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Abstract

We classify all possible allowed constitutive relations of relativistic fluids in a statistical
mechanical limit using the Schwinger-Keldysh effective action for hydrodynamics. We find
that microscopic unitarity enforces genuinely new constraints on the allowed transport
coefficients that are invisible in the classical hydrodynamic description; they are not
implied by the second law or the Onsager relations. We term these conditions Schwinger-
Keldysh positivity and provide explicit examples of the various allowed terms.
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1 Introduction

Relativistic hydrodynamics is an effective theory capable of describing diverse phenomena
relevant in heavy ion collisions, cosmology and astrophysics, and in condensed matter
systems such as graphene. Until recently, the equations of motion of hydrodynamics were
constructed so as to be the most general ones possible compatible with the symmetries of
the problem, a local version of the second law of thermodynamics, and Onsager relations
which encode certain CPT properties of correlation functions.

In the hydrodynamic theory the conserved currents of the underlying microscopic the-
ory may be expressed as local functions of the hydrodynamic variables, provided that their
gradients are small. We may take the hydrodynamic variables to be a local temperature
T, a local velocity u* satisfying u? = —1, and when the microscopic theory has a U(1)
global symmetry, a local chemical potential p. Current and energy-momentum conserva-
tion are then interpreted as the equations of motion for the hydrodynamic variables. The
expressions for the conserved currents in terms of the hydrodynamic variables are referred
to as constitutive relations. When working in a gradient expansion, Lorentz invariance
strongly constrains the tensor structure of the constitutive relations such that the only
undetermined degrees of freedom are scalar functions of 7" and p. These scalar functions
are usually referred to as transport coefficients.

The transport coefficients of the theory are not only constrained by Lorentz invariance,
but also by a local version of the second law of thermodynamics. This second law posits
the existence of an entropy current S* which, for an ideal fluid, reduces to the entropy flux
current sut (with s the entropy density) and which satisfies V,,5* > 0 under the equations
of motion [1]. This local second law is known to force some of the transport coefficients
to vanish and constrain others to be non-negative [1-3]. The constitutive relations are
also constrained by the Onsager reciprocity relations [4,5]. These relations originate from
the invariance of the microscopic theory under CPT and further constrain the transport
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coefficients of the fluid.

While the equations of motion so obtained seem to be correct and have successfully
described a variety of phenomena, it is somewhat disturbing that in a textbook treatment
they are not derived by an action principle which would incorporate all the aforementioned
constraints in one sweep. Indeed, given the phenomenological nature of the hydrodynamic
equations, this raises the possibility that some constraints have been overlooked and that
the theory is incomplete. There has been significant progress this decade in putting the
local second law on a more solid footing, using a combination of results from Euclidean
thermal field theory [6-8] and unitarity constraints on spectral functions (see e.g. [9]),
albeit without an action principle. Even more recent developments allow one to construct
effective actions for hydrodynamics in the Schwinger-Keldysh formalism [10-22], at least in
certain limiting regimes. The actions so obtained are more intricate than those in ordinary
effective field theory, but they have the virtue that various microscopic considerations, such
as unitarity and CPT, can be made manifest.

The main goal of this work is to study the effect of these microscopic considerations
on the Schwinger-Keldysh effective actions for hydrodynamics, and in turn the constraints
on the hydrodynamic equations of motion that follow. Our findings are surprising. We
show that the restrictions imposed on the equations of motion from the Onsager relations
and positivity of the divergence of the entropy current are necessary but not sufficient to
account for all the constraints on the transport coefficients of the fluid. In addition to
the Onsager relations and entropy production one must impose an additional constraint
which we refer to as the “Schwinger-Keldysh positivity constraint” which is a byproduct
of unitarity of the underlying microscopic theory.

Throughout we work in a “statistical mechanical limit” (see [14]) in which one system-
atically accounts for thermal fluctuations, but neglects quantum fluctuations. In Section
2 we will review the definition and construction of the Schwinger-Keldysh effective ac-
tion and discuss the statistical mechanical limit in some detail. The formalism discussed
in this Section is slightly different from that in [19] but, as we show in Appendix C,
the actions so constructed are identical. A summary describing the essential features of
the Schwinger-Keldysh effective action in the statistical mechanical limit can be found in
Section 3.

Having gained familiarity with the Schwinger-Keldysh effective actions for fluids, we
show, in Section 4, how they can be used to construct the constitutive relations of an ideal
fluid. This analysis has already been carried out in [14,15,18] but we have included it to
familiarize the reader with the notation and formalism of the current work.

After this simple example we turn our attention to the local second law. In a companion
paper [23] we showed how (in a probe limit) the entropy current can be coupled to an
external source and that its divergence is non-negative owing to microscopic unitarity and
the KMS condition (see also [24]). We adapt that construction to the statistical mechanical
limit in Section 5. Our analysis complements that of [25] in that it couples the entropy
current to an external source. This simplifies the computation of the entropy current, its
correlation functions, and the entropy production.

Finally, in Section 6 we discuss the constitutive relations of the hydrodynamic theory
which follow from our formalism. In Section 6.1 we carry out a detailed analysis of the
behavior of the transport coefficients of the theory under CPT. The resulting analysis
also allows us to study the emergence of the Onsager reciprocity relations. We then
proceed in 6.2 to study the explicit form of the constitutive relations of the underlying
theory and match them to the existing literature [26,27]. Barring 't Hooft anomalies, the
allowed terms in the classification of [26,27] seem to be related to the ones we find. A
preliminary analysis of anomalies in the context of the Schwinger-Keldysh effective action
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has been carried out in [28]. In the Appendix F we present the effective action for any
't Hooft anomaly described by an anomaly polynomial. We end Section 6 by identifying
those constraints coming from the Schwinger-Keldysh positivity condition which are not
captured by the entropy current analysis or the Onsager relations.

In Section 7 we carry out explicit computations of the constitutive relations of various
types of fluids from an action. We compute the constitutive relations of parity violating
fluids in 2 4+ 1 dimensions to first order in derivatives, and the same for parity-preserving
uncharged fluids in d + 1 dimensions. Our results nicely match [9] and [29]. We urge the
reader who is unfamiliar with the recent formulations of the Schwinger-Keldysh effective
theory and who is interested in a hands-on computation to go through this Section in
detail.

For the reader interested in a summary of our main results without delving in the details
of our analysis we recommend skipping to Section 8 where we present our classification
scheme, especially Table 2. There we compare our findings with the literature [26,27] and
provide a few simple examples. We end this Section with a discussion.

Note: While this manuscript was nearing completion two related works [30,31] were
posted to the arXiv.

2 The Schwinger-Keldysh effective action

The Schwinger-Keldysh partition function Z[A;, As] associated with an initial state den-
sity matrix p_o is given by

Z[Ay, As) = Tr (U[Ai]p-oU'[4s]) (1)

where A; and As collectively denote doubled sources, and U[A] is the time evolution
operator from the infinite past to the infinite future in the presence of the sources A. Define
the generating functional of connected correlation functions, W = —iln Z. Varying W
with respect to the doubled sources gives correlation functions of the conjugate operators
in the state p_oo with various time orderings. Letting O denote the operator conjugate to
A, we have

5n+m
(5A1(t1) e 6A1(tn)5A2(7'1) e (5A2<Tm) W‘A:O
= Tr (T(O(t1) ... Ota))T(O(r1) ... O(rm))) (2)

where 7 is the time-ordering operator, 7 is the anti-time-ordering operator, and we have
specified only the time dependence of the fields. Often, it is convenient to use linear
combinations of A; and A, to obtain physical observables. For instance, the one point
function of O is given by

_ 1 W1 W
C20A1(t)  28A5(1)

Tr(ﬂ—ooO(t)) (3)

A1=A2=0

We refer the reader to, e.g., [14] for a modern summary and discussion.

In this work we will be interested in the low-energy Schwinger-Keldysh effective action
of many systems in a thermal initial state. More formally, we would like to find an effective
action Serr(&; A1, Ag) such that at low energies the Schwinger-Keldysh partition function
is given by

2[4y, As] = [ DeetSisr, (4)

4
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for low-energy degrees of freedom &£. The “slow modes” of most systems at finite temper-
ature are the conserved currents, and with this in mind we write actions such that the
Euler-Lagrange equations for the & are simply current and energy-momentum conserva-
tion. These actions will turn out to be effective actions for dissipative hydrodynamics.

In the remainder of this Section we will describe the construction of these effective
actions in the statistical mechanical limit. Our discussion closely follows the analysis
in [18] (see also [14,15]). Our end result for the effective action is identical to that in [19]
though we group our dynamical fields in a slightly different way. We present an analysis
comparing the results of this Section with that of [19] in Appendix C.

To find the low-energy Wilsonian effective action we follow the usual logic of identifying
low-energy degrees of freedom and symmetries, and construct the most general action
compatible with these symmetries. As discussed in [13-15] (see also [18]), the relevant
symmetries are as follows:

1. Doubled diffeomorphism invariance whereby Z[A;, As] is invariant under indepen-
dent diffeomorphisms that act on the sources. When the microscopic theory has
a flavor symmetry G, one also demands that Z is invariant under doubled flavor
transformations.

2. A topological Schwinger-Keldysh symmetry, which states that when the sources are
aligned (that is, equal to one another A; = Ay = A) the partition function is trivial,

ZIA, Al=1. (5)
3. The generating functional need not be real. It satisfies a reality condition

WAL, Ao]* = —WI[A3, A]. (6)
4. A KMS symmetry of the partition function, which, following [14], can be written as

Z[A1(t), A2(t2)] = Z[naAi(—t1), na Az2(—t2 —ib)]. (7)

Here the initial state is p_s o e %" with H the generator of time translations, and

14 is the CPT eigenvalue of the operator conjugate to A. The KMS symmetry can
also be written covariantly. We will discuss it shortly in some detail.

In addition to these symmetries, unitarity imposes an additional constraint on the
imaginary part of the Schwinger-Keldysh partition function [14,25],

1Z] <1, (8a)

or, equivalently,
Im(W) >0, (8b)

which we reproduce in Appendix A and refer to as the “Schwinger-Keldysh positivity
condition”. The inequality |Z| < 1 plays a crucial role in deriving the local version of the
second law as we discuss in Section 5 and in providing further constraints on transport
coeflicients which we discuss in Section 6. The KMS symmetry is one of the ingredients
which ensures the Onsager relations which we also discuss in Section 6.
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2.1 Degrees of freedom and doubled symmetries

We wish to ensure that the equations of motion of our effective theory are the (doubled)
conservation equations for the energy-momentum tensor. To do so we take the degrees
of freedom to be maps X{' (o) and X4 (o) between what we refer to as a worldvolume
with coordinates ¢ and two target, or physical, spaces. The sources are defined in these
target spaces, and are given by Aj(z;) and Aa(xz2). When the microscopic theory has
a continuous global symmetry G, there are additional G-valued fields C (o) and Cy(0)
which ensure current conservation. In what follows, we will take G = U(1) in order to
simplify the presentation.

In order for the action to be invariant under the doubled diffeomorphisms and flavor
transformations, we demand that the X’s and C’s always appear in combination with the
target space sources via pullbacks:

Bsi(Xs(0), Cs(0)) = Bs u(Xs(0))0i X{ (o) + 0iCs(0)

005 (X(0)) = Gy (Xu(0))AXE(@)D, X" (o) ©)

where s = 1, 2 specifies the target spaces. With the X,’s transforming as coordinates under
target space diffeomorphisms and the Cy’s transforming as phases under U(1) transfor-
mations, the g,;;’s and By;’s are invariant under target space diffeomorphisms and U(1)
transformations. Note, however, that the By;’s and gs;;’s transform as one-forms and
symmetric tensors respectively under worldvolume diffeomorphisms. Likewise the Bg;’s
(through their dependence on the C’s) transform as U (1) connections under a worldvolume
gauge transformation: Bg; — Bs; + 0;A.

In addition to the dynamical degrees of freedom, in order to account for the initial
thermal state, we will introduce a thermal vector 3% and a flavor transformation parameter
Ag. Together they generate a worldvolume time transformation dg, which we take to be
such that, in the far past, it is the same transformation generated by the grand potential
appearing in the initial state exp(—bH). We will insist that the effective action is invariant
under worldvolume diffeomorphism and flavor transformations, under which the thermal
data B¢ and Ag suitably transform.

2.2 The statistical mechanical limit

So far we have described the degrees of freedom and how we impose doubled diffeomor-
phism and (a possible) doubled flavor invariance. As we mentioned in the previous Sub-
section, we have ensured that our action is double-diffeomorphism invariant by combining
the sources gs . (2s) together with the X#’s into pullback fields gs;j(c). When the micro-
scopic theory has a U(1) flavor symmetry, we have also grouped the external U(1) fields
B () together with the Cy’s into pullback fields B;(o).

It is challenging to implement the remaining topological Schwinger-Keldysh symme-
try and the Zo KMS symmetry. In [18] three of us have discussed how to implement
these symmetries in a probe limit, where charge is transported in a fixed thermal back-
ground. The virtue of the probe limit is that it allows one to consider both classical and
quantum fluctuations. This stands in contrast to a statistical mechanical limit introduced
in [14,19,21], or to the (seemingly equivalent) high temperature limit of [13], where the en-
tire system is dynamical but quantum fluctuations are treated perturbatively. One virtue
of the statistical mechanical limit is that the KMS symmetry (7) becomes local. In this
Subsection, we will rederive the statistical mechanical limit, working in a formalism closely
related to that of [18]. In Sections 2.3 and 2.5 we will see how this will help us imple-
ment the Schwinger-Keldysh and KMS symmetries. As mentioned earlier our end result
matches that of [14,19,21] as we elaborate on in Appendix C. A full implementation of
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doubled diffeomorphism invariance, Schwinger-Keldysh symmetry, reality condition, and
KMS symmetry at the quantum level is currently unavailable.

Before delving into the statistical mechanical limit, it is helpful to change basis from
the 1 and 2 fields and define so-called average (r) and difference (a) operators and sources,
given schematically by

1
O, (1) = 5(01(75) + Oa(t)), Oq(t) = O1(t) — O2(1). (10)
In the 7/a basis, the variation of the generating functional is

SW = / iz (016 A1 — a6 As) = / 4%z (0,6 Ay + OuSA,) | (11)
so that r-sources are conjugate to a-operators and a-sources to r opelrautors.1 In terms
of these, the Schwinger-Keldysh symmetry (5) is the statement that Z = 1 when the
a-sources vanish. Equivalently, it is the statement that correlation functions of the a-type
operators identically vanish among themselves,

(Oa(t1) ... Oult)) = 0. (12)

In the statistical mechanical limit we restore 7 as a formal expansion parameter and
take a suitable i — 0 limit. In taking this limit there are two observations to keep in mind
which will guide the analysis to follow. The first is that, after restoring #i, the thermal
density matrix e *# is an evolution operator by an imaginary time —#b. Correspondingly,
the KMS symmetry (7) is non-local, relating the partition function with source As(t) to
one with source Ay(—t —ihb). As we will see shortly, once we take 7 to be small, the KMS
symmetry will become local. The second, more relevant for us here, is that we restrict our
attention to configurations where the a-type fields, external and quantum, are O(%). This
is reminiscent of the non-relativistic limit of certain relativistic field theories, whereby one
restores ¢ and takes a suitable ¢ — oo limit (see e.g. [32,33]).

At the level of the effective action, taking the 77 — 0 limit amounts to the following.
Starting with an action Scyy of the r- and a-fields, we rescale the a-fields by a power of 7
so that the r- and a-fields are both O(h°) as i — 0. We then expand the effective action
in powers of the a-field, which we schematically represent as

%Seff[ﬁbraQSa;h] — %Seff[ﬁbr»hgba; h] = Z hn_lsn[¢r; h] Z, (13)

n=1
where the sum on the far right starts at n = 1 due to the Schwinger-Keldysh symmetry.
We posit that that the # — 0 limit is regular. That is, we assume that ﬁ”_lSn[gb,«; h] has
a finite i — 0 limit,

lim 571, (6,5 1] = Sl (14)

The statistical mechanical limit of the effective action is then

SSM[(b’H (ba] = Z Sn[¢r]¢g : (15)
n=1

Let us now carefully implement the statistical mechanical limit in the effective theory
for fluids. We restrict our attention to sources which, in some choice of target space
coordinates and U(1) gauges, are nearly aligned, i.e.

gl/w(x) = 92uu($) +O(h), Blp(x) = BZu(w) +O(h). (16)

! We have intentionally omitted the measure from the schematic expression in (11). We will deal with
it in detail later in this Section.
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Further, we only consider nearly-aligned configurations of the dynamical fields,

X{'(0) = X2(o) + 5 XE(0) + O(R%),  X4(0) = Xt (o) — 2 Xik(a) + O(),

Ci(0) = Cp(o) + gca(a) +0(h?), Cy(0) = Cyp(o) — gC’a(a) +O0(h?).

(17)

These equations effectively define r- and a-type combinations of the dynamical fields. Note
that we have rescaled the a-type combinations so that they are finite in the i — 0 limit.
With this choice the pullback fields are nearly aligned as well,

glz’j(U)ZgQZ’j(O')-i-O(ﬁ), BM(U) ZBgi(U)—i-O(h). (18)

The full doubled diffeomorphism and flavor invariance is not manifest in the statistical
mechanical limit. A general diffeomorphism and flavor transformation will lead to metrics
and flavor fields which are no longer aligned to O(f). For this reason we only demand
invariance under diffeomorphisms and flavor transformations which maintain the near-
alignment X! = X} + O(h) and C; = Cy + O(h). More precisely, we allow infinitesimal
diffeomorphisms &}'(x1) and &(z3) and U(1) transformations Aj(z1) and Aa(xe) which
are nearly aligned, satisfying

€h(2) = @) +O0(h),  M(2) = Aolw) + O(R). (19)
Under a general diffeomorphism or flavor transformation, the dynamical fields shift as
0 X1 (0) = =€1(X1(0)),  6Ci(0) = —AMi(Xa(0)), (20)
while the sources vary as
091w = L& 91 o 0By =Le Bry + 0uht, (21)

and similarly for the 2 fields. In the # — 0 limit we define r- and a-type combinations of
the ¢* and A to be their O(A°) and O(#%) terms

(@) = € (x) + Deh(@) + O?),  Eh(a) = E(x) — Del(x) + O(R?),

(22)
h h

Mi(@) = Ar(2) + Gha(@) + O(%), Aa() = Ar(w) = SAa(2) + O(F?).
Written this way, it is clear that these transformations are the combination of a “diagonal”
transformation (&, A, ) as well as a linearized “axial” transformation (¢, A,). According
to (17) the r-type combinations of the dynamical fields then vary as

0 X' (0) = =& (X (),

5,Cr(0) = ~Ar(X,(0) 29)

where we remind the reader that we are in the i — 0 limit.

One may also be tempted to deduce that 6, Xt (o) = —X%(0)0,&H (X, (0)) — EH( X, (o))
or 0,Cy(0) = —=X#(0)0uA (X, (0)) — Au(Xr(0)). However, as we will see in the next
Subsection (in Equation (26)), transformations of the a-type fields must be modified by
ghost terms so as to be consistent with the Schwinger-Keldysh symmetry.
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2.3 Schwinger-Keldysh symmetry and superspace

Recall that the Schwinger-Keldysh symmetry (5) is the statement that Z = 1 when the
a-sources vanish or, equivalently, that

<Oa(t1) <o Oa(tn)> =0 (24)

in the absence of sources. That is, the correlation functions of the a-operators are topo-
logical, in that they do not depend on the locations at which the O, are inserted. This
feature is reminiscent of Witten-type topological field theories in which the correlation
functions of the stress tensor are topological. Adapting the cohomological construction
of Witten-type theories [34,35], the Schwinger-Keldysh symmetry can be implemented in
the effective theory as follows. We posit the existence of a scalar Grassmann-odd operator
Q with Q? = 0, ensure that the action is Q-closed when the a-type sources vanish, and
require the a-type operators to be Q-exact.

For each bosonic field in the theory we introduce a Grassman-odd ghost partner with
suitable transformation laws under @) so that () is a symmetry when the sources are
aligned. We include ghost partners X/' and Xg to XF and XF, as well as partners C
and Cj to C, and C,. We then define a cohomological supercharge () to enforce the
Schwinger-Keldysh symmetry. It acts on the dynamical fields as

QXM =Xy, {QXy}=[Q.X;]=0, {QXy}=Xxl,
[QvCT‘] = Cgv {Q7C§} = [Q7Ca] = 07 {Q7Cg} = C(I7

and therefore obeys Q% = 0. We assume that the thermal data 5° and Ag are inert under
Q. In what follows, we refer to the transformation generated by @ as dg, so that, e.g.,
0oXHt =X 5 .

Having introduced ghosts and a supercharge ), we will impose an additive ghost
number symmetry on our effective action. We assign (Q,Xg ,C3) ghost number +1 and
(X o Cy) ghost number —1. We will demand that our effective action has ghost number
0.

(25)

Let us denote transformations which involve a diffeomorphism associated with &, and a
gauge transformation associated with A, by d, and transformations associated the r-type
fields by d, so that d, = 0, + dq. Requiring (23), [dg,d,] = 0 and that, in the absence of
ghosts, X* transforms as a vector under §, strongly constrains the transformation laws of
the ghosts and the a fields in the presence of ghosts under §,.. We find

6 Xy = —X70,8 (X (o)), 6- XY = =X 0,8 (X (0)),

26a
6,C5 = =XL0uM (X, (0)), 6,Cy = =X 0N (X (0)), (262)

and that the transformations of the bosonic fields in the presence of ghosts are
XE = —E0), 0L = XD 0(0) ~ X XIAOE ),

5:Cr = —A(Xo(0)),  6,C0 = —XEOA(X,(0)) — XEXD,0,A0 (X, (0)

We may consistently choose for all but the a-fields to be inert under a-transformations,
and that the variation of the a-fields is given by

0o Xf = =4 (X (), 0aCa = —Aa(X:(0)) - (27)

We refer the reader to Appendix B for details. Observe that if we repackage the X-ghosts
as worldvolume vectors,

O = XEOXIHTE, yh = XP@XH T, (28)
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then " and 7 are invariant under target space diffeomorphisms. Later we will also find
it useful to introduce a worldvolume companion for X*,

pa = (0:XE) XL (29)

The action of @ (25) and the r/a-transformations (26), (27) on the dynamical fields
can be efficiently represented using superspace. We introduce two Grassmann-odd coor-
dinates 6 and #, of ghost number —1 and +1 respectively, and group the supermultiplets

(Xﬂ,Xg,X;,Xéf) and (C,,Cy, Cy, Cy) into superfields

Xt = X} +0X5 + 06X} + 00X,

_ _ (30)
C=0C,+0C; +0C, +00C,,
on which @ can be shown to act via the superdifferential operator %, ie.
OXH oC
Kl = — it

Note that X* and C have ghost number 0.2 In terms of superfields, the action of the
r /a-transformations (26) and (27) can be written as

BX = = = = ((X) + 00€L(X))

_ (32)

5C =~ =—(A(X)+00M(X)).
Recall that we obtained the r-transformation laws of the ghosts by demanding that
(@, 6;] = 0. The vanishing of this commutator is manifest here: when the a-transformations
vanish, the variations of X# and C are functions of superfields, and so @ acts on the su-
perfields X* and C in the same way as on their r-variations.

In (17) we defined r and a-type combinations of the dynamical fields. Following stan-
dard methods for symmetry breaking in quantum field theory, we would like to construct
r- and a-type combinations of the pulled back sources so that the a-type pulled back
sources vanish when the sources are aligned. A naive choice would be (g1 i;(c) + g24;(0))
for the r-type combination and g14j(c) — g2i;(c) for the a-type pullback. The virtue of
this choice is that both the r- and a-type fields would then be invariant under independent
target space diffeomorphisms. However, with this definition it is challenging to enforce
the Schwinger-Keldysh symmetry using cohomological techniques. The obstruction is as
follows: microscopically, the statement that the sources are aligned is that there exists
some choice of target space coordinates such that gy () — g2 (x) = 0 everywhere (and
a similar equation for the other sources). This microscopic statement is not equivalent to
saying that the naive a-type pullback g1i;(0) — g2ij(0) vanishes. It is instead equivalent
to saying that there is a particular field configuration X! = X4 (¢) and X4 = X4 (o)
for which this naive a-pullback vanishes, g, ;;(0) — gs;;(0) = 0. But, for a different field
configuration, e.g. X! = Y‘f and X} = Y’; + (575, the pullback metrics will generally
differ and the candidate a-metric is nonzero. So there seems to be a conflict between the

2Note that, in principle, we could have implemented the Schwinger-Keldysh symmetry by a single
superspace coordinate and two superfields, say, X! and X%, the first with vanishing ghost number and the
second with a non-vanishing one. Instead, we have used two superspace coordinates, 6 and 6 to group
these into a single superfield with the understanding that the Lagrangian may depend explicitly on 6. We
will see later that under the KMS symmetry we will be forced to remove any explicit # dependence from
the Lagrangian.
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doubled diffeomorphism invariance, having X*’s as the low-energy degrees of freedom, and
using cohomology to enforce the Schwinger-Keldysh symmetry.?

