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Non-equilibrium effective field theories Hong Liu

1. Introduction

1.1 Effective field theory

The goal of many-body physics is to explain and predict macroscopic phenomena. It is, how-
ever, in general not possible to compute macroscopic behavior of a system directly from its mi-
croscopic description due to large number of degrees of freedom involved. Fortunately, for many
questions of interests, one can separate the degrees of freedom into “UV” and “IR” variables, with
characteristic spacetime scales of UV variables much smaller than those of interests. The effects
of UV variables average out and one can then focus on the IR variables. Typically the relevant IR
variables involve a much smaller set of degrees of freedom, and the system is greatly simplified.

Consider, for example, the partition function of a system at some inverse temperature f3,

Z=Tre P = /Dl;/e_lo["’] (1.1)

where Y denotes collectively all microscopic variables, and I is the microscopic (Euclidean) ac-
tion. Now imagine separating the variables into {y} = {@} + {x} where ¢ and y represent re-
spectively UV and IR variables, and integrating out ¢ we can write the remaining integrals as

Z= / Dy e errlhl (1.2)
€

Igpr is the action for effective field theory (EFT) of slow variables x. It encodes effects of UV
variables and is valid at length scales larger than some UV cutoff scale €.

In reality integration from (1.1) to (1.2) cannot be performed directly. In fact, even the de-
composition into UV and IR variables is in general not explicitly known, as the IR variables y are
often collective in nature and could be related to microscopic variables Y in a complicated way.
Nevertheless, one could often infer the physical nature of y from experimental inputs or physical
reasonings. We can then write down Igpr as the most general theory of ) consistent with the sym-
metries (and constraints) of the system. By definition, /gpr is nonlocal at distance scales smaller
than the cutoff scale €. If we are interested in physical processes with typical scale of variations
L > &, Igpr can be approximated as a local action in a derivative expansion with dimensionless
expansion parameter £dy, ~ ¥ < 1.

The EFT approach has been tremendously successful for many problems in condensed matter
and particle physics, but has been mostly formulated for systems in equilibrium or near vacuum
state. In these lectures we review some recent progress in developing EFTs for non-equilibrium
processes at a finite temperature, including a new formulation of fluctuating hydrodynamics [1,
2,3, 4, 5]" and a new proof of the second law of thermodynamics [6]. At the level of Gaussian
fluctuations, these EFTs share features with the Martin-Siggia-Rose-De Dominicis-Jansses [7, 8, 9]
(sometimes called MSR) functional integral approaches to phenomenological stochastic equations.
However; the EFTs here are derived from first principles, i.e. based on symmetries and action
principle, rather than from phenomenological equations. Furthermore, such EFTs can treat noise
systematically at full nonlinear level.

I There have been many recent activities in an action principle formulation of fluctuating hydrodynamics. See Sec. 6
for other references.
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There are a number of new elements in formulating EFTs for non-equilibrium processes at a
finite temperature. Firstly, the nature of IR variables are very different from those for a system
in equilibrium or near the vacuum. Secondly, while all static properties of an equilibrium system
can in principle be extracted from the partition function (1.1) there appears no such quantity which
can capture all non-equilibrium properties. Thus it is not clear a priori how to set up relevant
path integrals for which an EFT can be defined. Thirdly, non-equilibrium processes often involve
dissipations which are notoriously difficult to deal with using action principle. The purpose of the
review is to explain how to address these issues. For the rest of this introduction, we briefly discuss
the nature of IR variables and connection to hydrodynamics.

1.2 Conserved quantities, local equilibrium, and hydrodynamics

For a system near vacuum, the IR variables can be identified with gapless degrees of freedom:
since it requires a finite amount energy to excite any gapped degrees of freedom, at low energies
only gapless degrees of freedom are relevant. Now suppose we are interested in a macroscopic
dynamical process of the system at a finite temperature, will these gapless degrees of freedom
remain the relevant IR variables? (Throughout this review we restrict to systems in a phase which
is translationally and rotationally invariant, i.e. macroscopically a (quantum) liquid.)

