F. (B.14)

ained by varying the pressure term in the generating function given in (6.8).
Obtained b, ing th t in th ting functi i in (6.8

The explicit form of the hydrostatic components of the stress tensor and current are
given by

Sppr ™ =2x {1V Ay

— 2xg2)M/\[“u”] + 2Xg2)u)‘M“” — 2X:(32)u)‘u[“m’4 + 4XZ(12)A)‘[“m”}

(B.15)
— 25l B ag ) AN g 1 2g Pt B — 23D Bk
ShnBR/\w/ — 20 (_2>~<§2)u[uEu] + )ZE;Q)BW>
and
T spr=0. (B.16)

(Obtained by varying the non pressure terms in the generating function given in (6.8).)
The non hydrostatic components of the stress tensor and current are given by

Apv o
thnBR =0 )

o

Sr)z\%m = 2010 MU 200 AN 42030t ulk AVIP (Vp <;) _EP) )

Tl =GO =0+ (00 AV =Gt 80 (9, () <y )) o 0.
(B.17)

(Obtained using the entries in table 6.) In writing the last equality we have replaced what
we referred to in the uncharged case as o4 with 0,04 since the resulting equations of
motion take a simpler form. Recall that if o, = 0 we are in the dynamical spin limit
and the constitutive relations change drastically. See [42] or section 8 for an extended
discussion.

In addition to the energy momentum tensor and spin current we must also specify the
constitutive relations for the charge current, J#. Using (6.4) and the last entry in table 6
we find

P .
JH = i)/juﬂ + opArP (Tvp (;) - Ep> (B.18)
where we are working in a (Landau) frame where J*u, = —%—];0.
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B.4 Conformal charged fluids in a torsionless background

The constitutive relations for a conformal charged fluid (with ¢ = 0) in a flat torsionless
background are of the form

Tl = (po(d = )T + rar(d = )T 2MogM?) wu”
+ (poT? + T2 MO Mog) AP — dutmo MOV T2y + O(VY)  (B.19)
SV — 4 T e MM+ OV,
where now py, 7y, and 7y are functions of mu/T'. (This relation can be obtained from (B.13)
together with the constraint coming from the requirement that the m,m® term be confor-
mal invariant and that Py = T%q(p/T) and pyr = T9 %r,,(u/T).) The explicit form of
the hydrostatic components of the stress tensor and current are given by
T2 G, g™ = 2$§1)TA’\[“u”] — 2x§2)M)‘[“u”] + 2xg2)uAM“”
—2iP Ml B 4 43P ANE B 4 2500 Bre — 230 Aty
T8 =2t (—23Pul BV 4 5 B
(B.20)

and
T,‘LLZBR:U (B.21)

(Obtained by removing non conformal terms from (B.15) (see (7.22)) and setting Xgl) =
Tdflxgl)(u/T) and XZ(?) = Tdflxgz)(u/T).) The non hydrostatic components of the stress
tensor and spin current are given by

A
Sn;LU;LBR =0,
g =212 M iy 4 2T 550 AV (Tﬁp <;> - EP) ,
T wpr = — W' o™ + 5, T <m[uu,,} + 54 Al — gl AVIP (ﬁp <;) - EP)>

+ SMTd_QMIW .
(B.22)

(Obtained by removing non conformal terms from (B.17) (o2 = 0 and ¢ = 0 coming from
the requirement of Weyl scaling, cf., (7.6)) and scaling o1, o3, 1, om, or, 54 and G by
appropriate powers of the temperature multiplied by a function of the dimensionless ratio
wu/T. Tthe charge current is given by

JH = phTo Lyt 4 s T2 AP (T% (;ﬁ) - Ep) (B.23)

(Obtained by scaling (B.18).)
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C Contributions to the constitutive relations which are quadratic in con-
torsion

As explained in the main text, in order to test conformal invariance (at non zero ¢) of the
constitutive relations, beyond the hydrostatic limit, we need to know the full contributions
of the scalars S¢) to 5(612) to the constitutive relations, including the symmetric compo-
nents of the stress tensor and contributions which are quadratic in the contorsion. In this
appendix we have collected the important compoents of these contributions to the stress
teél)sor for completeness. We denote the components of the stress tensor associated with

x;”’, which are second order in the contorsion, are not of the BR type, and also do not

transform homogenously under Weyl rescalings by T(’:;j . We have omitted an overall factor

of a:z(?) T2 from these terms.

T([g)y] = —2(1 — q)’ka KWy

Flev] _ g [nv]o [pV]ox _ alu, V] [17.0] 2(d —2) [11.v]
T(4) =(1 q)<2 (KA +K5 74+ (d—2) KMy )ka+(d_2>Kvk + 11 k
T([g)y] = =80k (K‘[ﬁtul’] + 2&’2”)
T = —ault K ke

2
mlpv] (11.v] S(d — 2) w, v] 4(d — 2) (1, v]
T(7) = —4KyEY + 11 rkkHu 71 KKy u
T([g)y] = 2(d1— l)K’“’Fc + ko) — 2ka/<ai[“u”]
Tl — 2 pv 1 e V) KO
el 1 v «
T([TO)] == (d o 2) u[uHS }Ot]CV
Sluv] 2 vo
Ty = =75 Kd "Kva
s _ L s
T(12) = 2(d_2)ICT Kva-

(C.1)

Note that when ¢ = 0 the non homogenous transformation of T(5) vanishes as it should.
We have, nevertheless, included the explicit form of T(5) for completeness.
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