In [18] this conflict was evaded by appealing to a probe limit where the X*’s are, for all
intents and purposes, inert. In the statistical mechanical limit this conflict is evaded since
doubled diffeomorphism invariance is effectively broken down to the diagonal subgroup

that acts simultaneously on the 1 and 2 fields, while the “axial” subgroup survives as a
4

linearized invariance.
In equations, we define r- and a-metrics in the & — 0 limit via

9rij(Xr(0)) = lim ! (91 (X (0)) + gzwj(Xr(U))) 0, X1, XY

02
= %{%% (91i5(0) + g2i5(0)) , (33)
(91 0(X2(0)) = g2 ( X0 (0)) ) i X 1O, XY

9aij(Xr(0)) = lim =

il

and we remind the reader of the expansion (16), (17) and (18). Observe that, if the
metrics are aligned, g1 (%) = g2, (), then this a-combination vanishes for all field con-
figurations. So we can consistently demand that our effective action is Q-closed when the
a-combinations vanish, and therefore use cohomology to enforce the Schwinger-Keldysh
symmetry. Both g,;; and g,;; are tensors under worldvolume diffeomorphisms. We simi-
larly define the r- and a-flavor fields to be

Bri(X,(0),Cr(0)) = lim B (Blu(Xr(a)) + BQM(XT(U)))&X# + aicr}

h—0
= lim 2 (Bii(o) + Ba(0) (34)
(B1u(X0(0)) = Bau(X,(0)) ) 0 X

Bai(Xr(0)) = %IL% 7
They are one-forms under worldvolume diffeomorphisms while under worldvolume U(1)
transformations B,.; transforms as a connection and B,; is invariant.

The various fields in (33) and (34) are obviously not tensors under general target
space diffeomorphisms and U(1) transformations. However, we do not consider general
transformations in the statistical mechanical limit, but only nearly-aligned transformations
(22). Under them, the r-pullbacks are invariant, which follows from the fact that they are
the i — 0 limit of invariant pullbacks.

In contrast to the r-pullbacks, the a-pullbacks are not invariant under target diffeo-
morphisms. They transform as

0x9aij(0) = Le,grij(o)

0yBai(o) = Le, (Bri(o) — 0;Cy) + 0iAa(Xr(0)) , (35)

3 The authors of [14] have proposed a method for defining a cohomological supercharge @ which becomes
a symmetry whenever the sources are aligned regardless of the configuration of the X’s. In the current
language it involves adding to the difference fields g1:;(0) — g245(0) a @-exact term which compensates
for the mismatch associated with different field configurations. At this point, it is unclear if that proposal
is capable of satisfying the doubled diffeomorphism invariance. Regardless, the authors of [14] eventually
resorted to the statistical mechanical approximation described below in order to resolve yet another problem
once the KMS symmetry was to be implemented.

4Tt may be helpful to think about this in analogy with the non-relativistic limit of relativistic field
theories. In that limit, one typically takes a Lorentz-invariant massive field theory with a U(1) global
symmetry, tunes the chemical potential to threshold, u = mc?, and then sends ¢ — oo while zooming in
on field configurations with finite energies and momenta [32,33]. After taking that limit the full Poincaré
symmetry is no longer manifest, and it is effectively contracted to Galilean symmetry.
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where the Lie derivatives are taken along the worldvolume vector

Ea(0) = E(Xr(0))(@iXE) " (36)

We would like to find diffeomorphism and flavor-invariant completions of gq;; and By;.
Given the transformation laws of the X-supermultiplet and C-supermultiplet (26) and (27),
we find the following combinations are invariant under target space transformations:

1
O (gaij + Ly grij + 3 ([f@ Ly - 5[1;@}) grij) =0,

(37)
1
5y (Baz- + Ly, (Bri = 9,0r) +0,Ca + 5 (152 L£6) = Lig ) (Bri - aicr)) —0,

where the Lie derivatives are taken along 9%, 1/, and p¥ defined in (28) and (29), and
[, ¢]" = 0" — I 950" (38)

Next we would like to package the r- and a-metric into a superfield on which @ acts
simply, i.e. a super-pullback metric. We define

9ij = 9rij(X) + 06 gai5(X) (39)
_ _ 1
= Grij T 0L59rij +0Lygri; + 06 (gaij + Lougrij + 5 ([ﬁd_ﬂ Ly] — ﬁ@@) gm‘j) ;
where

1 ,

000 i 0000+ 0,0 00)0300
(91 (X) = g2 (X)) 0 XK XY

Gaij (X) = Tlili% 5 .

(40)

The super-pullback g;; is invariant under r- and a-type diffeomorphisms: its bottom and
middle components are manifestly invariant, and the top component is the diffeomorphism-
invariant completion of g,;; given in (37). The invariance is also visible in superspace.
The r/a-transformations act on the external metrics as

o1 (X) = Le ()4 1ea00+0m) ILm (X) s 0020 (X) = Le, 61, 0x) 1002 9210 (X)

(41)
and on the dynamical fields as §, Xt = — #. It follows that
ol v
5395 (X) = lim [5Le,x) (91,0 () + 92,00 (X)) DX 0, X
1
—L_ »(X (X)) 0 XHO; XY
5L (91000 + 92,0 (0) 99X w2)
1 v
= lim 5 [%-(X)— (g1 (X) + g2 W(X))} O XH0; X
= —00L¢,9rij(0),
where in the last line the Lie derivative is along & as defined in (36). The first line of (42)
is the variation of the metrics, and the second comes from J, X* = — #. Combined with
the non-invariance of g,i; (35),
5xgaij (0) = ‘C-Eagr ij (U) ) (43)
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it follows that g;; = gr4;(X) + 00, ij(X) is invariant under d,. Furthermore, observe that
when the a-metric vanishes, g;; is a function of the superfield X*, in which case @ acts on
g;; in the same way as on X itself, that is,

0Yi;
(@, 9ij] = (44)
9aij=0 90 9aij=0
By the same sort of logic we write the super-flavor field
B; = B,;(X,C) 4+ 00B,;(X)
= Bri+ 0 (Ly(Bri = 0:C,) + 0:C5) +0(Ly(Byi — HiCy) + 0,C,) (45)
_ 1
+ 66 <Bai + ﬁpa (B”' — &'Cr) + 0;Cy + 5 ([,CJ), ,Cw] — E[J’ﬂﬂ]) (B”' — 81'07»)) ,
where
B,i(X,C) = Jim B(BM(X) + Bo (X)) 9iX" + az-c} ,
—
(46)
By, (X) — By (X)) 0; XH
fi—0 h

The super-flavor field is also invariant under the r- and a-transformations, and varies
as a connection under worldvolume U(1) transformations. As before, when the a-source
vanishes, () acts on B; as %,

_ 0B;
BH. ZZO 89

(@, B] (47)

Bg =0

Recall that, to account for the initial thermal state, we introduced the bosonic fields 3’
and Ag. We may regard 3, Ag, and the transformation they generate, dg, as superfields
with no middle or top component, e.g.,

=gt (48)

By assumption, 3% and Ag are inert under (), and so we may consistently write the (van-

ishing) action of @ on 8% and Ag as [Q, 8] = %%Z =0and [Q,Ag] = 88%95 = 0, that is, the
same action as on X*, C, and on the super-pullbacks (when the a-sources vanish).

We can now use the super-pullbacks g;; and B; together with the thermal data A% and
Ag to construct an effective action. In order for the effective action to be invariant under
worldvolume diffeomorphisms and flavor transformations, we must construct invariant
combinations of the superpullbacks and thermal data. Toward this end, let us collect
a number of objects that can be constructed from g;; and By which can appear in the
action. From the super-metric g;; we construct an inverse super-metric gij , which satisfies

gikgjk = 5’3. Neglecting the ghosts for simplicity, this inverse super-metric is given by

gij = gfnj — 00 gikgil (ga Kl T ['pagr kl) ) (49)

where g% is the inverse of g, ;;. With the super-metric g;; and its inverse, we construct a
super-Christoffel connection and Riemann curvature, by the usual formulae,

i L, a4
ik =59 (0;9k1 + Okj1 — O195k) (50)

Riski=0k “4—0 "+ “mr "j0— "mi "jk-
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Similarly, from B; we construct a super-field strength,

Gij = &Bj — @-Bi . (51)

The super-connection * jk is invariant under target space diffeomorphisms and varies as

a connection under worldvolume diffeomorphisms. So, we use ° j& to build a worldvolume

covariant derivative which we notate as W;. It acts on worldvolume tensors in the usual
way, e.g.

Vi =07 + 78", (52)

and, under it, the super-metric is covariantly constant,
Vi0jk = 09k — 'O — kG =0. (53)

Apart from the field strengths and covariant derivatives, there are two important objects
that we may construct out of the superpullbacks and the initial data,

1 .
T=—=, and =(B;+Ag, (54)

)
\/ 61879
which are scalars under worldvolume diffeomorphisms and U(1) transformations (using
that Ag varies under U(1) transformations as JpAg = —B'0;A). We will see later that
the bottom components of these superfields are the local temperature and the reduced
chemical potential of the fluid.

Crucially, when the a-fields vanish, @ acts as % on the basic superfields g;; and B;,
as well as on the other objects constructed from them, including *;z, R'ji, G;j, and
W;. To ensure that our action is invariant under ) when the a-fields vanish, we demand
invariance under %, even when the a-sources are nonzero, and do so from here on. That
is, we impose invariance under a spurionic symmetry, which we denote as dg, which acts
as % on X*, g;;, etc. By construction, the spurionic symmetry dgp becomes a genuine
symmetry when the a-fields vanish. In the remainder of this Section we will parameterize
the most general such action.

There are four basic Grassmann-odd objects {% , % .0, 9_} at hand. All but 0 anti-
commute with % and so may appear in our action. With some foresight, we package them
into the three quantities

0

Dyp=—-—i0d3, Dz=

20 (55)

and 0. Here Dy and 6 have ghost number —1, and Dg ghost number +1. As a result, the

most general action invariant under the transformation % is of the form

5= [ d'od8ddy/ =g L(gi;:Br. Vi Do, Dg.0: 5, As) . (56)

2.4 The reality condition

Having accounted for target and worldvolume diffeomorphism and flavor invariance and
the Schwinger-Keldysh symmetry, it remains to impose the reality condition (6) and the
KMS symmetry (7). With a Lagrangian at hand, it is straightforward to impose the reality
condition, which is equivalent to

WAL, Ag]l = —WIA3, AT]". (57)

14


https://scipost.org
https://scipost.org/SciPostPhys.5.5.053

Sci| SciPost Phys. 5, 053 (2018)

Following our previous work [18], we impose this condition on our effective action by
defining a transformation R which includes complex conjugation and whose action on the
sources is given by A; — A5 and Ay — A]. We then demand that Scs; is odd under R.
For our theory of fluids, the dynamical fields transform under R as

R(X{) =X}y, R(Xy)=X[|, R(X}))=-XI R(XY) = XV
R(C1) =Co, R(Cs) = C1, R(C3) = —Cj, R(Cy) = Cy,

the external fields as
R(91,w(2)) = g20(2),  R(g2,w(%)) = 91,0(2), (58b)
and the Grassmannian coordinates as
R(6) = -0, R()=4. (58¢)
So defined, the dynamical superfields and super-pullbacks are invariant under R
R(X*) =X, R(C)=C,  R(9)=9;, R(Bi)=8, (58d)
as are the Grassmann-odd objects
R(iDg) = iDy, R(Dy) = Dy, R(0)=6. (58e)

Demanding the effective action to be odd under R and writing the action as a superspace
integral,

Sepf = / d’ocdfdf/—g L, (58f)

we see that the reality condition implies that L is invariant under R.

Putting the pieces together, we find that the most general action which respects target
and worldvolume diffeomorphism/flavor invariance, the Schwinger-Keldysh symmetry, and
the reality condition, (i.e., all the symmetries of the problem except for KMS), takes the
form

Sepf = /ddadede_\/—g L(9ij, Bk, Vy;iDg, Dy, 0; B, Ag) (59)

where now L is a real function of its arguments, is invariant under worldvolume diffeo-
morphisms and flavor transformations, and has ghost number 0. It remains to impose the
KMS symmetry. This is the subject of the next Subsection.

2.5 The KMS symmetry

The KMS symmetry (7) is a Zo symmetry. A natural way to impose a Zy symmetry is to
construct a Lagrangian L which satisfies all other symmetries of the problem and add to
it its Zy image which we denote by L. This way, the action [ L + L will be Zy-invariant
and satisfy all other symmetries of the problem as long as L does. As it turns out, the
KMS Z5 symmetry does not commute with the Schwinger-Keldysh symmetry associated
with dg. Demanding that the group axioms are satisfied, we infer the existence of a
second, emergent Grassmann-odd symmetry 6@’ which is exchanged with dg under KMS.
Towards the end of this Section we will see that the appearance of this new symmetry
implies that the Lagrangian L defined (59) should be further modified so that it does not
depend explicitly on . Once we do so, actions of the form J L+ L will be invariant under
all symmetries of the problem.

This Section is structured as follows. In 2.5.1 we derive the KMS symmetry (7) for
Lagrangian theories, and further show that symmetry is best thought of as a family of Z,
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symmetries. We then implement the KMS symmetry by imposing a single Zo symmetry
on the worldvolume. (The authors of [14,21] used a similar mechanism for ensuring KMS
symmetry, which they termed a dynamical KMS symmetry.) We work out the action of
this worldvolume KMS symmetry on bosonic and ghost fields in 2.5.2. In 2.5.3, we proceed
to demonstrate the existence of an emergent Grassmann-odd symmetry 55. Finally in 2.5.4
we put all the pieces together and write effective actions invariant under all symmetries.

2.5.1 A family of Z, symmetries

We begin with the derivation of the KMS symmetry (7) for Lagrangian theories in Minkowski
space. Given an initial state density matrix p_o, o e ?" with H the Hamiltonian, the
Schwinger-Keldysh partition function Z = tr (Ul p_ooU2T ) may be written as a functional
integral

2141, 42) = [ idn)doa] exp (5 (Slows ) = S[owi ) ) (60)

where ¢ collectively represents the quantum fields, A the external fields, and S[¢; A] is
the action. We assume that this action is real, diffeomorphism- and flavor-invariant, and
CPT-invariant. All fields, quantum and external, obey boundary conditions at future and
past infinity,

t1l>I£lo (¢1(t,f) - ¢2(t7f)) = 07
=0.

61
lim (Cbl(t, i}) - ¢2(t - Zhba f)) ( )
t——00
We now define KMS-conjugated fields as
(b{{(t? f) = 77¢¢1<_t7 _xlv a_fJ_) ’ ¢§<t, f) = 77¢¢2<_t - Zhbv _xlv {Z:J_) ) (62)

where 74 is the CPT-eigenvalue of ¢. These tilde’d fields are obtained after the combination
of CPT °, complex conjugation, and, for ¢&, a translation in imaginary time. The fact
that the microscopic action S is real, diffeomorphism-invariant, and CPT-invariant implies
that

S[gn; A1] = S[pf AX],  S[go; As] = S[h; AX], (63)
where
AR (4, 7) = ngAs(—t, 2, 7)), AR (4, %) = ngAo(—t — i, —x* 7)),  (64)
so that )
1
21 ] = [0t dof exp ( 5(1015 4] - Slof' A5)) (65)

To obtain (7) it remains to deduce the boundary conditions on the KMS-conjugated fields
that follow from those of the ordinary fields, c.f, (61). We find

tligolo (QS{((t) f) - ¢§(ta f)) = 7l¢ tllglo (¢1(_ta _$17 fL) - ¢2(_t - Zh—’b7 _:L'la :L_:L))
=1y Mim_(¢1(t', ') — do(t' — ifib, 7)) (66a)
=0,

5We can take the action of CPT on Minkowski spacetime in any dimension to be the combination of
t — —t and 2! — —z! while leaving the other coordinates invariant.
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1

where we have defined t' = —t and & = (—2',Z ). Similarly,

lm (61 (t, @) — ¢35 (¢ — ihb, T)) = 1y Jim (¢, —z', 7))
— ¢o(—(t — ifib) — ifib, —2', 7))
=7y Jim (¢1(t', 7)) — pa(t', 7))
=0. (66b)

These boundary conditions are precisely those appropriate for a Schwinger-Keldysh par-
tition function with initial state e~*. Combined with (65), we find the KMS symmetry

Z[Ai(t, @), As(t, T)] = Z[AL (¢, T), AS (¢, T)]
= Z[naAi(—t,—zt, 1), naAs(—t — ifib, —zt, F1)]. (67)

Acting with this series of manipulations twice, we end up back where we started. The
KMS symmetry is Zs. Further, we note that because the initial state exp (—bH) is CPT-
invariant, the KMS symmetry relates Z to a partition function with KMS-conjugated
sources in the same state.

It is straightforward to write this result covariantly in a more general spacetime. The
most general thermal initial state p_o, o exp(—bH) is characterized by a grand potential
bH which acts on fields via a combination of a Lie derivative along a timelike vector b*
and a flavor gauge transformation Ap. We denote this combined transformation by dp.
See e.g. [18,36] for details. In this language, the thermal translation ¢ — ¢ — ifib is a
translation along the integral curves of b* by an affine parameter —i#i, enacted by the
differential operator e "%,

The KMS transformation includes a CPT-flip. A general initial state is not CPT-
invariant. For example, a chemical potential flips sign under CPT. We refer to the CPT-
flipped grand potential as bHPT, and the corresponding generator as 5EPT. The covariant
KMS symmetry relates the partition function in the initial state e " to one in the initial
state e 0" Additionally, on a more general spacetime, CPT does not necessarily act as
(t,7) = (—t,—x', 7). In what follows we denote the action of a CPT transformation on
spacetime as ©.

As before, for a theory with a functional integral description we have

2141, 4a] = [1d61)dss)exp (5 (Slon; Arl - Sl 4a)). (63)

with the boundary conditions
Jim (g1 — ¢2) =0,
lim (¢g — e Mgq) = 0.

t——o0

(69)

The only place 6, appears is in the infinite past, and so, in fact, we can take the past
boundary condition to be

: =il —
Jim (61— " g5) =0, ()

where dy is any transformation which smoothly asymptotes to &, in the far past. A
covariant expression for the KMS-conjugated fields (62) is

X =ny©* 1, K = ny,©* (e7 % ¢y) | (71)

where ©* specifies a CPT transformation followed by complex conjugation of its argument.
With some prescience, we find it useful to define a linear operation K such that

o =0 K(41), o5 =0"K(¢o), (72)
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i.e.,

K(¢1) = 1401, K(¢2) = nge % ¢, (73)

so that KMS conjugation is given by the action of K followed by the linear operation ©*.
We define K so that it acts on (b, Ay) and derivatives as
0 0

K@") =—nub",  KAy)=-Ay, Ko—=

oo~ Mg (74)

In Minkowski spacetime, where CPT acts by flipping 2° and z!, we have

1 pu=0,1,
— . 75
Tu { 1 otherwise (75)

More generally, they are such that
K(oy) = —0y - (76)
So defined, K squares to the identity,

K*(¢1) = K(ngn) = b1, K(¢2) = K(nge™ ™ ¢o) = K (e ) K (ns2) = ¢2(, |
7
as it ought: the KMS transformation is the combination of K and ©*, and since the KMS
transformation and ©* each square to the identity, so must K.
As before the underlying diffeomorphism, flavor, and CPT invariance of the action
imply that
Slgn; Ai] = S[or 5 AT, Slee; Ao) = S[eg'; A5 (78)

Furthermore, the boundary conditions in the far past and future (69) imply that the
KMS-conjugated fields obey the boundary conditions appropriate for a thermal partition
function in an initial thermal state exp(—bH"T),

Jim (61 = 65) = 70" lm_(91(r) — ™" ga(w)) =0,

lim (¢ — ™" 65) = 1,0" lim (61(2) — do(x)) = 0

t——o00

(79)

(In the second line it should be noted that, with our conventions, exp(ihdf’T) acts on
the reversed time as t — t — ihAb’, and so this is the appropriate past boundary condition
corresponding to the initial state p_o, o< exp(—bHT).) This implies

Z[A1, Ag; 0] = Z[AK AK 5EPT) (80)

for any J, which asymptotes to d;. Acting with the KMS transformation twice brings us
back to the original partition function, and so each of these symmetries is Zs.

Ultimately, the existence of this infinite family of Z, symmetries is due to diffeomor-
phism and flavor-invariance. For two different transformations 551” and (5ng which both
asymptote to 5§PT in the far past, there is a diffeomorphism and flavor transformation
which vanishes at infinity and which sends 551” — 552”, giving

ZIAT AT 05T = Z[AT AT o3 (81)

where the conjugated field AX on the left hand side is obtained from the ordinary one
using &y, , AE = nAG*(e_imbl As), and the one on the right hand side using &p,. Thus, it
is possible to implement the KMS symmetry in the effective action by imposing (80) for
a particular b’ together with target-space diffeomorphism /flavor-invariance.
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2.5.2 Worldvolume KMS symmetry

In this work we implement the KMS symmetry (80) by imposing a Zo KMS symmetry on
the worldvolume. A priori, it is not clear that a worldvolume KMS symmetry will impose
the proper KMS symmetry (80), which is stated in the physical space. Towards the end
of this Section, we will provide a perturbative proof that indeed our worldvolume KMS
symmetry imposes the KMS symmetry for a particular d; (80).

Let us start by introducing a vector field 3° and flavor gauge transformation A, which
together generate a worldvolume transformation d3. We impose boundary conditions on
the X#’s and C’s so that they are trivial in the far past,

lim X/ = §l'o’, Jim Oy =0. (82)

00— —00 00— —00

We choose the worldvolume d3 to be such that, in the far past, it coincides with ¢; when
it is pushed forward to the physical space. Next, we will use the worldvolume d3 to define
KMS-conjugated versions of our dynamical fields and pullbacks. As in (73), we find it
convenient to split the action of KMS conjugation into two: we denote the worldvolume
CPT transformation as 9, and it acts on the worldvolume coordinates as

"= (o), (83)

and define KMS conjugation as ¢* K.
Note that an action which is invariant under K will also be invariant under a world-
volume KMS transformation. To see this consider

S:/fmﬁgu¢m, (84)
with real L. We find
( [ diov=g1(6:4 ) [ dio\/~K(g) LK (0): K (4))
_ / dlov* (\/~K (gr) L(K (9): K (4))
/ dlo /0" K (g:) L(0° K (6); 07K (A))

/dd —gK L("; AK).