The answer is no. At a finite temperature, there is now a background bath of such gapless
modes. Any additional excitation will quickly be “swallowed” by the bath, and cannot have any
direct macroscopic effect. In other words, while it takes little energy to create such an excitation,
it becomes incoherent quickly. The typical time scale (and length scale) for such an excitation to
become “incoherent” defines the relaxation time 7 (and relaxation length ¢).” In the dispersion
relation of such an excitation, the frequency should have a finite imaginary part of order 1/7 to
reflect a lifetime of order T and becomes “gapped,” thus the standard lore that finite temperature
generates a gap for all excitations.

There is, however, a caveat. Consider a long wave length perturbation of a system away
from equilibrium, i.e. with wavelength A > ¢. Then at a time of order 7, typical non-conserved
quantities will have relaxed back to equilibrium. But for a conserved quantity, which cannot be
destroyed locally, relaxation back to equilibrium can only be achieved by transports. See Fig. 1
(a) and (b). As a result it will take time #; > 7 for a conserved quantity to relax. In particular, as
A — oo,t; — oo, Thus for macroscopic physical processes involving spacetime scales much larger
than 7 and /¢, the only relevant IR variables are those associated with conserved quantities, as
non-conserved quantities can be considered as in equilibrium.

More precisely, non-conserved quantities should be considered as in “local equilibrium” de-
fined by the conserved quantities. To see this, consider a region of size dx satisfying ¢/ < ox < A
in a time range T < 8t < f;. The variations of conserved quantities in this spacetime region are
small and can be considered as approximately uniform. Recall that an equilibrium state is specified

2For most systems in nature, T and ¢ are microscopic, i.e. much smaller than macroscopic spacetime scales of
physical interests. In this review we will focus on such systems. Of course what one means by microscopic and
macroscopic are relative. A somewhat extreme example is the Quark-Gluon Plasma (QGP) created at RHIC or LHC.
The size of a QGP droplet is tiny, of order 10fm, but defines the “macroscopic scale” of interest. The typical relaxation
length of the QGP is about 1fm, which qualifies as being microscopic compared with the size. For a strongly interacting

system, typically T ~ % where f3 is the inverse temperature.
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Figure 1: Relaxation of different types of excitations. The horizontal direction is along some spatial di-
rection. The straight dashed lines denote the global equilibrium values and the solid lines denote values of
some perturbed quantities. (a) Perturbations in non-conserved quantities can relax back to equilibrium val-
ues locally—deviations separated at length scales larger than the relaxation length ¢ relax independently—in
a time of order of the relaxation time 7. (b) Conserved quantities can only relax through transports, i.e.
excesses have to be transported to regions with deficits to achieve equilibrium. (c) In a spacetime region
with ¢/ < 0x < 1,7 < 8t < 13 a system can be considered as in local equilibrium specified by the local
values of conserved quantities.

by the values of conserved quantities such as energy and charge. Non-conserved quantities in this
spacetime region should then be regarded as relaxing into the local equilibrium state specified by
the local values of conserved quantities. In other words, conserved quantities are low variables
which provide the background for fast relaxing non-conserved quantities. In a non-equilibrium
EFT, we integrate out fast variables and concentrate on the dynamics of slow variables.

So far we talked about generic situations. In certain special situations there can be additional
non-conserved slow variables. For example, when a system is tuned to a (finite temperature) critical
point, the order parameter(s) experiences critical slow-down. Its relaxation scales become much
larger than those of typical non-conserved quantities. Such non-conserved slow variables should
also be kept in the EFT.

To summarize, for a generic system, macroscopic dynamical processes should be controlled
by an EFT of slow variables associated with conserved quantities. Given the generality of the
statement, it should come as no surprise such an effective theory has in fact been widely used
for a long time: it is hydrodynamics, and the variables associated with conserved quantities are
usually called hydrodynamic variables. The EFT perspective explains why hydrodynamics has
been so powerful in describing so many phenomena in nature, not only in classical systems such
as flow of water, patterns of weather, star and galaxy formation, but also many exotic quantum
systems including the Quark-Gluon Plasma created in heavy ion collisions at RHIC and LHC (see
e.g. [10, 11]), ultra-cold atoms (see e.g [12]), electron fluids in graphene [13, 14, 15, 16, 17], black
hole physics and gauge/gravity duality [18, 19, 20], and very recently in quantum many-body
chaos [24, 23, 22, 21].

Despite the long and glorious history of hydrodynamics, in our opinion the potential of such a
universal effective theory has far from being fully utilized. Hydrodynamics has traditionally been
formulated as a phenomenological theory in terms of equations of motion (see Appendix A for a
brief review). Reformulating it from first principles as an EFT based on symmetries and action
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principle breaks new grounds in a number of aspects:

1. As equations of motion, the traditional formulation of hydrodynamics cannot capture fluctu-
ations, including both statistical and quantum fluctuations.® Yet these fluctuations are crucial
in many physical contexts, especially in far-from-equilibrium situations, including:

(a) Non-equilibrium steady states and non-equilibrium phase transitions. A well known
example is the onset of Rayleigh-Benard convection which is driven by hydrodynamic
fluctuations, see e.g. [25].

(b) Scale dependence of transport coefficients (long time tail), which can be particularly
pronounced near phase transitions (for example, certain transport coefficients can di-
verge near a critical point due to hydrodynamic fluctuations [26, 27]).

(c) Thereis an ongoing experimental program at Brookhaven National Laboratory to search
for the QCD critical point using heavy ion collisions (see e.g. [28]). The critical point
can be probed through fluctuating properties of the QGP created, as that close to the
critical point experiences large hydrodynamic and order parameter fluctuations (see
e.g. [29] for a recent discussion).

(d) A window into quantum gravitational fluctuations via holographic duality [30].

(e) In chaotic systems such as turbulent flows, tiny differences in initial states grow expo-
nentially with time and can have macroscopic effects. Thermal fluctuations can have
significant effects for turbulent flows [33, 31, 32].

A formulation of hydrodynamics based on effective action will be able to treat these problems
systematically. In particular, one may be able to use powerful field theory techniques to
understand turbulence.

2. In the traditional formulation the hydrodynamic variables associated with conserved quanti-
ties are postulated based on phenomenological considerations. As such the effective theory
can only apply to the regime #; > 7,4 > {. In [1], the collective degrees of freedom associ-
ated with conserved quantities were formulated in a way which does not depend on any long
wavelength expansion. As a result the corresponding effective field theory can in principle
be valid at any scales, as far as one allows certain level of non-locality. Thus the regime of
validity of a hydrodynamic theory can be significantly extended.* In [1] a theory for charge
diffusion which does not use derivative expansion has been given near equilibrium, which
agrees with the exact constitutive relations (again not using derivative expansion) extracted
from holography [38]. A quantum hydrodynamic theory which is capable of capturing time
variations of order 7 has been instrumental for a recent formulation of an effective theory for
operator scrambling and quantum many-body chaos [21].

3 At linear order away from thermal equilibrium this can be partially remedied by including some stochastic “forces”
in the standard hydrodynamic equations, but such a manual fix does not allow systematic generalization to far-from-
equilibrium situations.

4There have been very interesting recent observations of hydrodynamic attractors [34, 35, 36, 37], which also
suggest that hydrodynamics can be extended beyond standard regime of validity.
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3. A formulation based on symmetries and action principle makes transparent theoretical struc-
tures which have been obscure in the traditional phenomenological formulation. For exam-
ple, in the traditional formulation, one has to impose by hand the local first law and second
law of thermodynamics, as well as linear Onsager relations due to underlying time rever-
sal. It is also not clear whether these phenomenological constraints are complete. As we
will see in the EFT approach, these all follow from a Z, dynamical KMS symmetry, which
also generalizes constraints from Onsager relations to nonlinear level [1]. In particular, the
Z, symmetry together with unitarity constraints leads to a novel proof of the second law of
thermodynamics for fluid systems. More recently, the effective action has also been used
to clarify the connections among discrete symmetries, global quantum anomalies, and trans-
ports [3]. New constraints which lie outside the standard entropy constraints have also been
discussed in [39].