(85)

Thus,
[ diov=gL(6,4) = [ dio\/~g L(¢"; 4¥) (86a)

if and only if
S=K(S5). (86b)

Let us now state more precisely our strategy for constructing a KMS invariant action,
outlined at the beginning of this Section. Given a Lagrangian L we construct an action
S = [d% (\/—gL + K(y/—gL)). Such an action will clearly be KMS invariant due to (86)
and will have the same symmetries as [ d?c\/—gL as long as [ d%c K (,/—gL) retains those
symmetries. The action (59) satisfies all the symmetries of the problem but for the KMS
symmetry. To proceed we wish to construct an appropriate K, identify its action on the
other symmetries of [ d%c\/—gL and then tune the action in (59) so that worldvolume
and target-space diffeomorphism/flavor invariance, the Schwinger-Keldysh symmetry, and
the reality condition are retained after acting on it with K.
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Let us start by defining the action of K on the dynamical bosonic fields following (73).
Throughout we restrict our attention to spacetimes that are asymptotically flat, so that
we can write CPT transformations explicitly. However, our final effective action may be
written on more general spacetimes (e.g., a cylinder, R x S¥~1). Our strategy is to define
K such that 9*K(A(z)) = A% (z) when acting on target space sources, with AX given
by (64). We further define the action of K on the external data $° and Ag and on the
dynamical fields X# and C' in a way which is commensurate with its action on the sources.
Let us denote

K(¢) =140, (87)

where ¢ is a source, thermal parameter or dynamical field. Given (64) we define the action
of K on sources as

K(gl /W(JU)) = MuMv g1 ,ul/(na:) ’ K(Q?uu(x)) = 77u77ug2uu(77x) ) (88)
K(Blu(x)) = nuBlu(mU) ) K(BQM(x)) = 77;132#(77@ )
where
()" = nua*, (89)
and
K(X{)=n. XY,  K(X§)=mne ™ Xy (90)
K(C1) =(4, K(CQ) = 671%6502 ,
and define the action of K on the thermal data and worldvolume derivatives to be
K3)=-nf',  Kh)= Ao, K(5m) = nips 1)
- 771 Y B - ﬂ b aO_,L - nl 80’1 bl

so that K (63) = —d3. So defined K squares to the identity K2 = 1.
Recall that in order to implement the Schwinger-Keldysh symmetry we have switched
from the 1/2 basis to the r/a basis. In this basis we find that

K(XM) =n X", KXY =n.X., K(C)=0C,, K(C)=C,, (92)
where
XHt L xk XH —zhéBXH
Xff(a) — lim 1 + 2 -1 1 (J) +e (U)
h—0 2 h—0 2
= XH# (o),
_ ' ()~()“ _X# Xt (o) — e M8 Xk (o) (93)
XH(o) = lim ———2 = lim 2
h—0 I} h—0 I

and
o —ifidg
Cr(O') — lim Cl + 02 — lim 01(0') +e 02(0-)
hi—0 2 h—0 9
- CT (J) )
C ‘ 94)

o - _ o—ihbg (
Gu(o) = tim CL=C2 _ ypy, C1(0) — " Ca(0)

= Cal0) +i05C,(0) = Cal0) +i (B0,C(0) + As(0) ) -
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Note that Xﬁ = X} and C, = C,, and so the r- and 7-combinations are equal in the
fi — 0 limit. Using the CPT-eigenvalues of the X* and C, we find that,

K(X#) = WMX#7 K(Cr) =Gy, (95)

and that K exchanges the a-combination with the d-combination,

K(X!) = n, X", K(X!) = n, X", K(C,) =C,, K(C,) =C,. (96)

a

Since the action (59) depends on the dynamical fields only through the pullbacks of
the sources, our goal is to study the action of K on such pullbacks. We find that

K(grij) = nin;grij , K(gaij) = ninjJaij » (97)
where

eig(7) = 1 = (91,0 (X0 (0)) + M0, (X, (0))) X0, X
= 9gr ij(U) )
) (9w (X (0) = e g5, (X,(0)) ) 0 X110 XY
aij () = Jing 7
= (9aij(0) +1i089rii(0)) -

Here, when 63 acts on g2, we are using (X, A,) to map the worldvolume transformation
dg to one in the target space. Note that while K maps the dynamical fields X/ and X}
to their tilde’d versions, )N(ff and )?}j, it maps the - and a-metrics g,;; and gq;; to their
tilde’d versions up to an overall sign. Similarly we have

K(Byi) = 1iByi, K(Byi) = 1iBa;, (99)

Brio) = Jim [ 5 (B14(X 0)) + €5 B2, (X,(0))) 0.2 +0iC o)

hA—0
= BTi(U) ’
_ (Biu(X0(0)) = €% By (X, (0)) ) 0 X (100)
Bailo) = %li% 7

= (Bai(0) +i03B,i(0)) = 15, (Bai(0) +i(LsBri(0) + BiMg) )

Let us turn our attention to the ghost fields. A priori, there seems to be much freedom
in the possible action of K on ghosts. However, we may constrain K by demanding that
it be commensurate with the ghost number symmetry. That is, we require that K either
preserves or flips the ghost number. On bosonic fields we have K? = 1, but on ghosts
we allow for the possibility that it squares to either +1 or —1, so that K? = 1 when
acting on the effective action. In the first case, we have that K2 = 1, and in the second
that K2 = (—1)9 where g is ghost number. We will see shortly that the former is more
restrictive than the latter.

The possible actions of K on X and C which preserve ghost number are of the form,
K(Cj) = £C5 and K(Cy) = C,. The possible actions of K on the dynamical fields which

21


https://scipost.org
https://scipost.org/SciPostPhys.5.5.053

Sci| SciPost Phys. 5, 053 (2018)

flip ghost number are K(Cj) = £AC, and K(C,) = A~'C5. While we could carry out a
full analysis of all these possibilities, we focus here on two,

Xt K2 -1 Xt K?2=1
K(xp) =49 KX = {7
Xg K? = (-1)9 - XY K? = (-1)9
) ) (101a)
C, K*=1 C; K==1
K(Cg)Z{ o, : K(Cg)Z{ p 5 ,
C; K°=(-1)9 ~Cy, K?=(-1)9
which are compatible with
K(0) = _ ) K(9) = ) (101b)
-0 K?=(-1)9 6 K?=(-1)
Thus, N _
K(XH) =X, K(C)=C, (102)
where we have defined
X! = X+ 0XY + 60X+ 06X, (103)
C =0, +0C; +0C, + 00C, .
Acting with K on the super-pullbacks g;; and By, we find
K(9ij) = mni0i;.  K(B;) =n;B;, (104)
where
Gij = 9rij(X) + 00 goi5(X) = Gri5(X) + 00 Ga5(X) , (105)

B; = B,i(X,C) + 00 By i(X) = B,i(X,C) + 00B4:(X) .

The other possibilities for actions of K on the dynamical fields will be ruled out later on
account of the group structure associated with the KMS symmetry and the Schwinger-
Keldysh symmetry.

With the action of K on the dynamical fields and sources at hand, our next task is
to study its compatibility with the other symmetries we have discussed, namely doubled
diffeomorphism/flavor invariance, the reality condition and the Schwinger-Keldysh sym-
metry. In the remainder of this Section we will show that K is commensurate with the
former two but incompatible with the Schwinger-Keldysh symmetry. We will resolve this
mismatch in Section 2.5.3.

Given (58), it is straightforward to check that the reality condition commutes with K,
ensuring that the K transformation of (59) still satisfies the condition (6). The tilde’d
super-pullbacks are invariant under target space transformations. To see this we require
the r-transformations (26) and a-transformations (27) of X* and C from which

B X = = = = (&(X) + 00(X)) ,

. o (106)
5C == = (A (X) + 00,(X))

follows. Using the same sort of superspace argument in (42) that we used to show that g;;
is an invariant pullback, it follows that §;; and B; are invariant under r/a-transformations.
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We can also check this invariance by expanding in components. We find
Oij = 9rij +0L59ri5 + é»cqurij
= 1
+ 00 (éhm‘ LG9+ 5 ([ﬁ@ﬁw] - E{@p}) grij) :
= grij + 0L 5grij + 0Ly grij

_ 1
+ 00 <gaij + Lo, grij + 3 ([ﬁﬁ»ﬁw] - E[@,w]) gﬂ‘j> J

(107a)

and similarly,

Bi =B, + 0Ly B + éﬁme' + ée(éai(a) + L, (Byi(0) — 0;Cr(0)) + 0;Ca(0)
1
5 (1850 £4) = L15.4)) (Brilo) = 0:Ci(0))) (107b)

where pi, = Xg(@inf)_l. In Subsections 2.2 and 2.3 we showed how r- and a- transfor-
mations act on the various fields. Because the 7-combinations equal the r-combinations
as i — 0, they transform in the same way as before. Thus, all but the top components of
0;; and B, are manifestly invariant. The variations of the d-combinations of the dynamical
fields follow from (26) and (27) and are given by

0, Xl (0) = =X ()08 (Xo () = EL(Xp(0)) = Xy XPO, 0, (X1 (0))

- _ ’ 108
5xca(‘7) = _Xg(g)auAr(Xr(U)) — Aa(Xy(0)) — XngauavAr(XT(U)) . 1os)

The a-pullbacks vary in the same way as the a-combinations, (35),
0xJaij(0) = Le,grij(o), (109)

0xBai(0) = Le,(Bri(0) = 8iCr(9)) + 0iha( X, (0))

where the Lie derivatives are taken along &i(c). As in (37), the a-pullbacks may be
combined with r-fields into invariant pullbacks. We find that these pullbacks may be
written in two equivalent ways. The invariant metric is

1
9aij(0)+Lpogrij(0) + 5 ([Lgs Lol = Lig g1 ) griz(o)
2( ¥ [wwl) (110)

1
= 9aij(0) + L5, 9rij(0) + 5 ([ﬁ@ Ly - ﬁ[w]) grij(0),
where we have defined p, = X#(9;X*)~!, and the invariant flavor field is
~ 1
Bai(0) + Ly, (Bri(0) = BiCr(0)) + 8iCal0) + 5 ([[,J,, Ly - LM) (B, i(0) — 8;Cy(0))

~ 1
= Bui(0) + L5, (Bri(0) = 9,C1(0)) + 8,Cal0) + 5 ([%, Ly — LW) (B, i(0) — 9;Cy(0)).
(111)
Thus, the top components of §;; and ESZ are the invariant completion of g ;.

Our final task is to check for the compatibility of K with dg. Recall that we en-
force the Schwinger-Keldysh symmetry by demanding that our action is invariant under
a Grassmann-odd transformation dg (which acts on superfields as %). Consider

K(6oX!M) = K(X!) = Xi = X! +i6g X! . (112)
It is straightforward to check that the right-hand side of (112) is not d¢g closed, let alone
0g exact. Thus,
[0, K]XI #0. (113)
Since K and d¢g do not commute then in order for them to form a group, there must exist
an additional generator. This is the topic of the next Subsection.
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2.5.3 Reconciling the KMS and Schwinger-Keldysh symmetries

Since Kdg # 6K, the group axioms imply the existence of an additional, emergent
Grassmann-odd symmetry dgr obeying

K(SQ = —5Q/K. (114&)

Put differently, since K and g do not commute when we add to (59) its image under K,
that image will not be d¢ invariant unless we ensure that (59) is invariant under both é¢
and dg. To understand the action of d¢/ on the superfields, we note that (114a) leads to

SoK , K?=1,

(114b)
(-1)95gK, K?%=(-1)9.

Ker:—{

Using the transformation laws of the X- and C-supermultiplet under d¢, the ghost number
symmetry, and assuming that g/ acts linearly on those supermultiplets, we are able to
solve the intertwining conditions (114) for égp and K. We find that there are exactly two
solutions, depending on whether d¢g has ghost number +1 or —1 given by (101). The
other possible actions of K on the fields, specified in the discussion prior to (101), are not
allowed.

In the first solution where K2 =1, dgr acts on X! and C as

dgr — % —i60g = Dy . (115)
The Grassmann-odd objects which anticommute with g are Dy, Dg, and 0, and so the
most general effective action invariant under dg had a super-Lagrangian (59) which could
depend upon these three objects. Imposing dg/ as a spurionic symmetry, the super-
Lagrangian may now only depend on Dy and 6, but not Dg. However, both Dy and 6
have ghost number +1, and, because all other available superfields have ghost number-0,
a ghost number-0 super-Lagrangian cannot depend on either. We conclude that the most
general effective action invariant under double diffeomorphisms, the Schwinger-Keldysh
symmetry, the reality condition and d¢g (in the statistical mechanical limit) takes the
form

S = /ddadedé\ﬁ—g L(9ij,Br, V15 8°, Ag) . (116)

An action of this sort is not only invariant under dg and d¢g but also under % and 6.
For the second solution where K2 = (—1)9, we find that dg/, which we henceforth

notate as 55 to distinguish it from the first solution, acts on superfields as

o
05— o5+ 0. (117)

The Grassmann-odd objects which anticommute with dg and 5@ are just Dy and Dy, which
may then be interpreted as superderivatives. Thus, the most general action invariant under
all of the symmetries but KMS takes the same form as in (59), but now it cannot depend
on 0:

S = /ddadedé\ﬁ—g L(9ij, Bk, V1;iDg, Dg; B, Ag) . (118)

Note that actions of the type (116) are contained in (118) upon removing the depen-
dence of the latter on the superderivatives Dy and Dp. Therefore, we may consider both
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types of symmetries in what follows.5
The spurionic symmetry 5@ defines a Grassman-odd operator ) which only acts on
the dynamical fields, and whose action on them is given by that of 6@' We find

[Q, XM = ((% + ieéﬁ) XH [Q,C] = ((% + i955) C, (120)

or equivalently,

[@aX#]:Xg’ {@7){5}:[@7)}5]:0’ {Qng}:_Xéf’
[Qa CT] = Cg’ {@7 Cg} = [@7 6&] = 07 {@7 Cg} = _CV’

The operator Q becomes a symmetry whenever the sources become aligned (i.e. the a-
sources vanish),
B, i=0

0 0
9ai;=0 <69 * 2955) 9 B, i=0 (89 + 1955>
(122)

The emergent Grassman-odd spurionic symmetry 5@ was first observed in [14] and later
elaborated on in [19]. An emergent Grassman-odd generator 5@ which becomes a genuine
symmetry once the a-fields vanish was argued for in [15] and also [18], the latter valid
only in the probe limit when the X-fields become non-dynamical. It would be interesting
to better understand the interplay between these emergent symmetries.

We end this discussion with an observation A simple computation shows that Q) and
Q act on the tilde’d superfields by 2 35 T zc%g and 57 respectively, e.g.

(121)

[@7 gZ]] 5 [Q7 B’L]

Jaij=0

OXH

7 (123)

- o  — \ ~

QX1 = (i85 )% (@K =
With these definitions one may easily verify that dp and 5@ intertwine as they ought
according to (114): when acting on a ghost-number-0 superfield they satisfy

Kég = —ogK , Kiog = 00K . (124)
The spurionic symmetries d¢g and (5§ act on tilde’d superfields as

o .= 0
5Q — % + 2055, 5 — — 89 (125)

Along the lines of our analysis in Subsection 2.3, we may define other superfields from
0;; and B,. These include an inverse super-metric §¥, a super-Christoffel connection ijk,
Riemann curvature R jki, flavor field strength G”7 and covariant derivative VZ.

In Eq. (118) we wrote down effective actions out of the ordinary superfields which were
invariant under all of the symmetries of the problem except the KMS symmetry. Here,

using the tilde’d superfields, we could also write down effective actions invariant under

6 For those familiar with the Schwinger-Keldysh contour we note that the action (116) exhibits no
“cross-contour” terms at tree-level: after performing the superspace integral, changing basis from r- and
a-fields back to 1 and 2 fields, and setting the ghosts to vanish, this action takes the form

o1 i i
S = lim = {/dda (\/—91 L(g1ij, Bik, Vi;8°,Ag) — /=92 L9245, B2k, Vi; B -Aﬁ)> . (119)

ghosts=0 h—0

So an action of this sort cannot be an effective action for a dissipative fluid, which exhibits cross-contour
correlations by virtue of the fluctuation-dissipation theorem.
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all symmetries (including 66) but KMS. There are two Grassmann-odd objects which
anticommute with dg and (5@

— 035 (126)

We note in passing that not only does K intertwine dg with 5@’ but the D’s with the D’s
as

KDy=—-DzK, KDj=DgK, KDy=-DjK, KDj=DgK. (127)

In Subsection 2.3 we defined a symmetry R which implements the reality condition (57)
on the effective action. The tilde’d superfields are invariant under R, as are zDg and Dg.
Then an action of the form

S = /ddgdgde_ v —0 E(gij, ék, Vl; if)g, 139‘; ,Bi, Ag), (128)
is invariant under all but the KMS symmetry.

2.5.4 Imposing the KMS symmetry

We now impose a worldvolume KMS symmetry, which is the combination of K and world-
volume 9¥*. As we mentioned at the beginning of Section 2.5.2, the KMS symmetry
becomes an invariance of the effective action under K alone. Under K, the various objects
that can appear in the effective action are transformed as

K(9ij) = min;Gij » K (B;) = nBi, K(8") = —mf’, K(Ag) = —Ag, (129)
K(VZ) = mvi, K(Dg) = —Dé, K(Dé) = Dg.
Here §;; and B, are defined in (105), n; is the worldvolume CPT eigenvalue associated with
derivatives (e.g., in Minkowski space in Cartesian coordinates, we have no = —1, g, = —1
and the remaining components unity), W; is the covariant derivative whose connection is
associated with §;;, and the tilde’d superderivatives are given in (126).
Acting with K on an effective action (118) built from the ordinary superfields gives

/ d'od9df /G L(:;, Br, V1 iDg, Dg; B, Ag)

~ B . ' (130)
N / dod8df \/—G LG, Br, V13 iDy, Dy: 5, As) |

where L is determined by L as
L(Gij, By, W13iDg, Dg; B, Ag) = L(nin;Gij, mBr, mV; — iDg, Dg; —n;3', —Ag).  (131)

Note that the KMS transformation maps an action of ordinary superfields (118) to one
with tilde’d superfields (128).

We then see that KMS conjugation acts on the action by the combination of three
operations: exchange superfields by their tilde’d versions (or, equivalently, superpullbacks
by their tilde’d version), exchange the superderivatives Dy and Dy with —15@ and 159,
and multiply the various fields by their CPT eigenvalue. It is then clear how to render
the effective action invariant under worldvolume KMS. Given any action constructed from
ordinary superfields as in (118), we add it to its image under K, which we call its KMS
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partner term. In an equation, effective actions invariant under all symmetries take the
form:”

Seff = /ddadeda_{\/—g L(gij,Bk,Wl;iDg,Dg;Bi,Ag)

B . ' (132)
+ V=G L(@ij, Br, VisiDg, Dy; ', As) }
where L was defined in (131).

Eq. (132) is the main result of this Section. It describes actions which, in the statistical
mechanical limit, are invariant under the doubled symmetries, the reality condition, the
Schwinger-Keldysh symmetry and a Zs worldvolume KMS symmetry. (Our result is ulti-
mately identical to that of [19,21], as we demonstrate in Appendix C.) However, we have
not yet argued that a worldvolume KMS symmetry implies the target KMS symmetry (80)
that we sought to impose. We conclude this Section with such an argument.

In the classical limit, the equations of motion of our effective theory are solved by some
profile for the bosonic fields,

XP=XFK_| X =XE., C,=Che, Co =Cqc, (133)
and setting the ghosts to vanish. Plugging this solution back into the effective action (132)
gives the tree-level approximation to the generating functional W. We use the classical
solution (XF,.(0),Cyc(0)) to push forward the worldvolume 63 to a target space transfor-
mation Jy, and the transformation of the target space sources under K, to a target space
CPT transformation ©. Then the worldvolume KMS symmetry implies

Wiree [Am Aa§ 5b’] = Wiree [T]AG*AT) nA@*AaQ 5{?’PT} 5 (134)

where A,(z) = limp_0 3(A1(z) + A2(2)) and Aq(z) = limy_g M represents all
target sources. But this is nothing more than the covariant KMS symmetry (80) for the
particular transformation 6y and CPT transformation ©, in the statistical mechanical
limit.

This argument can be generalized to account for loop contributions to W. Expanding
Sefy around the classical solution and formally treating the coefficients of its non-Gaussian
part as small parameters, one may in principle construct a loop expansion for a 1PI effective
action Syp; for the X- and C-supermultiplets. Barring an anomaly, this 1PI action will
also be invariant under the same symmetries of the effective action, including the Zj
worldvolume KMS symmetry. Recall that to go from Sip; to the loop-approximation to
W, Wigop, one solves the equations of motion that follow from variation of Sipr, and then
plugs the solution back into Sip;. Using this solution, we pushforward the worldvolume
KMS symmetry to the target space, as we have done for the tree level approximation.
Thus, Wigep is also invariant under the target space KMS symmetry (80).

3 Summary and the relation to hydrodynamics

Let us summarize our findings so far. In the statistical mechanical limit we are working
in, we assume that there exists a coordinate system where the external metric and flavor

"We caution the reader that §o and 5 act on the first term in a different way than on the second. On

the first, dg acts as % and on the second as % +1i085. Nevertheless the total action is invariant under §g
and 657 since both terms in Sess are separately invariant.
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fields are almost aligned,

gl,uu(l') = grw/(55> + ggauu(x) + O(hQ) ) g2ul/(x) = g?“uu(x) - Egaw/(x) + O(h2) .

2
h h
Biu(z) = By p() + §Bau($) +0(1?), By u(z) = By () — §Bau($) +O(h?).
(135)
In this limit, the Schwinger-Keldysh effective action takes the form
Seff = /dddd@dé{\/—g L(9ij, By, Vi;iDg, Dy; B, Ag) (136)
136
+ /=0 L(0i5, B, V;;iDg, D0;57’7Aﬁ)} ,
where the various terms are defined below.
The superfields g;; and B; are referred to as superpullbacks and are given by
Qij = grij(x) + é@gaij(X) , B; = BM(X, C) + é&Bal(X) s (137)
with
Grij(X) = grw/(X)0;: XH0; X", 9aij(X) = Gauw(X)0; X10; X", (138)
B,«l(X, C) :BTM(X)(?ZXN—F@@C, B(”(X) :Ba#(X)aqu,
and B B B -
X“:Xﬁ+0X§+9X§‘+90Xé‘, C=0C,+0C;+0C,; +00C,, (139)

where 0 and 6 are Grassmann-odd coordinates. The operator WV; is the covariant derivative

taken using the Christoffel connection associated with g;;. The superderivatives Dy and

Dy are given by 5 5

= — —if§ Dy=—
a9 " 90"

and /3 and Ag are external parameters associated with the thermal state of the system in

the infinite past.

The tilde’d Lagrangian L is defined as

Dy

L(Gij, Bk, V1;iDg, Dg; B, Ag) = L(nin;Gij» By, 1V s; —iDg, Dg; —n; 3, —Ag) ,  (140)
with tilde’d fields defined as follows. The super-pullbacks are given by

Gij = 9r1(X) + 00 (9ai;(X) +059,:(X;)) (141)
Bi = B,i(X) + 00 (Ba:(X) +1i63B,i(X,)) + 8;C + 00650, .

Tilde’d covariant derivatives W; are taken using the Christoffel connection generated by
g. Tilde’d superderivatives are given by

- P -

9
Dg:%7 DG_ 7_1&56_

o0
The 7n’s correspond to CPT eigenvalues of the various terms. In Minkowski space they are
given by

m=m=—1, (142)

with the remaining eigenvalues equal to one.
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The tilde’d super-Lagrangian is simple to construct in practice. The super-Lagrangian
L is a worldvolume scalar, which depends on scalar superfields which may be decomposed
in a basis which are either even or odd under CPT. Let F* denote such a basis of su-
perfields, where the superscript indicates the CPT-eigenvalue. Given a super-Lagrangian
L(F*,F~), the KMS partner super-Lagrangian is simply L(FT, —F~). It is this last form
that will be most useful to us when constructing actions for fluids.

The Lagrangian L must also satisfy the following symmetries. It must be a scalar under
worldvolume diffeomorphisms under which g;;, B;, ¥; and (¢ transform as tensors and
Ag, Dy and Dy transform as scalars. It must also be invariant under worldvolume gauge
transformations under which C transforms as a phase, C — C + A, and Ag transforms
as Ag — Ag — B'd;A. The Lagrangian L must be a real function of its arguments. We
also impose an additive ghost number symmetry. Under it, we assign (d¢q, X, 5 ,Cy, 6, Dg)
ghost number +1 and (5@ Xg,Cg,H,Dg) ghost number —1. So defined, the superfields
(X#,C,9i5,Br, Vi, 3™, Ag) are all ghost number-0, and we demand that L is ghost number-
0.

By design, the effective action (136) is invariant under a Grassmann-odd symmetry
dq, which enforces the Schwinger-Keldysh symmetry Z[A, A] = 1. It is also invariant
under a worldvolume KMS symmetry, which exchanges L with L in the action. Together,
invariance under dg and KMS, mandate a second Grassmann-odd symmetry (55. For the
interested reader, the action of ég, 5@’ and the worldvolume KMS symmetry is summarized
in Subsection 2.5.3.

Collectively notating the superfields which may be constructed from ¢;; and By, by F 4,
with A a collective index, we expand the super-Lagrangian L as

1

1
L= 5L0 +3 > it LABC-Cn DoF y DgF g DF ¢, ... DF ¢, + Lghost » (143)
n=0

where the LABC1 and L/ABC1 are in general super-differential operators constructed
from (F, WV;; 87, Ag), and we have defined

D = DygDy. (144)

The terms Lghos: are those which vanish identically when setting the ghosts to vanish, e.g.,
DoF s DgFpDgFcDgFp. We call Ly a scalar term, and refer to other parts of L as tensor
terms. We will often refer to tensor terms with n powers of DF (or n powers of D'F) as
n + 2 order tensor terms.

For convenience let us write the KMS conjugate of the Lagrangian explicitly,

- 1~ 1 , - SO . -
L=3Lo+5 3 (=) nascy..c, LPOCn DgF ADoF s DFc, ... D, + Lypost, (145)
n=0

where napc,..c, = NANBNC, ---Nc, and n4 is the CPT eigenvalue of F4 and we have
defined o
D = DDy . (146)

The tilde’d components of the Lagrangian are defined as in (140).

In the remainder of this manuscript we will extract the hydrodynamic constitutive
relations from effective actions of the form (136). By constitutive relations, we mean the
tree-level expressions for the stress tensor T#” and flavor current J* upon setting the
a-sources to vanish. In the absence of a-sources, we may consistently take the ghosts and
dynamical a-fields to vanish, so that the only remaining dynamical fields are X* and C,.
As we discussed in [18], we obtain these constitutive relations as follows. We first vary
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the effective action with respect to a-type sources, and then set the ghosts and a-fields to
vanish. This defines a worldvolume stress tensor and flavor current via

T,fj(a) _ 2 5Seff 1 (5Seff

"~ V/=9:(0) 6gaij(0) ~ V=9.(0) 0Bai(0)

The constitutive relations are then obtained by pushing forward the worldvolume stress
tensor and current using X# (o), e.g.,

. Jio) . (147)

a=ghosts=0 a=ghosts=0

T (2) = T (0(2)) 9 X} (0(2))0; X (0(2)) . (148)

The remaining equations of motion for X/ (o) and C,(o) are exactly the conservation
equations for T and J*,

5Seff
(5Xf; a=ghosts=0

6Seff
0C,

= (VT —GuJ") =0,

- [
ghosts_0 VJt=0. (149)
Here V,, is the covariant derivative associated with the metric g, () = gr w(x) and G,
the field strength of B,(x) = B,u(x). In practice, the physical stress tensor 7" and
J# are given by the worldvolume stress tensor 77 and current J! upon replacing the
worldvolume indices with target space ones.

Before closing this Section we note that one often computes the constitutive relations
in a derivative expansion. To this end, we consistently assign scalings whereby ¢;;, By,
B¢ and Ag are zeroth order in derivatives, V; is first order in derivatives, and Dy and Dy
are order one half in derivatives. With this scaling in mind, the expansion (143) (and its
KMS conjugate) should be truncated at order n if we are interested in the constitutive
relations to order n + 1

4 A simple example: the ideal fluid

In this Section we work out the effective action and constitutive relations for the simplest
possible example, that of ideal hydrodynamics. To leading order in derivatives, the super-
Lagrangian L appearing in the effective action Scsy in (136) is merely

L=G(T, ), (150)

where T and  are the only zeroth order diffecomorphism and U(1) invariant scalars avail-

able,

1 )
T=—— = B'Bi+Ag. (151)

\V —9i 8B 7

They are respectively even and odd under CPT.
According to (136) the total effective action is

S = / d'odfdd (V=gG(T. )+V/~gG(T, ) . (152)

with 1
T T = BBi + Ag. (153)

\ —B'B7Gi
Using that for a general superfield F,

F(X) = F(X) + 00i65F.(X), (154)
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the effective action can be written more simply as

Sep = / dled0df/—g P(T, ), (155)
with
P(T, )=G(T, )+G(T, - ). (156)

To efficiently compute 77 (o) and Ji(o), we define a worldvolume stress tensor super-
field, and a worldvolume current superfield by

i = 2 O%sr o gi_ L 95gs (157)
V=0 00; V=0 0B;
Upon setting the ghosts and a-fields to vanish, these superfields become 7% and J?,
T 4=ghosts=0 = TV , J'|a=ghosts=0 = J.-. (158)
We easily compute the super-stress tensor and current (157) to be
TY = Tﬁ—iﬁ%j +Pgi,  J= %Pﬁi. (159)
Setting the ghosts and a-fields to vanish, we define
T = Tla=ghosts=0 , V= |a=ghosts=0 ; (160a)
and a normalized velocity u* via
u' = TR X! (160b)

In terms of these, we find that the constitutive relations that follow from the action (152)
are

P
T — <—P + TgT> ufu” + P(g" + utu”)

161
10P (161)
Jr— e
Tov
with P = P(T,v). These are exactly the constitutive relations of an ideal fluid,
T = euu” + P (g"" + uu”) |
(9 ) (162)

JH = put,

with pressure P(7T,v), local temperature T, velocity u*, reduced chemical potential v =
and e the energy density and p the charge density which are related to the pressure via

122
T

opP 1 /0P

Thus, our effective action (152) describes an ideal fluid as advertised.

Following this example, in the remainder of this work we identify the local temper-
ature 7', reduced chemical potential v, and velocity u* according to (160). We regard
T as the super-temperature, as the super (reduced) chemical potential and 3% as the
(unnormalized) velocity field.
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5 The entropy current

One of the most interesting aspects of relativistic hydrodynamics is the stipulation of the
existence of an entropy current S* whose leading order term in a derivative expansion is

St = sut 4+ 0(0), (164)
with s the entropy density, and such that
VuSH>0. (165)

Recently in [25] and later in [23,24], it was shown how to obtain the hydrodynamic
entropy current from the Schwinger-Keldysh effective action. In particular, in [23] we
have provided an algorithm for defining the entropy current by coupling it to an external
source A7, which resembles a dynamical U(1)7 field postulated in [26,27]. In [23] we have
applied our construction to a probe limit of the Schwinger-Keldysh effective action, valid
to all orders in % but where charge was free to move in a fixed thermally equilibrated
background. In what follows we briefly summarize the construction of [23] and adapt it
to the statistical mechanical limit.
Consider first the action of a scalar field ¢,

5= [dev=gL(é: 9u). (166)

which depends on an external metric g,,,. The variation of the action with respect to ¢
and g,

1
58 = / /=g (E¢5¢> + 2T“”5gw,> , (167)

defines the stress tensor T#" and the equation of motion Ey4. Consider the particular vari-
ation dg, which is generated by an infinitesimal coordinate transformation z# — z# 4 g#,
under which ¢ and g, vary by a Lie derivative along 3#,

5,3¢ = E,B¢a 559/11/ = ﬁﬁg/u/ . (168)

In general, dg is not a symmetry of the action in the sense that 635 does not necessarily
vanish on-shell. However, we can impose invariance of the action under a suitably “gauged”
version of dg once we incorporate an appropriate connection.

Consider the transformation

dr¢p = Ardgd, 079w = Ao guw (169)

with a spacetime dependent parameter Ap. In general we will refer to transformations ép
of a quantity F' as homogeneous if d7 acts on F' as 07 F = ApdgF. Clearly, derivatives of
¢ and g,,, will not transform homogeneously under d7. However, introducing a connection
A, and modifying the partial derivative as

O — 0N =0, + A5, (170)

then 8,SA)¢ and 8,([4) 9up transform homogeneously under d7 provided that A, varies as

o0r7A, = ArdgA, — AuégAr — Ot . (171)
Upon replacing 0,, — aff" the Christoffel connection is modified as
1 g
T, = 29" (0900 + 0 g0e = 00 gp) (172)

32


https://scipost.org
https://scipost.org/SciPostPhys.5.5.053

Sci| SciPost Phys. 5, 053 (2018)

which leads to a modified covariant derivative V&A). It acts on, e.g., the metric as

Vl(tA)gVﬂ = 8;(;4)91/0 - F(A)awgffp - F(A) Upugua =0. (173)
After replacing 9,, — B&A) everywhere, the minimally coupled Lagrangian L(4) trans-
forms homogeneously under dr,

o7 LA = Apdg LA (174)

In order to make the action invariant under d7 we note that

51375 = 59" Ardagu = ArOu(V=95"). (175)
and
57 (W) _ 55 (M‘h) . (176)
Thus, the modified action .
S = ML(A) : (177)

is invariant under d7p,
opSHA) = / d%z 8, <” o0 L“‘)) =0, (178)

on a manifold without a boundary.

We note in passing that one can characterize the transformation properties of fields or
sources, F', under 67 by assigning them an additive “charge” n. A field F(") with charge
n varies under dr as

5TF(n) = AT(ng(n) - nF(")éﬁAT . (179)

Clearly F™ F(™) will have charge n +m, and fields which transform homogeneously have
charge 0. Using this nomenclature, we construct the Lagrangian L4) so it has charge 0.
Note that a field of charge —1 varies as a Lie derivative,

5TF(—1) — AT(sﬁF(_l) + F(_l)dﬁAT = 5B(ATF(_1)) ; (180)

and so its integral [ d%xz\/—g F(1 is invariant. The object pHA, + 1 has charge +1, so
that ﬁu%l:)ﬂ is just such a charge —1 object.
We can now define a current S* which couples to A, via

v=3 1
55(A) — /dd$1+6/‘gAu <E¢5¢+ §T“”5gw, - S“&Au) . (181)

The invariance of S(Y) under 87 implies the off-shell relation

1
VMS“’A = 5T 059 + Edso. (182)
Indeed, if g* is a Killing vector then S* is the expected conserved current S* = THj3,.

The above construction may be adapted to the Schwinger-Keldysh effective action (136)
where g is the transformation generated by B¢ and the flavor transformation Ag. To wit,
0g acts on the dynamical fields via

JpXM = BroXt,  65C = p'9,C+ Ag, (183)
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so that (169) takes the form

(5TX” = T(SBX“, 5TC = T55C, (184)
where A7 has been upgraded to a superfield 7. Minimally coupling to an external field
Aia

0; — 82-(A) =0; + Az‘(sg , (185)
so that, e.g.

DXt — OIXI = (9; + Adg)X*,  8C — 0T = (9; + Aidg)C, (186)
and defining A; to vary under dp as
orA; = 78A; —Aidg T —0; T, (187)

then derivatives of X* and C transform homogeneously under d7. Our analysis differs
from that in the toy model of a scalar field ¢ in that the target space sources gs .. () and
B () are inert under dg and therefore also under é7. The transformation properties of,
say, gri;j(X) under o7 are solely due to the dependence on X*.

The transformation rules (186) imply that the fields F in the Lagrangian (143) should

be replaced by their counterparts F(4) where
05" = g (oF + B*A) (o) + By ) | (188)
and
B\ =By, (55 + ﬁkAi> ; (189)
which transform homogeneously under ép
orgly) = 100", 0B = 10,81 (190)

The appropriately modified covariant derivatives W) = 94 4+ (4) also transform ho-
mogeneously, where the connection is
; 1 ; A) (A A) (A A
(A) ij —_ §g(A)zm (aj( )ggnk) + 8,53 )g;m) _ 87(7;4)9;6)) ] (191)
Recall that the Lagrangian (143) contains not only worldvolume derivatives but also
superspace derivatives. In order for the superspace derivatives to transform homogeneously

under d7 we must upgrade A; to a super-connection in superspace. That is, we need to
introduce Ag and Az components such that

Dy — Dy + Agdg, Dg — Dg+ Azdg, (192)
in addition to the transformation rule
0rAg = 18R —Agdg 7 — Dy T, (193)

and an analogous transformation for Ag.

Finally we need to consider a modified measure similar to the discussion around (177).
In our scalar field example we had to modify the measure so that the Lagrangian density
carried charge —1. A straightforward computation shows that in our sigma model, we do
not need to replace the measure at all:

,/—g(A)
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We have almost completed our construction of a dp-invariant action. Recall, however,
that the Schwinger-Keldysh effective action is invariant under a Zo KMS symmetry which
results in a KMS partner term (145). To ensure that the KMS partner Lagrangian is also
invariant under d7, we define the action of the Zy symmetry K on the super-connection
as

K(A)=—mAi,  K(Ag)=As,  K(As) =P, (195)
with _ -
Ar =A; +09i55AT[. (196)
With this sign choice, we have
A (A (A X X
K (gz(j )) = Uinjggj ) ) gz(j )= i (5F + Az/@kﬂéé + Ajﬁl) ) (197)

and similarly for the flavor field. We also have
K (VY”) R e (DgA>) - pW K (Déf‘)) = DY, (198)

(A - -~
where V( ) =0+ Adg + (4) is the covariant derivative taken with the connection

~ 14 T (T (T
Wi, — §g(A) z (8J(A)g§j) +oMgh - a;A)g§£)) ’ (199)
and _ 5 - P
H(A) _ i H(A) _ : i
DY = g5+ Mds,  DFY = o2 — 005+ Agdy. (200)
Defining B ~
T = 1+ 00idgAr,, (201)

it then follows from (187) and (193) that the components of A; vary under the transfor-
mation 7 as

orAi = 1A —Adg 7 —0; T,
o7Ag = 103Rg —Agds 7 — Dy T, (202)
orA; = 103A; — Ao T — Dy T,

and the tilde’d super-pullbacks transform homogeneously

5ng(‘;‘4) = NT%@Z(?) ., orBYY = pasBY. (203)

7 - 7

Recall that the action
S = / d'od9dd (V=L +GL) (204)

was constructed so that it is invariant under all the symmetries of the problem. Having
defined the action of K on A;, we observe that the minimally coupled action

s = / d®ododh {m LW + \/Tgi(@} (205)

is invariant under all the symmetries of the problem and under dp.
In analogy with (182), the supercurrent

- 1 654
st =5"1+ 05! +68! 4965 = ———=—<I1 (206)
g g t — )
v—9 5A[ Ar—0
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satisfies the off-shell Ward identity

V.S’ + DS’ + DS+, (D, T — G, 3") + D,J*=0. (207)

The terms proportional to , and are the equations of motion for X# and C, where
T = TY9;XF0;X” and T¥ is the super-stress tensor conjugate to g;; and so on. As a
result, on-shell, the current S’ is conserved in superspace,

VS’ + DyS? + DS . = 0. (208)
The bottom component of (208) is given by
Vs =50 — 50 (209)

We now argue that S’% is closely related to the hydrodynamic entropy current, upon
setting the a-fields and ghosts to vanish, and the right-hand side of (209) characterizes its
non-conservation.

Let us compute S at zeroth order in derivatives. The appropriate action for such an
analysis is given by (152) with (156). Coupling this action to A we find

sy = [ dodsdoy=gp (T, ), (210)
where
- T

W= (gA+1),

and P is an even function of (4. Varying with respect to A; we obtain

i_ aj _8j i 0 _ qb _
S—(aTT 5 >B, S'=58"=0. (212)

Recalling that the entropy density s is related to the pressure and temperature via

s = (ZJTD)M : (213)

we find, using (160) and pushing forward S’ to a vector S'# in the physical space, that
S = sut +0(9) . (214)

Thus, S’? coincides with the entropy current at zeroth order in derivatives.

The entropy current S* has two defining properties: it must coincide with su* at ze-
roth order in derivatives, and it must have non-negative divergence. We will now show
that S may be constructed from S’ by adding to the latter appropriate higher deriva-
tive corrections. To start, let us first deduce Sg and Sg. A straightforward but tedious
computation gives us

_ 1 .
Sg + Sg = 5 (LAB + UABLAB) (S/gFTA(SgFrB

1. - .
+5 > (=1)"a..c, LB F 065 F gOgFrc, - 6 Fc, — ViJh, (215)
n=1
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LAB EAB

where, with some abuse of notation, and LABC1--Cn refer to the bottom com-

ponents of the quantities defined in (143) and (145), and we have set all a-type fields and
ghosts to zero. The divergence of Jg which appears in the last line of (215) comes about
as follows. Recall that the LA Cn’s are differential operators. When varying the action
with respect to Ag or Az we may need to integrate by parts. The term Vz—Jg accounts for
this procedure.

The expression in (215) may be simplified by a relabeling of the terms in the action.
By making the replacement

1
LAB —>LAB _ *LABClé E 7
5 sFo, (216)
LABcl...Cn _>LABCI~--Cn _ LABcl-~~CnCn+1 5ﬂFC

n+1 n=1,

in the Lagrangian (143) (and an appropriate replacement in (145)), expression (215) sim-
plifies to

1 ~
59 + S9 =3 (LAB + UABLAB) 0 40sFy B )
) . (217
-3 (LABC + 14 LAPC) 55 F, aGgFy 53pFy 0 — Vidk.

Recall that Im(Ses¢) must be non-negative due to unitarity for any field configuration.
As we will see shortly, positivity of the imaginary part of the effective action leads to a
positive entropy production. The imaginary part of the action is given by

Im (Seff :—f/ddow/ l(LAB—i-T] BLA ) F, AF,B

1
— §(LAB01FQB(2FaC5,3FrA + Fo 408k, c)

+ naBC, EABClFaA(QF cogFy B+ F, ogkyc)big)

+ Z( . Facy_yaac,
[5]

+( 1) NA.. CnLA C"F Al c, ZH Cr_ 1)‘|, (218)
7=0

where |m| is the floor of m and we have defined

FaAFaCn — 5BFTA5,8FrCn n even
aAc, = , (219)
FaA(;ﬂFrCn + 6,3FaAFaCn n odd
and 1% BCy..C, o 8ives the sum over all permutations of distinct 25 a-type fields and
distinct n — 2 — 2 j r-type fields on which dg acts. For example,
%, =0sF (220)
or
50,0, = FaBFac05Frcy + FapFacy,0pFr oy + Facy Focy05F 5 - (221)

The right-hand side of (218) must be non-negative for any field configuration. In the
absence of a non-perturbative expression for the action it is difficult, if not impossible, to
solve the positivity constraint Im(S.¢s) > 0 exactly. However, by working perturbatively
in derivatives we may obtain a necessary condition for positivity,

o8 = —lim (L4P 4 napL?P) = 0. (222)
0—0
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Following [2,25] we may use (222) to organize the right-hand side of (217) into a quadratic
form, up to total derivatives, order by order in the derivative expansion. Explicitly,

_ 1 2
~89— 5] =0 (a4 307 (Q -+ Q) ) + VI, (223)

with Q) an n’th derivative vector and where we have omitted the Latin indices for
brevity.® With these definitions we find that

St=g"— gL — g (224)
satisfies ‘ ‘
S' = su' + O(0) (225)
since J% an i are at least second order in derivatives) and the on-shell relation
J§ and Jfg 1 d ord d d th hell rel
Vs’ > (226)
on—shell

We may now identify S? with the entropy current. In Sections 6 and 7 we will see that
up to second order in derivatives, the right-hand side of V;S? takes the standard form
%C@Q + %770’“” o, where ¢ and 7 are the bulk and shear viscosities, ® and o# are the
divergence of the velocity field and shear tensor and 7' is the temperature.

Note that the relation (222) which implies the local Second Law, is a necessary but
not sufficient condition for the imaginary part of the effective action to be positive semi-
definite. Looking at the full expression for (218) we find that certain transport coefficients
associated with three-tensor terms (and some associated with two-tensor terms) may be
constrained by positivity of the imaginary part of the effective action but not by positivity
of the entropy current. We will discuss this observation in detail in the remainder of this
work.

6 A panoply of transport coefficients

In what follows we will carry out a detailed analysis of the possible constitutive relations
which can result from the Schwinger-Keldysh effective action and the constraints imposed
on them. In Subsection 6.1 we will discuss the Onsager relations and CPT transformation
properties of the constitutive relations and then in Subsection 6.2 we will classify the
possible resulting transport coefficients. But before proceeding with a detailed analysis
we pause to consider the general structure of the possible transport coefficients. In this
preamble we will focus on how the transport coefficients behave under CPT and whether
or not they are subject to a positivity condition. The main results are Eq. (237), where we
decompose the constitutive relations according to how the various terms transform under
KMS, and Eq. (244), where we compute Im(Scf¢) in terms of the coefficients appearing
in the constitutive relations.

Let us denote both the U(1) current and the stress tensor by J/ which is associated
with the field F4 such that (147) becomes

" vV —9r 5FaA éz)C(T
Fo=0

(227)

8Tt is an interesting question whether the divergence of the current S’ is positive (up to a total deriva-
tive) even when the leading order terms in a derivative expansion vanish. We leave this issue open for
future exploration.
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Given the action (136) with (143) and (145) and the replacements (216), we may write

where the first term represents the contributions to JA coming from the scalar terms
Lo + Lo in the Lagrangian and the remaining terms represent contributions from 2 and
3-tensor terms. The remaining tensor terms do not contribute to the constitutive relations
on account of (216).

A formal computation gives us

1 1 1) -
A d
Jro) = 2\/_7%5FTA/d g _g’"<LO+LO)

1 _
J7~A(2) =5 (LBA + UABLAB) ol B, (229)

a=ghosts=0 ’

J:l(3) = —i (LBAC + nAchABC) (5[5Fr355FC .
We remind the reader that the LAB is a differential operator so that the right-hand side
of (229) should be thought of as a formal expression where the corresponding term in the
effective action has been integrated by parts.

To make our analysis more explicit let us write out the various tensor terms where the
differential operators are spelled out, viz.,

LABC (DyF4) (DzFB) (DF )
= [ABCh-Leivivide (g, . Ny, DgFa) (Wi, ...V, DgFp) (Vj, ...V, .DFc) , (230)

LABC g a differential operator but LA4-Jc is not, and there is a similar definition

for LAB. In Appendix D we show that, after some massaging, any tensor term in the
Lagrangian can be made to take a form similar to (230) up to possible boundary terms. In
what follows, in order to avoid cluttering our equations, we will use LABC{iave or [AB{itab
to denote the tensor term coefficients and W€ in place of V;, ... ¥, . We will treat the
index c to the right of ¥ as counting the number of derivatives in the expression. We will
switch to more explicit notation when appropriate.

We now find that (229) takes the form

1 6 ~
A d
Jr 0) =9 5F, 4 /d OV —gr (LO + LO)

1 a i T i
iy =5V (£PMe gy, LAP W) VP65 F ) (231)

where

a=ghosts=0 ’

1 ) ~ .
T == 7V [ (LBACE e 1 gy, , LAPC W) (V065 F, ) (V05 Fr0) |

where NABC{i} gpe 1 the CPT eigenvalue associated to
Vi, ...V,Fa...V;, ...V, Fc, V* =V, ...V,,, V¥ = (-1)°V,, ...V, and Ly and
LA+ are related to Ly and LA~ by KMS conjugation

FrA_>77AF7’A7 VZ'—>7]Z‘VZ‘, ﬂi%—niﬁi, Ag—)—Aﬁ, vV — —U, T—)T, (232)
and so

Lo(Fra,Vi; 8", Ag) = Lo(naFra,miVi; —miB', —Ag),

A i A ; (233)
L% (Fra, Vi B Ag) = L7 (maFy a,mVis —niB', —Ag)
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where fields are merely multiplied by their eigenvalues under CPT since we have set the
ghosts and a-fields to vanish. The expressions in (231) are schematic. Each represents a
class of contributions associated with an appropriate tensor term.

In what follows, we will find it useful to characterize the transformation properties of
the various transport coefficients under KMS conjugation. To this end, consider

AB{i}, ‘ LABY
L3P0 = [ABa 3y AP (234)
LiBC{i}“bc — [ABC{i}Yape 4 nABC{i}abCEABC{i}abc'

Under KMS conjugation the term involving L4 in the current transforms as
Vel (Lot B gVeasF, o) — Vel (1P Wty b, pvessFic)  (235)

(and a similar equation for LAB{er) In obtaining (235) we have used 7 = 1 and the
fact that K (d5) = —d5. We refer to the L4 terms in the currents as KMS-even, and the
LA~ as KMS-odd. The KMS-even terms transform in same way as the currents, while the
KMS-odd terms transform in the opposite way.

Let us pause to discuss two consequences of KMS conjugation and CPT invariance
which will become important in what follows. First, although the original effective ac-
tion is invariant under KMS, the thermal expectation value of the currents may receive
contributions which are both KMS-even and KMS-odd. The KMS-odd terms arise only
from the tensor terms in the effective action. Second, the tensor terms lead to transport
coeflicients whose behavior under CPT is fully determined by the KMS symmetry. The
same holds for the transport coefficients coming from a scalar Lagrangian, as we discuss in
the next Subsection. Given a transport coefficient which multiplies some tensor structure
in the constitutive relations, the CPT-eigenvalue of the coefficient is just the product of
the KMS-parity of the whole term and the KMS-eigenvalue of the tensor structure. Be-
cause we have in mind theories where CPT is only broken by sources, CPT-even transport
coefficients are even functions of chemical potential, while CPT-odd coefficients are odd
functions of chemical potential.

Let us further define the quantities

)

AB{iYay] 1 [+ AB{i}, BA{i}pa
L[+ {}b]ZQ(L_’_ {}b7L+ {}b)

rAB{Lw) _1 (L7
2

+ L]_3A{i}ba) :

(236)

N[AB{i}ab] :% (Li‘BC{i}abc _ L?Ac{i}b"‘c> VC(SI@FTC 5

AB{i}, 1/ ABC{i}upe BAC{iYpe
NJ(r {i}ab) =3 (L+ {i}ab + L7 {i}e )VC(S,BFTC-
The first two lines of (236) correspond to the KMS-even and KMS-odd parts of the 2-tensor
terms, and the last two to the KMS-even and KMS-odd parts of the 3-tensor terms. In
terms of these quantities the constitutive relations for the tensor terms take the somewhat
simple form

_ %VQT [(_ LBl | (4B _ L yaB@w 1 N[_AB{i}ab}) vt FTB} .

- 2 2
(237)
Parity of the various transport coefficients under an exchange of indices or under KMS
serve as the basis for the Onsager relations, as we demonstrate in Section 6.1. Eq. (237)
is our first main result. We have organized the constitutive relations according to their
KMS-parity as well as their index structure.

JA

tensor
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Let us make a comment on notation which we will use extensively throughout this
Section and the remainder of this work. We will find it convenient to decompose tensors
into components whose symmetry under an exchange of A and B or a and b is well defined.
For a general tensor T AB{i}ab we will define circular or square brackets on pairs of indices
to denote symmetrization or antisymmetrization, e.g.,

TAB i _ 1 (T4t _ pPAG) o Al = 1 (7B 4 pABLk)
2 2 '
(238)
while a square or circular bracket around all four indices implies symmetry under a simul-
taneous exchange of A with B and of a with . Thus, for instance,

TUABN} ap)] — 1 (T[ABHZ'}(ab) _ T[BA]{i}wa)) — TlABN}ap) (239)
2

With this notation in mind we have, for example,

TlAB{i}as] — plABH}an)] 4 PIABN i} ar)] — pIABH}av) 4 T(AB){i}ap) | (240)

Note that T[(AB){i}(ab)] = T[[AB]{i}[ab]] = 0.
With our explicit notation, entropy production is given by

. 1 . 1 . .
V8= —= (L(_AB{Z}ab) - N_E_AB{Z}ab)> (VG(SBFTA)(Vb(ngTB) + ViJg , o (241)
2 2 on—shell
positivity of entropy production (226) is guaranteed by
1 .
- / Ao/ =g, L AP g5, B S F g >0, (242)
on—shell
and its positivity is guaranteed perturbatively by
1 .
— lim —LABtHe) (243)
0—0 2
See (222). Schwinger-Keldysh positivity imposes the more stringent constraint
1 .
tm(Ses) = / dlo/=g; [LPDDTE, ,VOF, (244)

1 i
_ §vaFaAvaaBNiAB{ }ab)

_ VaFanb(sﬂFrA (N[_AB{i}ab] + NLAB{i}ab)> ‘égF c—Foc

higher tensor
+ ( terms ) '

In comparing (244) with (242) we find that the on-shell value of LB @) ang N_E_AB{i}“b)
is constrained by the positivity of entropy production and that their off-shell value is con-
strained by the Schwinger-Keldysh positivity condition. In classifying the various trans-

port we will find it useful to further separate LB ) 4nq NJ(FAB{i}“b) into two disjoint
sets,
PSAB{i}ab) — {L(_AB{i}ab) L(—AB{i}ab)va(sﬁFrAvb(sﬁFrB — 0} , (245)
on—shell
such that

LEAB{i}ab) — MSAB{i}ab) + PEAB{i}ab), (246)
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and

pUABLIw) _ { NABlw) | NAB ) Gas, 76, F, g

=0 247
on—shell } ’ ( )

such that ‘ ' ‘
NS_AB{Z}ab) _ M_(’_AB{z}ab) + P_E_AB{l}ab)' (248)

Eq. (244) is the second main result of this Section. Note that only the 2- and 3-tensor
terms contribute to the constitutive relations, but all of the tensor terms contribute to
Im(Sesyf). It is now straightforward to classify the transport coefficients appearing in (237)
according to how they contribute to entropy production (242), or to Schwinger-Keldysh

AfAB o)

positivity (244). We divide the tensor terms into four classes: we call the M terms

dissipative (as they determine the entropy production), the PiAB{i}“b) pseudo-dissipative

(as they do not), the L[fB{Z}“b] terms non-dissipative since they do not contribute to
entropy production and they are unconstrained by the Schwinger-Keldysh positivity con-
dition, and N[_AB{i}“b]
produce entropy).

In the remainder of this Section we will first expand on the interplay between CPT
and KMS transformation properties of the constitutive relations where we will also see
how the underlying KMS symmetry implies the Onsager reciprocity relations. We will
then turn our attention to the various classes of transport as described above and work
out some simple examples of each.

as exceptional (since they are constrained by (244) but do not

6.1 The Onsager reciprocity relations and CPT

In the context of hydrodynamics, the Onsager reciprocity relations [4,5] imply certain
correlations between transport coefficients. These relations follow from transformation
properties of correlation functions under CPT and are independent of the constraints
generated by positing the existence of an entropy current.

The Schwinger-Keldysh effective action is not invariant under CPT. It is, however,
invariant under the Zy KMS symmetry, which includes a CPT-flip. For this reason the
KMS symmetry implies that certain transport coefficients are even under CPT, and others
odd, but the map is not immediate. In the previous Subsection we saw that the CPT-
eigenvalue of transport coefficients is equal to the KMS parity of the term it appears
in, times the KMS-eigenvalue of the tensor structure it multiplies. CPT-even transport
coefficients are even functions of chemical potential, and CPT-odd coefficients are odd
functions of chemical potential. In this way the Onsager relations are enforced by the
structure of the Schwinger-Keldysh effective action. In the remainder of this Subsection
we illustrate this interplay between KMS and CPT in more detail.

We begin with the scalar terms. From the formal expression (229) for the currents, it is
manifest that the scalar part of the action is CPT-even. This generalizes an earlier result
that the action for ideal hydrodynamics is a pressure term [ ddadﬁdé\/TQ P with P an even
function of chemical potential. Beyond ideal hydrodynamics, transport coefficients which
multiply CPT-even scalars in the action are themselves even under CPT, while transport
coefficients which multiply CPT-odd scalars are themselves odd under CPT. Moreover,
the contribution of the scalar terms to the current, which we called JT%), transforms under
KMS (232) as

r

Tioy (V. Fr) = nadi (nV,nF,), (249)

and so in the language we used in the last Subsection, the scalar contribution to the current
is KMS-even.
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Next consider the 2-tensor terms. Recall that their contribution to the constitutive
relations is given by (237), which we may write as

A A A
i) = o+ T - (250)

T

with
1 ; 1 A
A a AB lfa A a AB 1fa
e = =5V (LR ) gy = vt (LGSR ) L (250)
and L4 were defined in (234) and (236). Using (235) we obtain
Ty £ (V. F) = £0adlay . (0V, nFy). (252)

So the 2-tensor terms in the current contain both KMS-even and KMS-odd transport.
From (242) and (244) we see that the former is dissipationless, while the latter includes
dissipative contributions.

Note that in the above example, L[fB{i}“b] is odd under a joint exchange of A and a

with B and b respectively, while L(,AB{i}“b) is even under such an exchange. This statement,
together with (252), encapsulates the Onsager relations. To see how the Onsager relations
emerge in a more familiar form, let us consider the example of the conductivities for a
parity-violating fluid in two spatial dimensions [9]. Consider a fluid with several U(1)
currents labeled by «. There are two conductivity matrices, the longitudinal conductivity

0®? and the Hall conductivity *?, which appear in the constitutive relations as

JH =4 0PV 4 5P P,V (253)
where
PY = gl + utu”, Vap=FEapu— TPM,,O"VQ = —TPZ%’BCW , Ey,= Gaw,u” .
(254)

They govern the retarded two-point functions of currents at low frequency w and zero
wavenumber, e.g.

(J*w) TP (—w)) = iwo™® + O(W?),  (J*(w)JYP(—w)) = iwa® + O(W?). (255)

In this example, the symmetric part of 0®? and the antisymmetric part of 2 are dissi-
pative. The second Law implies that the symmetric part of o®? is a non-negative matrix
and that the antisymmetric part of *° vanishes. The Onsager relations imply that the
symmetric parts of o®® and ¢*? are CPT-even, and the antisymmetric part of ¢®? is
CPT-odd [37-39)].

Let us see how these statements arise from the effective action. The tensor term in the
action which accounts for this transport is

L=. — %T (zﬁapiﬂ S e ’fﬁuk) DgBu:iDgBs, + ... , (256)

with PY = g¥ + u'u/ with u* = TS the super-velocity, and “* the super-Levi-Civita
tensor in three dimensions. This Lagrangian leads to the currents (253) with

1 ~ 1 /- =B
o8 = (x5, gor_ ] (zaﬂ +3 a) . (257)

Clearly the symmetric parts of ¢® and ¢*# are CPT-even, while the antisymmetric parts
are CPT-odd. A quick computation shows that the symmetric part of ¢®? corresponds to
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a KMS-odd term and its antisymmetric part to a KMS-even term. This is consistent with
our earlier result that the CPT-eigenvalue of a transport coefficient is the product of the
KMS parity of the term it appears in with the KMS-eigenvalue of the tensor structure it
multiplies, as 0®? multiples a KMS-odd tensor structure in (253). Similarly, the symmetric
part of % corresponds to a KMS-even term and the antisymmetric part to a KMS-odd
term. As for Schwinger-Keldysh positivity, it implies that the symmetric part of ¢®? is
non-negative and that the antisymmetric part of *? vanishes.

In this example the KMS-even transport is non-dissipative and the KMS-odd transport
is dissipative. This is not quite the case when one goes beyond first-order hydrodynamics.
While the KMS-even terms are always dissipationless, KMS-even transport coming from
higher tensor terms contributes to Im(Sess) as we saw in (244). Furthermore, while all
KMS-odd transport contributes to Im(S.¢f), not all of it is dissipative.

The 3-tensor terms can be similarly decomposed into KMS-even and KMS-odd parts.
We decompose them as

T

where
1 1 1 a i a
I+ =7V (NPt R, 5) I = v (NAFIGte,F, ), (259)
and the N1 were defined in (236). Using (235), we find

Jé)i(vv F) = iT]AJ(I?),)i(WVa nky). (260)

Note that NJ(FAB{i}“b) is symmetric under an exchange of the AB and ab indices, is KMS-

even, and contributes to dissipation, while N[,AB{i}“b] is antisymmetric under the same
exchange of indices, is KMS-odd, does not contribute to entropy production, but is nev-

ertheless constrained by Schwinger-Keldysh positivity.

6.2 Classification of hydrodynamic transport

A full classification of all possible transport coefficients according to their role in entropy
production was carried out in [26,27] using an off-shell reformulation of the second Law.
The eight classes of transport described in [26,27] include two types of scalars (hydro-
dynamic and hydrostatic), two types of transport coefficients which are associated with
anomalies (referred to as anomalous transport terms and hydrostatic flux vectors), Berry-
like transport, Hydrodynamic flux vectors, conserved entropy terms and dissipative terms.”
Of all the classes, only the dissipative terms lead to entropy production. In what follows
we will offer a complementary viewpoint on the classification of [26,27] and show how
different classes of transport arise naturally from the structure of the Schwinger-Keldysh
effective action. Our classification separates the various transport coefficients into scalar
terms, non-dissipative terms, dissipative terms, pseudo-dissipative terms and exceptional
terms.

6.2.1 Scalar terms

Observe that all transport coefficients which arise from the scalar Lagrangian Lo do not
contribute to entropy production (242), nor to the imaginary part of Scs¢. These terms

9The authors of [26,27] also included a class of hydrostatically forbidden terms in their classification.
This class is comprised of expressions which will not appear in the constitutive relations. The absence
of such terms is naturally incorporated in the effective action formulation since the Schwinger-Keldysh
partition function reduces to the hydrostatic partition function [6,7] in the appropriate limit.
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are referred to as scalar terms in the classification of [26,27]. The authors of [26,27] further
separate these into two classes which they refer to as Hg and Hg, differing in whether
they contribute when the system is in hydrostatic equilibrium. Hydrostatic equilibrium is
characterized by the existence of a timelike Killing vector [6,7]. In the current context,
the hydrostatic limit is obtained by identifying the timelike Killing vector with 3¢, taking
the a-fields to vanish, and taking the r-sources to be time-independent. Thus, terms in
Ly which do not vanish when dg = 0 are Hg and terms which do vanish are Hg.

The simplest scalar term is the action for an ideal fluid given in Section 4, which we
briefly reproduce here for convenience. The most general scalar Lagrangian at zeroth order
in derivatives is

% (Lo + Lo) = G(T.v) + G(T. ~v) = P(T,v). (261)

The constitutive relations resulting from this Lagrangian are the ideal stress-energy tensor
and U(1) current

T =P (g7 + u'n/) + ( (g;) T+ (gl;) p— P)uiuj,
o T

. oP 4
Jy = () u',
op/r

where, as usual, we have defined the rescaled velocity u! = T'3". The entropy current is
given by

(262)

Si— <0T>H“ (263)

and satisfies .
V5" =0 (264)

on-shell.

6.2.2 Non-dissipative tensor terms

Recall from (244) that Im(S.s) is determined by the KMS-odd part of the 2-tensor terms,
as well as both the KMS-even and KMS-odd parts of the 3-tensor and higher-tensor terms.
Moreover, the entropy production (242) arises from KMS-odd 2-tensor transport and from
KMS-even 3-tensor terms. Thus the KMS-even part of 2-tensor terms,
1 AB{i}, AB{i}, 1/ aBfi, BA{iYpa

Ty = =5V (PO F, ) o LF el = 2 (L3P0 A0 (265)
is the unique part of the tensor terms which is not subject to the Schwinger-Keldysh
positivity constraint Im(Scr¢) > 0. We refer to these terms as non-dissipative tensor
terms.

Using (240), we may write

pABw] AP @ p AP e (266)

A i —
In the language of [26,27], Berry-type terms are closest to L[+ Blt} and Hy-terms are

AB){i
closest to Lsr Ve terms. Note that both of these terms are non-dissipative and KMS-

even, similar to the scalar terms described in the previous Subsection. We will refer to

ABJ{i
terms of the form LEF e as non-dissipative antisymmetric and to terms of the form

(AB){i}[ab)

L, as non-dissipative symmetric.
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The most general constitutive relations for the LE_AB]{i}(ab) type terms take the form
1 ; 1 )
Ty = =7V (L6 B, p) — vt (LY Pos ) . (267)

These relations can be simplified for special configurations. In the case where a = b =0,
i.e., there are no derivatives acting on either DyF 4 or on DgFp in the action, we find

1
Tl = —gL[fB} ISR (268)
If a + b =1 we obtain .
AB]Ji
Jho) = Z(viL[+ IN64F, . (269)
Other values of a and b do not seem to take a particularly simple form.
The constitutive relations for the LSFAB){l}[“b] type terms take a form similar to (267)
1 i 1 i
iy ==V (LGP tssF, ) + v (LGP gtssF, 5) . (270)
This expression vanishes when a = b = 0 and takes the form
1 AB)i 1 (aByi
J7:4(2) = Z(viLSr ) )0y B + §LSF ) VidgF, B (271)

for a + b = 1. Otherwise, we have not been able to bring (270) to a particularly simple
form.

We presented two examples of antisymmetric non-dissipative transport in Subsec-
tion 6.1 in the form of the antisymmetric part of the ordinary conductivity @ as well
as the matrix of Hall conductivities. We briefly reprise the Hall conductivity term for a
single U(1) current. This transport arises from the Lagrangian

1

L=.. .— 5E(T, ) Mu,DeB; DB, (272)
leading to
” L B 1 _
LLJ] = 25T €Tky,, ot = 5 (Z(T,v) + (T, —v)) , (273)
which yields ‘ -
T o) = o€V, (274)

where Vj, was defined in (254). The entropy current is modified as
i Koo

but its divergence is unmodified.
An example of symmetric non-dissipative transport is

L=... §X(T, )PU Yk (V. DyB; DgB; — DyB; V1, DgB;) ..., (276)
where PY = g% + u‘u/, which yields
LUk — oyt piiyk (277)
with x™(T,v) = 2 (x(T,v) + x(T, —v)). The corresponding current is
‘ 1 g » E.
r2) =~ ﬁvk(XJ”P”Uk) (Ej — Tojv) — xTPYurV,, <TJ - 3]'”) 7 (278)
and the entropy current is modified to be
- "o 1 ([ E; 2

One may check that x* does not contribute to entropy production.
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6.2.3 Dissipative terms

Recall that the divergence of the entropy current (242) is given by

; 1 i 1 i
ViSi=—2 <M£AB{ o) = S }a“) (V05Fra) (V'3 Frp)

>0
2

on—shell

. (280)

where we have used the decompositions (246), (248) and the definitions (236). Using
(240), we may write

MAB ) _ MiAB){ihab) " MLABW}IGH . (281)

We will refer to MiAB){Z}(“b) and MLAB]{Z}[“Z’] as dissipative symmetric or dissipative an-
tisymmetric respectively. The former corresponds to the dissipative transport defined
in [26,27]. Notice also that at first order in derivatives, only KMS-odd dissipative trans-
port MEAB{”‘“’) is allowed. KMS-even dissipative contributions appear at second order in
derivatives and onwards.

The constitutive relations for MEAB){i}(”b) and M[,AB]{i}[“b] are similar in structure to
those of KMS-even terms, viz.,
1 i 1 i
Ty = 7V (MUPH0Gss B p) 4 vt (M ebssFp) o (282)
and . ' ) ‘
iy = 7V (MG B, ) — 2wt (AP gtasm ) L (283)
If a = b = 0 the former simplifies to
1
Jé‘@) = §M£AB)55FTB7 (284)
and if a + b = 1 we obtain
1 i
Ty = —Z(viMEAB) )35F 5 | (285)
or ) . . ‘
Ty = 7 (VM55 F g — S M 65F, . (286)

Similar expressions arise for MiAB){i}mb) and MLAB]{i}[ab]

have

. For example, for a = b =0, we

1 i
Jhs) = —ZMY‘B{ Yor) 5P (287)

r

In Subsection 6.1 we gave an example of symmetric dissipative transport, namely the
ordinary conductivity of a charged fluid. We reprise it here. The Lagrangian is

i

L=...-%(T, )TP¥ DyB; D;B; (288)
which leads to
MY = _ogtTPi | ot = %(Z(T, v)+3(T,—v)) , (289)
and ‘ ‘
Jry =0V, (290)
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where V¢ was defined in (254). The entropy current becomes

Si=... - %J;‘(Z) , (291)
and its on-shell production is
) ot 9
ViSt=...+ ?V . (292)

Schwinger-Keldysh positivity and positivity of entropy production both imply o+ > 0.

We also give an example of antisymmetric dissipative transport, which appears at
second order and higher in the gradient expansion. Consider a parity-violating theory
with a single U(1) current in two spatial dimensions, and a Lagrangian which, apart from
the ideal pressure term includes the 2-tensor term

L=...+ %f(T, ) “Fugut (W, DgB;DgB; — DyB; W, DgB;) | (293)
where U’ = TS is the velocity. This gives
MU 26+ ekl (294)
with £(T,v) = 3 (&(T,v) + &(T, —v)), and the corresponding constitutive relations

A 1
Ty = o

r@2) = 57 Vi (§+6’3kukul> (Bj — TOjv) + T upul v, (T] - 8jy> : (295)

The entropy current is

St=su'—v (ZTVZ (§+ € Jkukul) (EBj —Tojv) + €T e TFuulv, <Tj - 8jl/>> , (296)

and its divergence is
. 1 g
Vst = —o¢" ¢Fupu! (V1058 6By j — 05Bri V10 By ) (297)

on-shell. If there were no other contributions to the Lagrangian, i.e. assuming that the or-
dinary conductivity vanishes, positivity of entropy production implies that £ must vanish.
If the conductivity is nonzero, the modified right-hand side of (297) may be perturbatively
organized in a quadratic form. Within the gradient expansion, the positivity of entropy
production is ensured by the positivity of the ordinary conductivity, with no constraint
on T See e.g. [23,25,29].

6.2.4 Pseudo-dissipative and exceptional terms

The remaining transport coefficients in our classification are Pi(rAB{i}“b), and the KMS-

odd 3-tensor terms N[_AB{i}“b}. Both types of transport do not contribute to entropy
production. We call the former pseudo-dissipative, since its index structure is identical to
dissipative transport, and the latter exceptional.
As an example of exceptional transport consider a Lagrangian which has the contri-
bution
L=...— i’y(T, ) (Pripinph! — piipkmpml) 6., Dogi; Dagk

1 o y
- 5T (Pmpimpk! — pUPMPL) Dyg; DGy Dgmn + - - -

(298)

48


https://scipost.org
https://scipost.org/SciPostPhys.5.5.053

Sci| SciPost Phys. 5, 053 (2018)

A simple computation yields

NIDGED] _ o - ( pmli pi)n pkl _ pij pk(m pn)l) 83Gr mn (299)
so that the constitutive relations are
T =...— ﬁ(P”a2 —200"), (300)

where ¢ and © are the shear and expansion,

g o 9 .
o'l = pim pin (Vmun + Vot — (d_l)egm> . e=vVva, (301)

and o2 = O'ijO'ij.

A straightforward computation shows that v~ contributes neither to the entropy cur-
rent nor to entropy production. Thus the second Law does not constrain it. However,
Schwinger-Keldysh positivity (244) does. If the fluid Lagrangian was given by a pressure

term, the highlighted terms in (298), and nothing else (i.e. if the viscosities vanish), then
Schwinger-Keldysh positivity would become the statement

1 .
Im(Seff) - +§/ddg\/_7-g7“gaij559r klN[_( Dk

>0
6697‘ mn—"9a mn

, (302)

or more explicitly

-/ 1 g y
o dd — T’V (PU mn 20 < pipmn _ Pm(ZP])n>) wiiGammn > 0.
/ ON = Gr o™+ -1 9aijg >0. (303)

Since the quantity in (303) does not have a definite sign, the only way the inequality (303)
can be satisfied is to set v~ = 0.

Our example serves as a demonstration that the Schwinger-Keldysh positivity con-
dition can enforce constraints on transport which the entropy current is indifferent to.
Since we have set the shear and bulk viscosities in this example to zero (or, at least, to
be perturbatively small) it probes the very edges of allowed parameter space. Recall that
within the gradient expansion, once the divergence of the entropy current is arranged into
a complete square, then its positivity is ensured by the positivity of the aforementioned
viscosities. If we restrict ourselves to configurations which satisfy the equations of motion
and have small gradients, then the latter condition is necessary and sufficient to ensure
that the entropy production will be non negative. In contrast, the Schwinger-Keldysh pos-
itivity condition must hold for any field configuration, so while a solution which is valid
in a perturbative gradient expansion is a necessary condition for positivity, it is not a
sufficient one. Regardless of this distinction, it seems that unless the derivative expansion
truncates it is impractical to attempt to solve the Schwinger-Keldysh positivity condition
in its entirety.

As an example of pseudo-dissipative transport let us consider a Lagrangian which
includes the pressure term and the 2-tensor term

L=...+ %C(T, ) (u' 9y + ul ;) 658, DB DBy + - (304)

which leads to a KMS-odd contribution to the constitutive relations
1

Pﬁij) =2(" (uiejklul + ujeiklul) 0pBrk, ¢ = §(C(Ta v) = (T, —v)). (305)
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This contribution is pseudo-dissipative, on account of

PY55B,:05B,; =0, (306)

and so ¢~ does not contribute to entropy production. The resulting flavor current is

. 1 (s i
Tiy = 3PY65B, ;= ¢ (wlow)é Vi, (307)
where V; was defined in (254). While (~ does not contribute to entropy production, it
is constrained by Schwinger-Keldysh positivity, which in the absence of any other tensor
terms in the Lagrangian reads

Im(Se ) = — / dlo ¢ (uiej’dul + ujeiklul) 0By 1 BaiBaj > 0. (308)

As in our example of exceptional transport, the integrand does not have a definite sign
and the only way to satisfy the inequality (308) is to set (~ = 0.

6.2.5 Additional conserved currents

By definition, we may always add to the entropy current trivially conserved currents Jé
which appear at least at first order in derivatives. The modified entropy current will still
have non-negative divergence and will be proportional to the entropy density at zeroth
order in derivatives. In the effective action these contributions to the entropy current may
be generated in the following way.

Consider a trivially conserved super-current Jic whose bottom component is Jé. An
example of such a current in 2 + 1-dimensions is J% = ijijk. More generally such a
current will always locally take the form Ji, = “1-+d-19; V Consider the redefined
action

igenig_1-
_ _ 1.
/ dledfdf/—g LY — / dldgady=g (LD — SAJL +O0(A%).  (309)

The redefined action is invariant under 67 when setting A; to vanish due to the conservation
of L. If A;JJL is KMS-odd, meaning K(A;JL) = —AJL (as is “FA;Gji), then this
redefinition disappears after adding the KMS partner term. If, however, it is KMS-even,
then the KMS partner term contributes in the same way as the original and the full
effective action is redefined as

Serp — Sepf — / dlodfdf/—gAIL + O(A?). (310)

This redefinition does not affect the constitutive relations of the currents since the latter
are evaluated at A; = 0. On the other hand the bottom component of the entropy current
is redefined as

St ST Tk, (311)

which is the modification we were after.

If the current Jic can be written as Jic = iil""'dflailvm.“id_l globally, then this mod-
ification to the entropy current is trivial. The total entropy is unmodified. If however
V can only be written this way locally, as for Jic = ijijk when space is compact and
there is a net flux through it, then the total entropy is modified by this term. This lat-
ter, globally non-trivial, redefinition of the entropy current is class C' transport in the
nomenclature of [26,27]. The physical interpretation given there is that this transport
quantifies topological shifts to ground state degeneracy, as one finds in fractional quantum
Hall states.
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6.2.6 Anomaly-induced transport

The two remaining classes of transport in the “eight-fold way” of [26,27] are related to
't Hooft anomalies. In their nomenclature, class A transport refers to those transport
coefficients which are directly governed by 't Hooft anomalies for continuous symmetries,
in that the Second Law fully determines class A transport in terms of anomaly coefficients.
Class Hy transport, like the 72 contribution to the chiral vortical effect in four dimensions,
is described by those transport coefficients which are not tied to anomalies by the Second
Law, but which are nevertheless governed by anomalies for many systems [28,40-43].

A proper discussion of anomalies and anomaly-induced transport would take us some-
what far afield. However, building upon the results of [36,44], it is straightforward using the
inflow mechanism to construct effective actions for anomaly-induced transport. We write
down the effective action for class A transport in Appendix F for any 't Hooft anomaly,
and using [45], those results can be easily generalized to account for Hy transport as well.

7 More examples

In Section 4 we worked out the effective action and constitutive relations for an ideal fluid.
In this Section we consider two more examples. The first is the first-order hydrodynam-
ics of a parity-violating fluid in 2+41-dimensions [9], and the second is the second-order
hydrodynamics of a neutral, parity-preserving fluid in any dimension [29].

To proceed, we must construct the most general possible expressions for Ly,
and LAPC which is compatible with the symmetries of the problem (e.g., coordinate/U (1)
invariance, and possibly parity). While there are few such terms when working at a
low order in the derivative expansion, the number of possible expressions grows with
the number of derivatives, turning the classification of allowed terms in the Lagrangian
into a formidable task. Luckily, there are a few simplifying considerations which we
can use in order to minimize the number of independent terms in the Lagrangian. These
considerations are not new and should be familiar to practitioners of hydrodynamics. They
include using the equations of motion at lower order in the gradient expansion to simplify
the higher order constitutive relations, and utilizing frame transformations in order to
remove ambiguities associated with out of equilibrium definitions of thermodynamic fields.
Let us spell these out in some detail.

In the context of hydrodynamics we can use the equations of motion at lower order
in the derivative expansion to show that some tensor structures are equivalent on-shell.
Consider the hydrodynamic equations of motion,

AB
L77,

VT =GHJY VIR =0, (312)

with G, the field strength associated with the flavor field conjugate to the U(1) current
J#. At leading order in derivatives the constitutive relations for the stress tensor and
current are those of ideal hydrodynamics, given in (162). Inserting these into the equations
of motion, we find, e.g.,

0=V, ,J"=ulup+ pV u + O(d?), (313)

and similar equations when considering the constitutive relations for the stress tensor.
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With some slight manipulations they can be put into the form

9 9
<81€) (uuaﬂT) + (85>T (u#aﬂy) - (6 + P)vuu# = 0(82) )
(%) (W9, T) + @5) (WD) + pV i = O(D?), (314)
v T
P9, T
@ - efPV“:O@Q),

where V), was defined in (254) (V,, = E, — TP}0,v with E, = G,u”), and a* = u”"V,ut.
These relations imply that, on-shell, only one of the three a priori independent one-
derivative scalars (ut0,T,u"0,v,V,u”) are independent of each other, and correspond-
ingly that the vector Ta* + P*”0,T may be eliminated in favor of V.

Next, we can use field redefinitions to remove some terms from the constitutive rela-
tions. Recall that the constitutive relations are inherently ambiguous. Within the deriva-
tive expansion one may use a field redefinition of the hydrodynamic variables, e.g.,

T —T+0(d), (315)

which leaves the leading order constitutive relations invariant, but modifies them at first
and higher order in the derivative expansion. Like all field redefinitions, this change
modifies the equations of motion but not physical observables such as correlation functions
of the stress tensor or current. The field redefinition ambiguity is well-known in the context
of hydrodynamics and is often referred to as a choice of frame [1]. Perhaps the most
commonly used frame is the Landau frame, where the hydrodynamic variables are fixed
by the conditions

wTy = —€uy, u'J, = —p, (316)

where € is the thermodynamic energy density satisfying e = —P + T (g:?)# + u (g—i)T

with P the pressure and the charge density is p = (%)T' (See (163).)
More operatively, we can begin with the most general frame and decompose the stress

tensor and current into components parallel to, and transverse to the velocity,

JH = NuH +vH |

(317)
T = Eurtu” + PP 4+ ut¢” + u’g" + 71,

where N = p+0(0),€ =€+ 0(9),P = P+ 0(9), u'q, = u'v, = P*71,, =0, utr,, =0,
and (v, q", %) are all at least first order in derivatives. Redefining the hydrodynamic
variables as

w— 4o, T—T+6T, ut — ut + out (318)
with
dwp Orp\ (op) _ (N—p
(8,,6 Ore) \oT | E—¢€)’ (319)
and
Sut = —g" (320)

will bring us into the Landau frame (i.e. set the quantities N’ — p, £ — ¢, and ¢/ to vanish
at first order in derivatives),

Ty = —cu, + 00,  u'J,=—p+0(d%). (321)
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Once the constitutive relations have been brought to Landau frame at first order in deriva-
tives, reiterating this procedure allows one to enforce the Landau frame condition (316)
to all orders in gradients.

In our Schwinger-Keldysh effective theory we may also use the leading order equations
of motion to eliminate unphysical terms from the action and super-constitutive relations.
Recall that deforming the action by a term proportional to the equations of motion does
not affect any observable. The super-equations of motion are

Vv, T9 =643, WV, J3=0. (322)

In Section 4 we found the super-stress tensor and super-current at leading order in deriva-
tives

T = eU'w + PP7 +0(9), J'=pu' +0(9). (323)

The equations of motion at leading order in derivatives are then supersymmetrized versions
of the ordinary equations of ideal hydrodynamics (314),

(5) @om+ (). wor )~ (c+ PV = 0(0?).

oT )
(8") (WO,T) + (‘9p> (U, ) — pW i = O(8?) (324)
8T ! 8y T ! p ! ’
i PijajT p i 2
T €+ PV =00,
with ‘ . ' ‘ ‘
al = UJVJ‘UZ, V; = Gijuj — TPﬂ@j R (325)

and we remind the reader that €, P and p are functions of T and . Within the action we
may then eliminate the a priori independent scalars u’d;T and u’d; in favor of W,;u’ and
SO on.

One might also be tempted to use superfield redefinitions to eliminate couplings from
the effective action. Redefining

XH = XM 4+ §XF, C— C+6C, (326)

where 0X* and 6C are at least zeroth order in derivatives, we find that the change in the
action is of the form

Serp — Sepf — / dod0di =G| (W, T — G*,3") X, + (V:3)C} (327)

where TH = T4 9, XF9; X", V, = (0;X")71¥;, and so on. However, as we will see shortly,
it seems that these redefinitions are not useful—shifting the action by a term proportional
to the equation of motion and then using the equation of motions to eliminate redundant
tensor data will bring us back to our starting point.

Let us attempt to put these tools to work. Consider for definiteness the most general
scalar Lagrangian for a parity-preserving fluid at first order in derivatives,

Lo =G+ p1(UO;T) 4+ pa(u'0; ) + ps WUl + 0(0?), (328)

where the p; are functions of T and . The leading order equations of motion (324) may
be used to eliminate the two scalars u’9d; and W;u® in favor of u’9;T. The most general
scalar Lagrangian becomes

Lo =G+ p1(U9;T) + 0(8%), (329)
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and the scalar part of the effective action becomes

Seff = /ddadﬁdéx/—g (P + p7 (U'D;T) + (tensor terms) + 0(82)) , (330)

with p; = 2(p1(T, ) — p1(T,— )). Consider the field redefinition
XH s XM 4 qui, (331)

where « is a function of T and . According to (327), the action (330) is modified as
Sepf — Sepf + / d0d0d0 /=g (W'dse + (e + P)Vit') a + O(8?). (332)

Using (324) to replace the scalars U’9; and W,;u’ in favor of u’d;T the new term in (332)
simply vanishes and the action is left invariant. While we cannot remove the one-derivative
term p; from the action, it can be removed from the super-constitutive relations by a
suitable redefinition of T, u?, and , which one might call a super-frame transformation.
We leave such a study for future work.

In the examples to follow, we use the ideal equations of motion (324) to remove various
couplings from the effective action. We then compute the constitutive relations, and use
a frame transformation to put the stress tensor and flavor current into Landau frame.

7.1 Parity-violating first-order hydrodynamics in 2+1 dimensions

Let us consider a 2+ 1 dimensional, parity violating, charged fluid to first order in deriva-
tives. The most general Lagrangian for such a fluid is given by
1

L= 5Lo(9.B: V) + 5 LV(g,B: V) DyB, DB, + 5 L'7*(9, B; W) Doy Dy

, . (333)

+ §L” (9,B; V) DyB; Dggy + §L” (9,B; V) Dyg;; DB
and we have suppressed the dependence on T and . We consider the most general Lg to
first order in derivatives and the two-tensor terms at zeroth order in derivatives. In Table
1 we have listed all possible tensor and scalar structures which may contribute to these
terms, where “* is the super-Levi-Civita tensor,

012 1
N 334
=5 (334)

and we have defined the super-projector
PY =g +u'u’, (335)

where U’ = TS is the normalized super-velocity and T = - is the super-temperature.

1
We raise and lower indices using ¢;; and its inverse. For example, ; = g;;3’.

Let us start with the scalar action. The most general action we may write down is
composed of a leading term which we have seen in Section 4 contributes to the pressure
and five additional terms coming from the five scalar quantities appearing in table 1. Of
these, one can be removed via integration by parts, and another by using the equations of
motion, so we end up with

1 - . g )
5 (Lo + Lo) = P+p~BOT+ Mg 7 0 o+ My 7% 0,8y (336)
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Table 1: Possible contributions to the tensor structures specified by (333). In
writing down the entries we have omitted possible permutations of indices. The
super Levi-Civita tensor “* is defined in (334) and the super projection P is
defined in (335). Terms which do not involve the Levi-Civita term are present
in an expansion action to first order in derivatives in any spacetime dimension.
Those terms involving “* are specific to 2 4+ 1 dimensional fluids.

LO Lij Lijk Lijkl

V.5 P EEE 3B % B!
ﬁi&-T 616] P”ﬁk P”ﬂkﬁl
5181 igm m ijmpmk Pijpkl

ijk iVj K ijm mﬁk ikm mpjl
W BTV By L

up to a total derivative. The KMS partner terms imply that P and Mg are even functions
of while My and p~ are odd functions of .
Carrying out the variation with respect to B,; and g4;; we find that

oP op~ oM .. OM= ..
k _ YT nk Y YT iagmp 9. B imp 9. k
Jr (0) = al/IB + ( o B orT + O € /Bzajﬁm + L € /Bzaij> B
_(OMp,  OMp g o\ kg =ik g
< ey ojv + a7 8JT> €3 — Mpge™0;p;, (337)

ij i P L . _ o
T”O :g"JP—{—aiT:iBZﬁJ —{—gsz_ﬁ.aT_ p_aﬁ—i-aiﬁ@y T35z18]
7 (0) oT EN

+ Mg e300, 8, + M ™ 8,,0,87) + Mz e 57)0, By,
where indices are lowered and raised with g,;; and its inverse.

To understand the structure of the tensor terms it is convenient to recast (333) in the
form

| i (B .us. (B
L=-L B; -D L“" D5
9 0(97 7V) + 2 0 (g> 0 <g> ; (338)
with y .
Ll len
AP = <ije ijmn) : (339)

The constitutive relations for the tensor terms can be read off of (237) and are given by

Ji 1 Ogv — G B
(2) _ = . {4 p

where we have defined the matrices

(i€) mn [i€] imn
(1t Lin s Ly
L= (ngke L(_(jk)(mn») o Le= (_ LTk ngm(mn)]) ) (341)
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with

L = L* 7 nin LY

. 1, . . 1 ,- . ~
Lt =g (L"“" F nmmnan”) F3 (me ¥ nmmnanm) :

(342)
LT]k@ Lé]k

L) — @0 £ iy, L)

To compute these expressions explicitly, let us denote

Lij = — Slpij — Sgﬁiﬁj — 83 ik k>
LI = — qiPUBY — o' PI* — g3 BT 575" — g4 o MUY,
L = — iPVBY — ' PI* — BB — MUY,

(Z])(kl TIB ﬁjﬁkﬁl o (Pllekﬁl + Pklﬁzﬁj) —r3 (P’Ljﬁkﬁl _ Pklﬁl/@]) . T4/B(2Pj)(k/6)€)
— psPUpkl _ p pilkpOi _ ( ni(kpl)j 4 nj(kpé)i) —rg B0 InlkgD

(343)
Rewriting (340) in a more traditional form,
Ty =17 (0 = GinB") + 07" (V3B + Vuf) -
ik i jkmn
STy =% (0 — Gup) + 27 (Vo + Vi)
we find
2 = — 5T PY — s BIBI + s B,

A F = — (07 — 61 ) PIUBY) — (0, — 65)B'PF — (65 — 05)8' 3 8% — (65 — 0, )Bac™UBY
APt = — (07 +07)PUBY — (05 +03)8° P — (05 + 05)5' 578 — (0F + 07) BV Y,
2n”“::—rfﬁﬂﬁﬁkBL—r;(P”ﬁkﬁk+fﬂﬂ?5f)—r+5”Pﬁwﬁ@——T+PUF*I—T+PMkP@j
—ry (Pijﬂkﬁl . Pklﬁiﬁ]) ﬁn ( ni(k pt)j 4 ¢ni(k pt) ) +5 5 i n(kﬁé
(345)

where the £ superscript on the coeflicients s;, and r; specifies whether it is even or odd
under CPT,

st = s;i(T,v) £ s(T, —v), rE =ri(T,v) £ ri(T, —v), (346)
and

0; = (@(T,v) £ a:(T, —v)) + (@(T, ~v) £ (T, ~v)),
- _ _ (347)
9@' = (qi(T7 l/) + Qi(Ta _V)) - (Qi(Tv _V) + Qi(Ta _1/)) :

Note that terms associated with the coefficients 7, r;, 7“;[, re, rg, 0, 0f, s{ and s3

contribute to LAP whereas those associated with T3, 0 , 05, r7+ , 1"8 and s?{ contributes
to LﬁB .

To unpackage (337) and (345) let us decompose the fields into scalars vectors and
tensors of the SO(2) symmetry which is preserved under rotations around the directions
of B%. Traceless symmetric representations of SO(2) are given by the combination

PP T — §P”ngT€k = —no¥ + 75", (348)
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with

n= -7, n= TQ (M+ - 27’7 ) (349)

where we have defined
Uiy (PP 4 PPt — plipht) = 77161,
350
/ankﬂq (ije’ﬂik’ + ijeniq +Piq€njk 4 Pikjenjq) _ —2T_25'Z-7 . ( )

We identify n with the shear viscosity and 7] with the Hall viscosity.
There are two SO(2) invariant vectors

LV _ (T st oMz \ Vi 1 Mg -
Jo7i_ — _ p+\pik k i °3 B|\Y B 7
PLJ =sf = o ~ (91 07)P (T3 + azﬁk) ( 5 + By ) 2 T2 5 E

) A 8T
— 28— mk k 7
+<4(91+94)—TMB)63 5m<T3+5a,,/3k>

2Mg  OMg\
( T T )6] BT .
(351)
and
j ik — (o —or\ Vi "+ ik (kT i e
Pi, T, = (9 91)v Tl (T3 +5azﬁk> T (94 +94)v -
Mg Ty in T i im T
- RE (Mg - 27%) G, (S + BO8) — M5,
where we have used
€M BBV kB = B BV LB + €M B BTV By + € B BV 1y (353)
and
BB = 0T /T3, (354)
and the definitions
Vi=E' -TP99,u, Vi=T"* BV,  E' =TeW*pEy. (355)

The three SO(3) invariant scalars are given by

€

g 05 — 05
BiT" 3; =73~ 2T1 50T + —( )6 v

274
_ (2(7"2 +r3)+p” Tg)@ 2MfB QM;{Q’
T5 T T4
X+ (65 —605) sy 1 OMg

Bl = 2T3 (92 9’;) 0+ 5T5

1 e OMZ

2 . —_— —
B -0T + T2ﬁ ov 2 3

P,T =2P — 4 (92— - é;) 8-y — % (r; + rg) o % (4(7«; +ry)— p—T3) 3-9T
oMy
T2

(356)
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with 8 5
z P 3 2  Op 3
=T p'T —T 357
2 OT ov (357)
and where we have defined
Q=T27"B,V ;B , B = —T€9%3,0,By,, © =TPV,p;. (358)

We are interested in the on-shell constitutive relations. Since we are working to first
order in derivatives, we may use the zeroth order equations of motion to obtain on-shell
relations between first order scalars and vectors. To this end, we recast (314) in the form

oP 1 /0P Ry,

. = — —_— . _ Z_] Z] k 0 )
3-9T (86>pe, 3-8y T2<ap>6®, TSP O T+PIBFVB; = 2V,
(359)

where Ry = p/(e + P) and p and e were defined in (163). As should be clear from direct
inspection, the vectors and scalars slightly simplify under (359).

Further simplification of the constitutive relations can be obtained by switching to
frame invariant variables. In [46] it was shown that, to first order in the derivative ex-
pansion, the vector combination PZ-ij + RoT'P;;T 7k B, is frame invariant as is the scalar

combination % (P;;TV —2P) — (%—f) T2 (B,,TZJBJ T2> + (8P) T (B;J" + £). We find

Py J9 4+ RyT P13y, = oVi + 6V + XpE' + xrTe"* 8,0, T , (360)
with
_ R07"4 Roef i
273 2T2 ' 2T’
XE:_ROMg 1 oMy
T T2 ov ’ 361
_ R0M§+2M§_18M§ (361)
XT=""T3 ™ T 8T °
1My 0y OMg 1 s3
G—T<R0<T os | B (Mptgm | 5 5t
and
1 g oP oP i P
—(Py;T —2P) — (=) T*(BTY — ) T(BJ + L
5 (P ) <6e>p (ﬁ bi = T2>+<ap)e (5 +T>
with

1 (/OP\ OMpg oP _
XB== || = 2(— ) M
X5 T((@p)e ov * (86),, B)’

) 1 <6P>6< . 1aMQ>+<1+2(%f)p>MJ

Xo=—7

T |\ ap B T2 gy T ’
(363)
L Y 2<MD>2+_4<8P) + 1(3P>2+
C_T<2TL’>+T6+W ac ), 1\ ), Tare\ap ).

-2 (). (- (50) ) )
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It is straightforward to enforce positivity of the divergence of the entropy current (242)
which implies, via (340) and

oP
;v — GB" = —v - ( ) 3,0
(364)
P oP 1
ViBj +V;Bi = ( 7 2T ( > Bzﬁ]) © — Ro (Vi + Vi) + 7035 »
that
1 oP i oP i
T ( szT(z) —T? ( ) BiB; T, J <8p>€ﬁij(2)_> e
Vi
;P,m (Jioy- + RoT(3)_B;) + —UUT” <0. (365)
Here, T(Q) and J(Zg)i represent contributions to the stress tensor and current coming from
L_ in (341) or, more speciﬁcally, the contribution of terms containing sf, 8;_, 01,05, 05,

or, v, s, rj{, rd and r¢ . Inserting (348), (360) and (362) into (365) we find

e v Vk drio; 0t
_QT - <0, (366)

implying
¢=0, o=>0, n=0, (367)

reproducing the expected positivity of the bulk viscosity, conductivity and shear viscosity.

The on-shell condition (365) is necessary but not sufficient to ensure positivity of the
imaginary part of the effective action. Indeed, to complete our analysis of transport it
remains to solve the Schwinger-Keldysh positivity condition L_ < 0 which in the current

context takes the form
_ (Ba ga> L (B“> >0 (368)

Ya

for any B,; and g,4; and with L_ given in (341). Decomposing
gl = gT'B'F —T?g'p —T?g'5 +47,  By=-T?p +1', (369)
where ¢'3; = 0, b'3; = 0 and 'yi]ﬂj = 3,79 =0, we find

’Y %JTG + Bnbigje m]6+ + Z ( ) 4 <bz> + (g Y b) S1v|>0, (370)
b
with
-
Pt (28 Tf_ T;_ 0%
N _
V = (91_ * s S = r; r; % (371)
2 5 0; 0,  +
2 2 %2
Thus, Schwinger-Keldysh positivity implies that
re >0, 07 >0, V=0, S=0. (372)

The last two conditions constrain the transport coefficients to lie in a convex subspace of
parameter space. For example, V > 0 implies

\2
i >0, s () >0 (373)
4 Y 1 + il .
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Let us collect our results. The constitutive relations for the stress tensor and current
of a 2 + 1 dimensional parity violating fluid in 2 + 1 dimensions satisfies (348), (360) and
(362) which is identical to what was found in [9], but with additional information about
the CPT transformation properties of the transport coefficients: xq, ¢, o, &, Xg, 7 and 7
are CPT even while x5, Y1 are CPT odd.

The terms Xg, XB, Xa and X7 depend only on Mar and My so that these four coeffi-
cients are interdependent. This is not surprising. These relations were observed already
in [6,7] using the equilibrium partition function. Indeed, in our classification scheme My
and Mg are scalar terms which survive in the hydrostatic limit where 6gF = 0. The other
two coefficients p~ and p™ are not hydrostatic but do not contribute to transport; they
vanish when we switch to on-shell frame invariant variables.

We also note that even though we started off with 19 independent coefficients in the
tensor sector, we found only three dissipative transport coefficients, o, ¢ and n and two
non dissipative transport coeflicients, 7 and & all of which are CPT even. This reduction
may have also been argued for by carrying out a frame transformation to, say, the Landau
frame. The structure (344) implies that after such a transformation 11 of the coefficients,
sy, 00 — 0, 05 +05, 05,05, 05 —0;, ri, vy, ry, rf and rd, may be reabsorbed into
a redefinition of the other coefficients and are therefore redundant. In addition, the on-
shell relations (364) together with (344) and (345) imply (among other things) that the
tensor structure associated with ; + 7 is the same as that of s{, that of §; — 63 is the

same as ri and that of 8] + 0, is the same as sj. Thus, had we been interested only

in the on-shell constitutive relations it would have been sufficient to use sf, r# and r¢
as representatives of transport coefficients associated with dissipation and sf{ and r;r as
representatives of transport coefficients associated with terms in the constitutive relations
which do not generate dissipation.

While it seems that the number of coefficients in our action is overly redundant, we
remind the reader that, our main goal in this work was to study the constitutive relations
for the on-shell stress tensor, expanded perturbatively in derivatives. The Schwinger-
Keldysh effective action is capable of reproducing the hydrodynamic stress tensor but
also contains information on the off-shell stress tensor and on stochastic noise associated
with a-type fields. The multitude of coefficients in the effective action encode this extra
information to which the hydrodynamic stress tensor is oblivious.

7.2 Second order neutral fluid in d dimensions

Having dealt with the parity breaking 2+ 1 dimensional charged fluid at the one derivative
level, let us consider transport coeflicients at the two derivative level. Since the number
of independent transport coefficients increases significantly as the number of derivatives
increases (for instance, there are 38 transport coefficients for a parity breaking charged
conformal fluid in 341 dimensions [47]) we will focus in this Subsection on parity preserving
uncharged fluids at second order in derivatives. The Lagrangian in this case takes the form

L= §L0 + §L(Z‘7)(kl)D99”D9’gkl + 5-[/% 2 V’mDengégkl + §L1(" DD Degz]WmDégkl
i 1 ..
- ZL(”)(’“”(’””)5ggmnDeginggm - 5L(”)(kl)(mn)Degz’jDéglegmn7 (374)

where D = DgDy.
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The most general contribution to the scalar terms can be parameterized as follows

% (Lo+Lo) =P +p2 (ViTV'T =T (8- W ) (8- V5"))
=

P+ TP

+ p3 <B : VB]VJT"_ P + TP

V,TVT + 2T (Pl) 2 (V- ﬂ)2>

N 2 . 375
Vzﬁ) + p5(V;8°)? (375)

/

(Vi) (BVT + e Vi) 4 piR + e OR
+ Py (/8 % n) (5 : V/Bn) +p10(Vmﬂp)<Vm p) >

where the coefficients P, p1,...pg are general functions of the super-temperature T and
a ' denotes a derivative with respect to T. At leading order in derivatives the single
contribution to the Lagrangian is the pressure term P. At first order in derivatives there
are no contributions to the scalar part of the action since CPT-odd transport coefficients
must vanish. At second order in derivatives there are 9 independent scalar terms up to
total derivatives. To derive the hydrodynamic constitutive relations, it is sufficient to
consider configurations which are inequivalent on-shell as we did in the previous Section.
We have conveniently organized our Lagrangian so that the terms in parenthesis on the
right-hand side of (375) vanish under the equations of motion. Thus, for the purpose of
computing the on-shell constitutive relations it is sufficient to keep track of only five of
the nine second order terms ps, p7, ps, po and pig.

Contributions from the tensor terms to the transport coefficients have the general
structure

+ 4 (ﬁ’VJ +

1 4 1 i5) (Kl i5) (Kl
§T(g) == (L(_( kD) LLEJ)( )]) (VB + ViBe)

+ va (—L(_( J)(kl))m L!J)(kl)} + L[J(rj)(kl)] + L$ 7)) (k1)) ) (VB + ViBr)

1 1] m ij m
+5 (—L[_(])(kl)] + L) ) Vi (VB + Vi)
n 1 (N_( ICHINE J(r( J)(k’l))) (VB + ViBe)
(376)
with

LHE] (L[(z‘j)(kl)} - nmjnkmi[“j)(’“”]) :

(@) E)m _ L (@HER)m  (pyRym) L =((id)(kD)Ym T (i) (kl))m
L 5 (Lg Ly ) 5 i TN I (Lg Ly ) :
7@ E)Im % (Ll EIm g plantomy %ninjnknmm (EL Ry Flatom)

() ktym _ L (GpwR)m | (GhyR)ym) L L F(@)EDYM | F (i) (kl)ym
L 5 (Lg + L, ) + 277177]77k77177m (Le + L, ) )

iNED)Im 1 i) (kD) m i) (D) lm 1 FEHNEDm T m
A *(LE( DI _ p[(i5) (kD) )+§nmjwmm (Lgn( Nm_ L) (k)] )

2
NG _ ( L) ED)(mn) mnjnknmmnnz«iﬁ(kl))(m“)) (VinBn + Vi)

NI _ (FlGi)G0)mn) _ jnknmmnnﬁ@j)(kl)l(m")) (VinBn + Vi) -
(377)
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Let us decompose the two-tensor terms, LD*D  into zeroth order and first order
terms in derivatives which contribute to first order and second order constitutive relations
respectively,

L) (kD) Lg"j)(kl) + Lgij)(kl) + Ll()ij)(kl) + Lgij)(kl) ) (378)
The zeroth order terms are given by
2L =~y giI s — s (PUBHE! + PR
— 7y BOPDEGY _ g pii pRL_ s pikpli (379)
where the ... include terms which may appear in Lgij ) but will drop out of the action
once we add to it the KMS partner of Lg” )(kl), in this particular case it would be a term
of the form r3(7T) (Pijﬁkﬁl — Pklﬁlﬂj)
The first order terms are given by

QL) — _ <81@ s (ﬁ LT + (%f) e)) (PUB*8 — PMEST) +....  (350m)

Note that the so contribution vanishes on-shell so if our goal is to obtain the on-shell
constitutive relations then we may omit this term from the Lagrangian. We also have

2LIDK) — o) (a(z‘ BN kgl _ q(kgh gi Ba‘) — vy (a(i B9 pl_ (kgD Pij)
— v3 (a(in)(kBl) - a(kPl)(iﬁj)) +..., (380b)
where terms which vanish on-shell have been omitted, and we have defined
a' = P TRV, 6. (380c)
The tensorial contributions to the first order two-tensor terms are
QLgij)(kl) S (Pijakl _ Pkle‘j) ity (ﬁ(iwj)(kﬁl) _ ﬁ(kwl)(iﬁj))
— 1y (WP 4 I EPDT— RGP JEPDEY 4 (380d)
with
ij _pik pjl 2 ij pkl
o =TP"P (Vkﬁl + Vl,é’k) — HTP P®V6,
S o (381)
w" :iTpmpjl (VB —ViBr)

and the ... in (380) refer to expressions which will vanish once the KMS partner Lagrangian
is added. Likewise, we have

—L{PE — —dyy (PUBES — PHEIRT) g — dyy (51378 PI™ — ghglglpIm)
—dys (B(ipj)(kpl)m _ 5(kpl)(z‘pj>m> —dy i3 gk sl gm
— dgs (PSB! + PHBIAT) B™ — dpoBIPIEBD 3™ — dyr PTPM ™ - (382)
— dgsPEPYIBT — dyg (8878 PI™ 4 BR8P
—ds1o (5(z‘pj)(k:pl)m + B(k‘pl)(ipj)m) T,
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and a corresponding term for LDk (which differs from (382) only through its coeffi-
cients which we denote by d,;) and the three-tensor terms

2L (KD(mn) — 4y 3239 BR B A™ B™ + mo B 57 B* B P
+ms (Pijﬁkﬁl + Biﬁjpkl) gmgr
+my (5iﬁj5(kpl)(mﬁn) + ﬁkﬁlﬁ(ipj)(mﬁn)> + ms Bl Pk gm gn
+mg (Biﬂjpkl + Pijﬁkﬁl) P™ |y (Biﬁjpk(mpn)l + /Bkzﬂlpi(mpn)j)
+ mg (pijﬁ(kpl)(m5n) + pklﬂ(ipj)(mﬁn))
+ mg (5(ipj)(kpl)(m5n) + B(kpl)(ipj)(mﬁn))
+mig PTPM BB 4 ama SUPDEBD P gy P PIR g T
+myaBU PO PR oy P PR P
+ mi (PP prl 4 pH pilm pr7)
+ myg PPk prm gy o ( prli pi)(k pym | pm(i pj)(k pl)n> T

(383)

where ... denote terms which do not contribute to the constitutive relations.
Inserting (379), (380), (382) and (383) into (377) we find that L(lw)(kl) are the only terms

which qpntribute to L(,(ij)(kl))‘,‘Lgij)(kl), Li(,ij)(kl) and Lﬁ”)(’“” contribute to Lgﬁij)(kl)}, Léij)(kl)
and L1(n” ) contribute to L[fj JEDIM and LEDE)m) contribute only to NJ(F(ZJ JED)mn) e
other terms which appear on the left-hand side of (377) vanish.
Placing the theory on-shell and shifting to the Landau frame we find that the stress
tensor takes the form - o - - N
T = eu'n? + PPV + 1) + 733, , (384)
where Tg), T(Zg) are first and second order in derivative contributions to the stress tensor
given by
78, == no'l —cPle,
7y = T8 Vol 4 5 R — iy 726 R, ), 4 A0
+ /\101@0{) + )le(iglj) + Agwl@wjg + Malia? (385)
+ [G(TB - V)@ + R + TRy BB + &187 + £20% + &g + €4a?| P,

where we have defined the symmetric traceless combination

. 1 .. . 1 .
Al pI) = §P’kPJl (ApB; + A;jB)) — HP”A’“B;“ (386)

and w? = w" wij. The first order transport coefficients are given by

_2 U P / 3
(== <r5+d_1 + Ty (r1P' = 2r,7°P )) ,

(387)
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Second order transport coeflicients associated with the traceless part of the constitutive

relations are given by

_ds—  ps Do /
T=ore t T T
R1 = — 2p7 )
Koy = — 2Tp’7 ,
Ao =Ao(d2+, d3+, ds—, do—, dio—, p7, P8, P10, t1, M7, M1z, M1s5, Mie, M17, MI8),
1 miz Mg
M= Ly s (358)
ds+  dio— 2ps | 2pi0 | 2t3
A pu— e ——— — JE—
2=t Tt T
dps . 4p1o
)\3 :ﬁ + T2 2T 7,
29 2, dps . 4p1o , 2p
)\4:—F+2T +F+W 4TP7_Ta
and transport which contributes to the trace of the stress tensor is given by
c 2dy_ (P')®  4ds_P' 2dq- N ds_
1= T7 (P”)2 T4 pt T (d _ 1)T
orp’  (P)?
. 2p10 < d—1 + J22 (P”)Q) N 2(d o 2)T2p{7
T3 d—1
2(d—2)ps . 2pgP’ (P'—TP") 2ps(TP"+ P')?
(d—1T T5 (P”)2 T3 (P//)2 ’
d—3 P pLP’
G2 =p7 (d—l +TP”> ~ i
. 2(d — 2)T 2P 2P 2 2p9P/ 4p8P/ 4p10P, 2p/8P/
G\ Tgo1 T TP" d-1) ToP" " T3p’ T T3P’ T2pM’
51 :él(dllfy d5*a d777 dS*? D5y, P17y v
p107 Tl? T27 ,r‘57 T67 ml’ m?’ m37 m67 m77 m107 m127 m147 AR | ml?)’
doy P’ dg_ P d3 P dyp-P 1 o (d-2)T P
2 =ypspr T arspr T arspr ~ apspr Pt ( i1 P”>
3P’
ti n my P’ M5 miy B ngl B ps (T_ W)
T 27°P" 27% T?(d-1) 2T°P" 473
p1o (TP" +5P") PP’ PP’ P'rq T
a5prarepr a2\ prE T TP )
(d=5)T | P’ (d—5)T | p!
b8 ( a1 T W) b1o ( a1 T P”)
63 - T3 + T3
,(20d=2)T 2P\  2pgP"  pgP’ pio P’
I d—1 pr T5pr T2pN 2PN’
(389a)
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and

(d=3)T 3P’ P’ (d=3)T P’ (d=3)T (d=3)T 2P’
p9( -1 P”) 2ps (W T a1 ) 2p10 (W T a1 ) pé( -1 P”)
5 + T3 + T3 + T2

2(d—2)T? 2TP' 2(d—3)T 4P’ WP 2 P piP!
o (_ (d—2) >+p/7 (_ (d-3) ) PP hoP'

§a =

d—1 - pr d—1 - pr T4pr T2 P! TP’
(389b)

where di; = dp; +d,;. The expressions for £; and Ag are exceptionally long and have been
relegated to Appendix E.

An analysis almost identical to the one in the previous Subsection implies that posi-
tivity of the imaginary part of the effective action is ensured perturbatively in derivatives
as long as

T2 T5

r¢ >0, 14>0, (“ 7“2)&0. (390)

The last inequality implies that ¢ > 0 whereas the first one implies that n > 0.

At second order, as noticed by [27,29], the coefficients k1, k2, A3, A4, (2, (3, {3 and &4
are completely determined in terms of p7, ps, pg and p1g and are therefore not independent.
In fact, five of these transport coefficients can be determined in terms of the other three,

K9 :T/-cll ,
¢ ( d—3 P ) N Ky P’
=K — —
2T\ 2d—1) 2rPr) " 2Pr
P (d-2)T 1 P! TK!P'" AP’
G=mi g~ gy ) tel gy 7 )t e T (391)
‘, :hg <d—5 N 3P ) MNP 3TRP 3, <T_ 2P’> Y
4 d—1 TP 4p" 4p" 4" P TP’
P!

d—3 P NP K'T? 1 3P’
Y L T”<T—>.
&4 1 (2(d " 2TP”> op" ~ apr '™ P

We have not found any other relations between transport coefficients.

8 Summary and discussion

In this work, we have classified the possible constitutive relations according to their role
in entropy production and whether they are constrained by an additional unitarity con-
dition which we refer to as Schwinger-Keldysh positivity. We find that certain transport
coeflicients which do not generate entropy are nevertheless constrained to be positive semi-
definite due to the latter condition. This is somewhat surprising since it implies that the
set of phenomenological constraints usually imposed on the constitutive relations is neces-
sary but not sufficient to constrain the transport coefficients of the hydrodynamic theory.
In what follows we will briefly summarize our findings and discuss their implications.

8.1 Summary

Our findings can be summarized as follows. The constitutive relations of the conserved
currents may be classified into two main classes: scalar and tensor terms. Scalar terms
are of the form

1
JA QFW/dd{I:V LO+L0) y (392)
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with the following definitions. The index A is a multi index. If J4 is a conserved charge
current then A specifies a single spacetime index. If J4 is the stress tensor then A specifies
a pair of symmetrized spacetime indices. The Lagrangian term Lg is a function of the
metric g, and possibly an external U(1) field B, which we collectively denote by F4. In
addition Ly depends on a temperature field 7', a chemical potential p, a velocity field u*
and derivatives thereof. In what follows we will use a rescaled velocity field and chemical
potential

Bl = — v="L (393)

We refer to Lo as the KMS-partner Lagrangian. It is obtained from Lo by KMS conjugation

Fy—naFa, Bt — —n,B", V=1V, T—-1T, v— —v, (394)

where nx denotes the CPT eigenvalue of X. The variation with respect to F4 acts on
(T, v, ") as
or — lT?’ BB, 7
09 2 0B,
and other variations of the temperature, chemical potential or velocity field with respect to
F4 are zero. The scalar contributions to the transport coefficients do not produce entropy
and they coincide with what [26,27] refer to as scalar terms.
We find it convenient to further characterize transport according to its transformation
properties under KMS conjugation (394). We will refer to currents which transform as

=B, (395)

JA(V7 F7 B7 T7 V) = UAJA(UVWR _77/87 T7 _V)v (396)
as having KMS-even parity and ones that transform as
JA(V’ F7 67 T7 V) - —WAJA(UVWR _7757 Ta _V) (397)

as having KMS-odd parity. The constitutive relations for the scalar terms are such that
the currents constructed from them are always KMS-even. In the language of Section 6,
we say that the scalar terms are KMS-even.

Tensor terms, which may be decomposed into KMS-even terms or KMS-odd terms,
have the structure

A=V v (tPrarevy,, ¥y, (35Fp))
Ly (398)
ABuq...phq1 ...V
Vi Vi (adPrtartv LV, (55FR))
where the + subscript on o specifies the + sign in the second line of (398) and
Eu Uy Uy
(SﬁBH = VIJI/ — ? s 5/39“1/ = VH ? + Vl, ? 5 (399)

where E,, = G, u” is the local electric field with G, the field strength associated to B,,.
The various classes of transport are determined according to the KMS parity and index
structure of 0. We stress that even though up until now we have used a + subscript to
denote KMS-parity of tensor terms, the + subscript on ¢ is not associated with KMS-
parity, but rather, with symmetry properties of the indices of o, as we now explain. Non-
dissipative transport is characterized by UAB'LL Lot — $af‘4“ 1" and is KMS-even. Excep-
tional transport is also characterized by UAB“ 1 — o BAm 1yt is KMS-odd. Both
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dissipative and pseudo-dissipative transport are characterized by O'ﬁBM Lt — :l:afA“ Lt

and has indefinite KMS-parity, but pseudo-dissipative transport satisfies the additional
constraint

o Mt (N85 FB) (Vg - Vi 65 Fa) = 0. (400)

We summarize the various possible transport coefficients in the first two entries of Table
2.

Table 2: A classification of all possible tensor terms in the constitutive relations
and some of their properties. Here o refers to the tensor structure appearing in
the constitutive relations, KMS parity to the KMS parity of the tensor structure
of the constitutive relations, AS to whether it contributes to entropy production,
SK to whether it is constrained by the Schwinger-Keldysh positivity condition
Im(Sefs) > 0 and Label, to the label of these coefficients in the main text.
Pseudo-dissipative terms are also constrained by (400).

Type o symmetry KMS parity | AS | SK | Label
Non-dissipative o{B = FoBA- + 0 X L[f“]
Dissipative 0B = 4084 | indefinite | >0 | v/ Mj(EA"')
Pseudo-dissipative | 048 = 4084 | indefinite 0 4 Pj([A )
Exceptional 0B = FoBA- - 0o | v | N

The symmetry structure of o, which appears in the second column of Table 2 specifies
the transformation properties of o+ under a swap of its first two indices, e.g., symmetric
dissipative, or antisymmetric exceptional. In the main text this has allowed us to further
decompose transport into symmetric and antisymmetric subclasses. In the third column
we have noted the KMS parity of the various terms in the constitutive relations. The
KMS parity follows from the underlying KMS symmetry of the action which also leads
to the Onsager reciprocity relations. From the KMS parity we can determine how the
various transport coeflicients transform under CPT. The CPT-eigenvalue of a transport
coefficient is simply the KMS parity of the term it appears in, times the KMS parity of
the tensor structure it multiplies. CPT-even coefficients are even functions of chemical
potential, and CPT-odd coefficients are odd functions of chemical potential.

The fourth and fifth column of Table 2 refer to the constraints imposed on the various
transport coefficients. The classification of transport has been carried out with respect
to these constraints. Only dissipative terms contribute to entropy production and are
constrained such that entropy production is positive. All but non-dissipative terms are
constrained by positivity of the imaginary part of the effective action,

Im(Seyf) > 0, (401)

which we have termed Schwinger-Keldysh positivity. Exceptional terms are not con-
strained by the entropy production condition but are nevertheless constrained by the
Schwinger-Keldysh positivity condition. Finally, pseudo-dissipative terms are very similar
in their structure to dissipative terms but do not contribute to entropy production. They
are constrained by the Schwinger-Keldysh positivity condition and satisfy, in addition,
(400).

For ease of reference, we have included in the last column of Table 2 the labels used
in the main text for the various types of transport. Non-dissipative terms were discussed
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in detail in 6.2.2, dissipative terms in 6.2.3 and pseudo-dissipative and exceptional terms
in 6.2.4. We computed the entropy production in (242) and the imaginary part of the
effective action in (244).

The canonical examples of symmetric dissipative terms are the shear viscosity, bulk
viscosity, and conductivity. As far as we know antisymmetric dissipative terms have not
been studied or classified. A relatively simple example of an antisymmetric dissipative
term appears in the second-order hydrodynamics of a charged, parity-violating fluid in
three dimensions. It is given by

£t e””pupu"} (8,, (;) — L;j’) —&t e"Puyu’V, (3,, <;> — ?) , (402)

where P, = g, +u,u, is the projection operator orthogonal to the velocity field, and e#*?
is the Levi-Civita tensor. The superscript on the transport coefficient £ indicates that
ET(T,v) = £F(T,—v). An example of a pseudo-dissipative term can be found in Section
6.2.4. The contribution to the U(1) current,

1
w_ _
J QVU

T %(uaaay)ewuy <Ep ~T9, (;ﬁ)) : (403)
with (T CPT-odd does not generate dissipation but is nevertheless constrained by Schwinger-
Keldysh positivity. This contribution is symmetric pseudo-dissipative. In the particular
example given in Section 6.2.4, where the ordinary conductivity vanishes, Schwinger-
Keldysh positivity sets (- = 0.

It is interesting to note that there are KMS-odd dissipative terms, as well as KMS-even
ones. At leading order in derivatives, all dissipative terms are KMS-odd. This well-known
fact is usually attributed to a breaking of time-reversal invariance by dissipation. However,
note that at higher order in derivatives dissipative terms of either KMS-parity are allowed
by the symmetries of the problem. Moreover, our entire analysis did not require any
input on the CPT transformation properties of the currents. Rather, it required a certain
Zy symmetry which is a combination of the KMS condition and CPT covariance of the
Schwinger-Keldysh generating functional.

Non-dissipative terms do not generate entropy and are unconstrained by the Schwinger-
Keldysh positivity condition. In the language of [26,27] the symmetric non-dissipative
terms are similar to Hy and the antisymmetric non-dissipative are similar to Berry-type.
An example of a symmetric non-dissipative term is

1 W E I E,
Jt ==V (x TPt <a () —”) TPy (a (> —> : 404
where the superscript on x* indicates that it is CPT-even.
The exceptional terms are KMS-odd. These terms do not contribute to the entropy
production but are nevertheless constrained by the Schwinger-Keldysh positivity condi-
tion. An example of an antisymmetric exceptional term is

T =+ (Po? - 200M) (405)
with v~ a CPT-odd tranport coefficient. In the particular setup described in 6.2.4,

where the ordinary viscosities vanish, the Schwinger-Keldysh positivity condition enforces
v~ =0.
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8.2 Discussion

The classification scheme we have presented in the previous Subsection seems to have some
overlap with that of [26,27]. The scalar terms nicely match the scalar terms of [26,27],
the non-dissipative terms are somewhat similar to the Hy and B type transport of [26,27]
and dissipative terms are similarly defined both here and in the work of [26,27]. To the
best of our knowledge, a discussion of antisymmetric dissipative terms has not appeared
prior to this work. An additional difference between the current work and earlier ones
is that, in addition to the tensor structure of the constitutive relations, we have also
characterized transport according to its transformation properties under CPT and KMS.
The constitutive relations characterized as scalar or non-dissipative are KMS-even while
the dissipative terms can be KMS-even or KMS-odd.

In addition to scalar, dissipative and non-dissipative classes we have demonstrated
that there are two novel classes, which we have referred to as pseudo-dissipative terms
and exceptional terms. Pseudo-dissipative transport can be KMS-even or odd while ex-
ceptional terms are KMS-odd. However, unlike dissipative terms, these expressions do not
produce entropy. Nevertheless, they are constrained by unitarity. This is the first instance
where positivity of the divergence of the entropy current is not sufficient to determine the
sign of transport coefficients. Our analysis so far is very preliminary. We have shown
that in extreme circumstances wherein the ordinary conductivity or viscosities vanish,
the Schwinger-Keldysh positivity condition constrains exceptional transport coefficients
to vanish. It is not yet clear to us whether there exists an example of transport which is
constrained by the Schwinger-Keldysh positivity condition to have a semi-definite sign (as
opposed to being strictly zero). Though, we can demonstrate that certain terms which
contribute to stochastic noise (essentially the Fy, type terms which we have not discussed in
this work) are constrained to be sign semi-definite under the Schwinger-Keldysh positivity
condition. We hope to report on progress on this front in the near future.

One cannot help speculate about the realization of the Schwinger-Keldysh positivity
condition in a hydrodynamic context. Perhaps one needs to consider all four components
of the entropy current discussed in Section 5 in order to capture all constraints associated
with unitarity. Likewise, it is not clear how the Schwinger-Keldysh positivity condition
will be realized in holography. There, entropy production is associated with area increase
theorems of the event horizon. While transport is guaranteed to satisfy the Schwinger-
Keldysh positivity condition by unitarity of the dual CFT, it is an open question whether
or not this condition can be geometrized in the gravity dual.

Our treatment of transport, which follows from the Schwinger-Keldysh generating
functional, allows for a direct connection between the standard phenomenological model
of hydrodynamics and the Schwinger-Keldysh effective action. Be that as it may, the
Schwinger-Keldysh effective action provides much more information on the dynamics of
the system than captured by hydrodynamics. Apart from an off-shell formulation, and
a self-consistent incorporation of stochastic noise, it also allows one to study quantum
effects associated with hydrodynamics. The latter requires an effective action which is
valid beyond the statistical mechanical limit discussed in this paper (see however [14,18]).

Given that we have worked in the limit of small #, one should query the validity
of the statistical mechanical limit for conformal field theories (CFTs). The statistical
mechanical limit assumes a separation of scales where the inverse temperature (in units
of 1) is much smaller than the mean free path which is much smaller than the size of the
system. The separation of scales is needed in order to allow for a derivative expansion
(whose control parameter is the mean free path) after setting 7 small. In CFTs the mean
free path is controlled by #i and the hydrodynamical variables. This implies that there is
no separation of scales which implies, in turn, that one can not implement a consistent
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derivative expansion. Omnce again, this raises the question of the relation between the
formulation presented in this work and a hydrodynamic description of large N gauge
theories with finite #, which in some cases can be computed holographically [52]. Naively,
one may hope that in these instances large N may replace small % in order to generate
a co-aligned limit of sources as described in Section 2.2. In this case, the obstruction for
generalizing the analysis from this paper will come from thermal translations associated
with factors of €798 which do not become infinitesimal.

Since the effective action includes more information about the dynamics of the system
than that captured by the classical hydrodynamics, the number of free parameters in the
Lagrangian exceeds the number of transport coefficients in hydrodynamics at the same
order in the derivative expansion. For instance, in the example presented in Section
7.1 for the first-order hydrodynamics of a 2 + 1 dimensional parity-violating fluid, the
Lagrangian contained 23 parameters but only 9 transport coefficients. Parity-preserving
Lagrangians describing neutral fluids at second order in the derivative expansion, described
in Section 7.2 are characterized by over 40 parameters which should be compared to the
12 independent transport coefficients of the hydrodynamic theory. It would certainly
be of value to be able to identify the parameters of the Lagrangian which contribute to
transport. A partial discussion of such an analysis was carried out in Section 7. A more
robust analysis is certainly called for.
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A Constraints on the imaginary part of the effective action

The Schwinger-Keldysh partition function satisfies the inequality (8a),
1zl <1. (406)

Since this equation plays a central role in our work we reproduce its proof which, as far
as we are aware of, was first carried out in [25].
Consider the quantity
A=Tr (UT pV) , (407)

where U and V are unitary operators and p is a density matrix. We write p in its eigenbasis,
p=>,mnn)(n|. Then
A= Z Fa(n|V|m)(m|UT|n) . (408)

m,n
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Using the Cauchy-Schwarz inequality we find

A]? < (Zrm\<m|vvf|m>]2> (Zrm‘<m|UTUm)‘2> —1, (409)

where the second equality follows from unitarity of U and V and )", r, = 1.
Given (1),

Z[Ay, As) =T (U[Ar]p-oU'[A)) | (410)

it follows by the above lemma that
Z| <1, (411)

which is what we set out to prove.

B Diffeomorphisms and the action of ()

In this Appendix we obtain the transformation laws for the ghosts Xg , X, Cg and C
under target space diffecomorphisms and U(1) transformations, as well as the modified
transformation laws of the a-type fields due to the ghosts. We assume that ¢ commutes
with r-type diffeomorphisms and U (1) transformations, whose action we denote by d,., but
not a-type transformations, which we denote by 4.

We begin with the X 5 -ghosts. Recall that the action of @) on the X-supermultiplet is
given by

QXM =Xg, {QX5}=[Q.X}1=0, {Q X=X},
and that the action of r-type transformations on X#,
6, X} (0) = =& (Xr(0)) -
Acting with J, on the first commutator, we find
5, XL = 6,(Q, XP] = [Q,0,X] = [, —€4(X,)] = —XL0,E4(X, (o)), (412)

where in the second equality we used the assumption that () is inert under §,.
Let us now turn our attention to the transformation laws for X/ under J,. By as-
sumption is given by
60Xl =—-X0,8"(X,(0)) + ghosts . (413)

By assumption, d, commutes with @ and so [Q, 6, X,] = 0. A straightforward computation
yields

(@, =X50,67 (X1 (0))] = = XG0 (X50,81 (X (0))) + X (9, X5) 0,81 (X ()

vp ) (414)
= — X5 X50,0,& (X (0))
(The first term in the variation comes from [@Q, £/ (X,(0))], and the second from [Q, 0],
on using that 0, = 6%.) A similar computation shows
[Q, = X5 X70,0,8! (X (0))] = X5 X70,0,8 (X () , (415)

and so the r-variation of X* must be

6, Xy = =X, 0,6 (Xr(0)) — XgX70,0,6 (Xr) +{Q, X'} - (416)
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Given [Q, X} = X} and [0g, d,] = 0, it is straightforward to compute the r variation
of X//. We find

5, X1 = — XY, (X, (0)) + XL (417)

We choose X' = 0. Putting the pieces together, we find that the r-transformation laws of
the ghosts are

6TX5 = —X70,6 (X (0)) 6 XY = —X]0, (X (0)), (418)
and that the transformations of the a-fields are modified in the presence of the ghosts as
6, X} = =g Xp(0)), 0 XY = X081 (Xe(0)) — X7 X70,0,61 (X (0)) . (419)

The a-fields in (33) vary under a-transformations, and as a result we do not require
that a-transformations commute with (). In this work we take a simple choice for the
action of a-transformations on the X-supermultiplet: we take the ghosts to be inert, and
the bosonic fields to vary according to

B X =0, 6.XE = —E4(X,(0)). (420)
A similar computation shows that the C-ghosts vary under r-transformations as
6,C5 = —XLOA(X (), 6,0y = —XLDuA (X (). (421)
and the transformation laws of the bosonic C’s are modified as
5,Cr = —M(X(0)),  6:C = —XPOMX,(0)) — XEXZ0,0,A(X,(0)) . (422)

We take the ghosts to be invariant under a-transformations, and for the bosonic fields to
vary as

0,Cr =0, 0aCa = —Aa(X;(0)) . (423)

C Comparison with previous work

In this Appendix we compare our construction to the work of [19,21]. Let us start by
considering the explicit form of the superfields. Expanding in components we have

B, =B,; + H(E@BW&X;‘ + (92057) + §(£¢Bw0inf + 81Cg) + é&[)’ai , (424)
where we have defined

_ . , 425
aiXﬁ(quzBr“ = aiXﬁqu@bk&j@kBm + o7 (OZ-X;‘)@J-BW + (&Xg)wJ@ij . ( )
By comparing this result to Egs. (5.35) and (5.46) of [19], and by substituting
v < 1,7, < 1 and noticing that 51&15 < L,, we see that the equations agree up to
a minus sign of the top component which arises from the fact that the authors of [19] use
a different convention for the @ charge, namely 0o = 05 — 160g.
Next, let us compare the structure of the KMS symmetry. In the statistical mechanical
limit we have

K(Bri(0)) = niBri(o),  K(Bai(0)) = ni(Bai(o) + i63Bri(0)), (426)
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and for the dynamical variables

K(X[0)) = nuX2(0),  K(X}(0) =, (XE(0) +iB0XYE) |

. (427)
K(Cy(0)) = Cr(0), K (Co(0)) = Co(0) + iB'0,C,p(0) .

On the other hand, the dynamical KMS transformations of [19,21] are given by (using
their notation)

XHMo) = —XF(-0), Xt(—0) = —Xl(—0) —ipf*(—0) + B,
0) = —(¢a(—0) +iB'Oipr(—0)) , (428)

@r(0) = —pr(—0), Ga(
App() = Avp(—2), A (@) = Agp(—2) +iL gy Arp(—2)

where ¢, o <+ C,. 4 in our notation and 3(o) = Boe™@), i = B(o)ut. Clearly the dynamical
KMS transformation differs from our K. However, the dynamical KMS transformation
of [19,21] includes a PT flip, rather than a CPT flip, and moreover is formulated in even
spacetime dimension where one can take 7; = 1, = —1. Accounting for these facts, we
find that our K acts on the dynamical fields in the same way as their dynamical KMS
under the integral. The only minor difference is that in our formalism dz includes a flavor
transformation Ag aside from the Lie derivative along 3.

Let us turn now to the full KMS invariance of the action. Recall that we constructed
a full KMS invariant action (136). This is in agreement with the analysis of [21] around
equation (5.10), where they show that the following conditions are sufficient to ensure full
KMS invariance

1 ~ -
L= i(ﬁc + ﬁc) ) (EC)BGZO == au‘/()u . (429)

From the analysis presented in Subsection 2.5, it is not hard to see that our construction
satisfies these two conditions.

D The structure of tensor terms
The most general expression for rank n tensor terms involving derivatives is
/ d?odfdd LAPC + DyF 4 DzF g DF g, . ..

= / dodfdiL(N™ DyV"F) (VP D;VIF)(V* DV Dy WSF) ... (430)

where LABC1 is a differential operator and L a scalar and we have refrained from writing
most of the indices on the right-hand side of the equation to avoid clutter. The goal of this
appendix is to show that this structure is redundant and that we may, using integration
by parts, remove most of the derivatives.

Consider the two-tensor term
/ d?odfdd LB DgF ADgF g = / d?odfddL(N™ Dy V"F) (VP D;VIF) . (431)

Given

3§V1’Fj = ViagFj + Fkag kij , (432)

we want to show that the rightmost piece in (432) can be absorbed into L(F,d). To do
S0, it is useful to use the identity

1
6 Fij= 59’“”(Vj5gim + V69, — Vindg;;) , (433)
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which can be established by direct computation. By taking 6 = 05 and applying (433) to
(432), we may rewrite (432) as

DgVF;j = Y,;DgF; + Ls(F, V)Dg0,; (434)

with L; a scalar differential operator. Therefore, one can absorb L into a redefinition of
L. Since [Dy, 0;] = 0, a similar argument holds for Dy. Hence, without loss of generality,
a generic rank 2 tensor term with derivatives can be written as

/ dlodfddLAP DyF 4 DgF g = / d%od9ddL(V'™ DgF) (VP DsF)
) , (435)
~— / d%od9dL’ DgF (WP D;F).

To complete this discussion, one should also consider higher tensor terms. These are
generated by introducing the operator D = DyDy. In a generic situation, the differential
operator, say, LABC1 may act on each of the superderivatives,

LABGDFo = LV™ DyV™ Dy V™ F, (436)

where we have suppressed unwanted indices. In this case, one can commute the covariant
derivatives past the super-derivatives in a similar fashion to (435). The only terms which
one might worry about in this process are those arising from

8@W8§F = V(@g@gF) + Oy 8§F = V(ag@gl:) + LS(F, V)@ggc’)(;F. (437)

But recall that higher tensor terms always contain a DyFDgF o 00 factor. This in turn
implies that the rightmost piece of (437) will inevitably produce a pure ghost contribution.
Thus, to summarize, for higher tensor terms, one can restrict the derivative structure to
V'™ DF without any loss of generality.

E Explicit expressions for & and )\
In Section 7.2 we have computed the transport coefficients associated with second order

neutral fluids, as follows from variation of the Schwinger Keldysh effective action. The
expressions for £ and \g were rather long and have been omitted from the main text. We
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present them here.

2mg (P’ dy (P e (P’ 2 (P)Y pf(P)?
_Tll (P”)3 T8 (P”)3 T6 (P")S (P”)2 T2 (P//)2
2d5 (6P" +TP®)) (P')?
T6 (P”)3

di (P'(9P" +2TP®) — T (P")*) (P')? 2 (P

T9 (P”)4 T8 (p//)2

dmg (P')? | 27} (P')*  ph(P'+TP")* P (2P'dy_ —T3d, P") P
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(438)

dg_P' ds_ (TP” + 3P,) dig_ P’ Pld/S_ dmyy

- 2T5p" AT3P" 2T3P"  AT?P"  (d—1)T?
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F Anomaly-induced transport

In this Appendix we write down the Schwinger-Keldysh effective action for field theories
with 't Hooft anomalies for continuous symmetries. There is by now a wealth of literature
concerning anomaly-induced transport in relativistic hydrodynamics, including e.g. [28,
36, 40-45,59-64]. Here we build upon the results of [44], who proposed a Schwinger-
Keldysh effective action for flavor anomalies at finite 77 and without ghosts. Those authors
used somewhat different fluid variables than ours, and it is not clear how to account for
gravitational anomalies within their formalism. Nevertheless it is easy to follow their lead
and write a proposal for the bosonic part of an anomaly action for any anomaly polynomial
with our fluid variables.

We proceed in three steps. First, we write down such a bosonic effective action for any
anomaly polynomial. Second we show that this action is invariant under the KMS symme-
try. Finally, we take the statistical mechanical limit of this action and “supersymmetrize”
it. The end result is an effective action which correctly reproduces the anomalies as well as
all of the other symmetries of the problem, albeit in the i — 0 limit. Throughout we set
the background field A to vanish. (The results of [45] suggest a connection between some
of the properties of gravitational anomalies and A. Probing this connection is certainly
worthwhile but is beyond the scope of this work.)

By construction the hydrodynamic constitutive relations that follow from this action,
after setting the ghosts and a-fields to vanish, are precisely those previously obtained in
the literature. Since we do not learn anything new about hydrodynamics per se, we con-
sider this Appendix an existence proof, demonstrating that a Schwinger-Keldysh anomaly
effective action exists.

We begin with a review of anomalies. See e.g. [36]. Quantum field theories in even
spacetime dimension d = 2n may possess 't Hooft anomalies for continuous global sym-
metries. For our purposes, these anomalies are most efficiently described via the inflow
mechanism. To illustrate the idea let us consider a Euclidean field theory on a manifold My
of dimension d with no boundary (anomalies on manifolds with boundaries pose special
problems [65] and will not be discussed here). Let B = B,dz" be the background flavor
gauge field and I'*,, = T'*, ,dz” the Christoffel connection one-form. Their curvatures are

1
G=dB+BAB= §Gwdfc“/\d:p”,
440)
1 (
RY, =dI'*, + TV, AT*, = 5R“,,pc,da:p Adx?

with R, ,; the Riemann tensor. The anomalies are encoded in a formal d + 2 form
P = P[G,R] known as the anomaly polynomial. It is a polynomial in the Chern classes
of G and Pontryagin classes of R. The anomaly polynomial is closed,

dP =0, (441)
and so can be written as the derivative of a Chern-Simons form
P =dl. (442)

Let M, be the boundary of a d + 1-dimensional manifold Mg, and extend the sources
on My to sources on Mgyq. Then the statement of anomaly inflow is most efficiently
stated as the definition of a “covariant generating functional” Wg ¢y,

WE,cov =Wg+ I, (443)
Map

76


https://scipost.org
https://scipost.org/SciPostPhys.5.5.053

Sci| SciPost Phys. 5, 053 (2018)

with Wg = —iln Zg and Zg the usual Euclidean partition function. The object Wg o,
has the virtue of being invariant under flavor gauge transformations and diffeomorphisms.
The Chern-Simons form is invariant up to a boundary term, and this boundary term is
precisely minus the anomalous variation of Wg. Writing the Chern-Simons form as a
function of {B, G, T, R}, that variation is given by [36]

5 W = 7/ AT+ 0,687, (444)
My
with 91 91
j:@, Tﬂzaruy' (445)

The currents obtained by varying Wg .., with respect to the sources are called covariant
currents. They differ from the currents obtained by using Wg (known as the consistent
currents) by local polynomials in the sources (known as Bardeen-Zumino polynomials)
which are known and tabulated. We refer the reader to, e.g., [36] for details.

The contribution of 't Hooft anomalies to hydrostatic response was computed in de-
tail in [36]. Here we would like to account for 't Hooft anomalies in our Schwinger-
Keldysh effective actions. The reader may think of the terms we write down as Wess-
Zumino terms constructed from the fluid variables. Our starting point is the Schwinger-
Keldysh analogue of the inflow mechanism. Consider a theory with 't Hooft anomalies
described by an anomaly polynomial P and a Schwinger-Keldysh generating functional
W = W{[B1,g1; B2, g2]. The 1 sources live on a manifold Mg, and the 2 sources on a
manifold Mgo. We extend the sources Aj, g1 to sources on a d + 1-dimensional manifold
Mgy11 with Mg as its boundary, and similarly for the 2 sources. We then define a
covariant Schwinger-Keldysh generating functional W, by

Weoo =W + I, — / I, (446)
Mat1,2

where I is the Chern-Simons form evaluated as a function of the 1 fields, and I is
similarly defined. This way W, is invariant under the doubled flavor transformations and
diffeomorphisms. In the remainder of this Subsection we will write down fluid effective
actions for W, rather than W itself. The virtue of this is that, while W is not flavor
and/or diffeomorphism invariant, W, is, and thus our effective action for W, is invariant
under all of the symmetries of the problem. We can then relate the currents associated
with W,,, to those associated with W by subtracting the appropriate Bardeen-Zumino
polynomial.

We begin by extending the d-dimensional worldvolume My to a d + 1-dimensional
worldvolume Myy; with My as its boundary. We also extend all of the worldvolume fields
to fields on Mgi1. In particular, we extend the thermal data (5%, Ag) to data (B, Ag)
on Mgy, the embeddings X1 (o), X5(o) to mappings X (o) and X2 (o) from Mgyq
to Mgy11 and Mgy 2, and the phase fields C1(0) and Ca(0) to phase fields on Mgy;.
The embeddings and phase fields allow us to pullback the extended sources on Mgy ;
to sources on Mgy, which we denote as Byr(0), B2s(0), and so on. The difference in
Chern-Simons terms in W, (446) may also be pulled back to Mg, 1.

The difference of Chern-Simons forms may be split into an exact term and a bulk term,

I - I, =dWi2 + Via. (447)

By construction Wig is a non-invariant d-form and V5 is a flavor/diffeomorphism-invariant
d + 1-form. There are simple integral expressions for both Wiy and V2 given in [36].
Since the covariant generating functional is invariant under flavor transformations and
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diffeomorphisms, our candidate contribution of the anomaly to the effective action of the
covariant Schwinger-Keldysh generating functional W, is

Sanom = Via. (448)
M 41
The effective action Sypom is a Wess-Zumino term for the anomalies: it accounts for the
microscopic anomalies, and it is a topological term on a closed manifold as we presently
demonstrate. On a compact manifold the action (448) is just the difference of Chern-
Simons terms, Sgnom = [ It — Is. The flavor and spin currents that follow are [36],

0P 0P
0By’ - ORMy
and similarly for the 2 fields. Here x is the Hodge star operator, and the stress tensor is
given by suitable derivatives of the spin current. These currents are identically conserved
on account of the flavor and diffeomorphism invariance of the action Sunom [36]. However,
on a compact manifold the equations of motion for the X and C-fields are the conservation
of these currents, and so those equations of motion are automatically satisfied.

Thus, despite extending the various fields from d-dimensional ones on My to
d + 1-dimensional ones on My, the equations of motion for X and C' that follow from
Sanom only have boundary terms. There are no d+ 1-dimensional fluid degrees of freedom.
Moreover, the equations of motion for the dynamical fields are precisely the anomalous
Ward identities of the anomalous microscopic theory. (More precisely the equations of mo-
tion become the Ward identities for the covariant stress tensor and flavor current. See [36].)
That is, the anomaly action (448) correctly accounts for the microscopic anomalies (as ex-
plicitly demonstrated in [44] for non-gravitational anomalies).

The action (448) respects the (bosonic) Schwinger-Keldysh symmetry as well as the
reality condition. In the absence of ghosts, the Schwinger-Keldysh symmetry is the state-
ment that the action vanishes when setting the a-fields to vanish, which the action Sgnom
clearly does on account of (447). The action is purely real and odd under exchanging 1
and 2 fields, and so it respects the reality condition.

We presently take the statistical mechanical limit of the anomaly action, and then
supersymmetrize it. Before proceeding, it is expedient to break up the action (448) into
a form that appears to be more complicated, but which will be useful when supersym-
metrizing. We define independent velocities, temperatures, and chemical potentials on
Md+1 via,

*LNM

. (449)

urr = TigirsB”
1

V—=g11,8787’ (450)
pr =T (51311 + Aﬁ) ;
(r)' s =Ti(Dy) 8",

and similarly for the 2 fields. Here up is the spin chemical potential [36], the gravitational
analogue of the flavor chemical potential p and D; the covariant derivative with respect
to g177 - We also define “hatted” connections and curvatures,

T =

B; = B; 4 juuy,

A G, =dB; +B; ABy, (451)
T =T+ (k1) yar,

R) y =d@) + @) e A (D)K.
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We then decompose

I, -1, = (Il — il) — (12 — iQ) + (il — ig) , (452)

where I; is the Chern-Simons form evaluated on the “hatted” 1 fields and similarly for
I>. Each term in parentheses can be written as the sum of a non-invariant boundary term
and an invariant bulk term, i.e.

I, - I, = dW; + Vy,
I, — I, = dWy + V5, (453)
I -I,=dW+V,

and so

Sunom = /M » (Vi-Va+ V). (454)

The V1 and Vs are relatively simple and are closely related to the anomaly effective action
in hydrostatics. Decomposing the derivative of u; into longitudinal and transverse parts,

du; = —u; Aaj 4+ 2wq, (455)
where (w1)77(u1)” = 0, they are [36]
up A
Vi=— - 4
1= g (731 Pl) ; (456)

and similarly for V. In equation (456) we have divided by a 2-form which may seem a bit
jarring at first sight. This type of notation is explained in detail in [36]. The gist is that
the difference u; A (P — P1) is a sum of terms of the form (2w;)"t' AV, with n = 0,1, ...
Dividing by 2w is an instruction to replace (2w1)"™! A V,, with (2w1)™ A V.

Let us now take the i — 0 limit. Recall that in this limit we take the a-type fields to
be O(f). Because the coefficients of the anomaly polynomials are numbers, the effect of
the i — 0 limit is, in terms of an expansion in a-type fields, to only keep the leading O(a)
term in the action. A simple computation gives that

. Sanom 5Vr 6Vr ~ a'Pr PN a’PT

Sa = lim 22 /Md+1 (EBQI—F%%U%—BG/\@—GT—HFG) JAW]) . (457)

Here we have defined V,. to be the transgression form V in (456) evaluated as a function of

the r-fields, and similarly P, to be the anomaly polynomial P as a function of the hatted

r-fields. The first two terms come from the 7 — 0 limit of V1 — Vg, and the last two from

\Aflg, upon using the explicit formulae for transgression forms given in [36]. These last two
terms may be further simplified, by using that

Bléaf — 07 5K(fa)51( = 07 (458)
and R
G187 = 03B, 1, (R gkt = 05T ) k. (459)

Because the integrand must have one leg in the [ direction and B, and T do not, it follows
that

oV oV
Sa= [ {sztBur+ "
M1 {5Br1 I g

(460)
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where

B, = B, +id3B,, (To) s = (To) s +i05(T) . (461)

The virtue of writing the bosonic anomaly action is this. We recognize the first line as
a scalar term, and the rest, because it is linear in both an a-field and a a-field, as a tensor
term. Written this way it is straightforward to verify that the action respects the bosonic
KMS symmetry, as well as to supersymmetrize the bosonic action, which we do now.

In addition to extending the thermal data and bosonic fields to fields on My, we
extend the ghost partners to ghosts on Mqy1. As above, we group the pullback fields into
superfields as

XM= xM+ox} +0x) 4+ 00X},
C=0C,+0C;+0C, +00C,,
Br = (B, a(X) + 00B, 1 (X)) 0rXM + 9,C, (462)
91J = (ngN(X) + e_egaMN(X)> XM XN

1
o 591L (079xL + OKx9sr — OL9JK) ,

along with supercurvatures Gr; and R! jxr. We also construct a fluid velocity, tempera-
ture, chemical potential, and spin chemical potential superfield via along with supercurva-
tures Gy and R jx1. We also construct a fluid velocity, temperature, chemical potential,
and spin chemical potential superfield via
u[ — Tﬂl,
_ 1
V—=091,8787" (463)
=T(B'Br + Ap),
(R s =TV,p,

I

as well as hatted superconnections B; and ! x and hatted supercurvatures Gy and
R ;x1. We define the super anomaly polynomial P and its hatted version P via

P= P(G> RIJ) ; IS = P(G7 FAQIJ) ; (464)

along with a super transgression form V,

A

u
V:2—/\(P—P). (465)
The supersymmetrization of S4 in (460) is then
i B P L
SA:/ dodo{ v — iTu A (LAD@G/\DQ-G—I—f/\DQ T, AD; %,
+ LIS A (DQB A D*AIJ + D@AIJ A D*é))}
OGOR! ? L
which is the main result of this Appendix.
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