The plan of this review is as follows. In next section we discuss non-equilibrium observables
of interests. In Sec. 3 we discuss general aspects of the formulation of non-equilibrium EFTs. In
Sec. 4-6 we discuss various examples. In particular, in Sec. 5 we discuss a hydrodynamic theory
for diffusion and in Sec. 6 fluctuating hydrodynamics for a relativistic system. We conclude in
Sec. 7 with a discussion of other generalizations. In Appendix A we briefly review the standard
formulation of hydrodynamics and in Appendix B a simple example for path integral computation
on a closed time path is given.

2. Correlation functions on closed time path

In this section we first give a general discussion of observables in non-equilibrium systems
and then focus on properties of generating functionals for correlation functions defined on a closed
time path (CTP), which are the main observables we will focus on in this review. For standard
references on closed time path or Schwinger-Keldysh formalism, see e.g. [40, 42, 41, 43, 45, 44].
This section will set the stage for our formulation of non-equilibrium EFTs in later sections.

2.1 General non-equilibrium observables

Consider an initial state at some time #; described by a density matrix pp whose time evolution
is given by
p(t) =U(t,1)poU" (t,1:) - 2.1)

Here U (t,1;) is the evolution operator from 7; to 7, and can be expressed as a path integral from ¢; to
t. It then follows that p(7) can be described as two path integrals, one going forward in time from
t; to t and one going backward in time from ¢ to #; (see Fig. 2a). We can probe the system with
expectation values’

Tr(p(1)V) = Tr(poV (1)) = (V (1)), (2.2)

which can be obtained by inserting operator V at time ¢ along one of the contours for (2.1) and then
taking the trace, which in path integrals corresponds to joining the two segments of Fig. 2a at some

5In (2.2)—(2.3) we have suppressed all spatial dependence, and will often do so below.
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Figure 2: (a) Path integral segments for evolution of a general initial density matrix py. Paths of integra-
tion are indicated by arrows. (b) Equation (2.2) can be obtained by inserting V' at time ¢ on either segment,
and joining the future ends at some time #; > t. (c) An example of the path integral contour for a gen-
eral correlation function (2.3). Depending on the relative magnitudes of #,#,,%3,--- in (2.3), the path inte-
grals can have different number of segments. Shown in figure is an example which require four segments,
Tr(poW (t4)V (12)W (13)V (1)) with 11 < 12 < t4 < t3. To measure such an observable requires that we evolve
experimental apparatus both forward and “backward” in time. (d) An example of correlation function on
CTP, corresponding to Eq. (2.4).

ty >t as shown in Fig. 2b. The resulting contour is often referred to as a closed time path (CTP).
One could also represent general correlation functions

<V(t1)W([2)X(t3) .. '>p0 = Tr(pQUT(l‘l,l‘,‘)VU(l‘],l‘z)WU(lz,Q)X' . ) . (2.3)

in terms of path integrals as given in an example in Fig. 2c. Depending on the relative values of
t1,t,t3,- -+ in (2.3), the contour for the corresponding path integral may go forward and backward
in time multiple times. Due to (2.1), the number of path integral segments is always even. To
represent a general n-point function one needs at most 2[5] segments.

A simplest class of non-equilibrium observables corresponding to correlation functions ob-
tained by inserting operators along the contour of Fig. 2b. This is the most general set which do
not need to evolve experimental apparatus “backward” in time, and thus essentially encompasses
all those observables directly accessible in labs.® An example of correlation functions defined on a
CTP is given in Fig. 2d, which can be written explicitly in operator form as

(PVi()Wi ()i (13)Wa(1a)Va (1)) p, = (T (W (13)V (1)) T (V ()W (2)V (13))) (24)

where # on the left hand side indicates that the inserted operators are path ordered with subscripts
1,2 denoting whether an operator is inserted on the first (i.e. upper) or the second (lower) segment.
On the right hand side of (2.4) we have made explicitly that operators inserted on the first segment
are time-ordered (denoted by 7'), while those on the second segment are anti-time-ordered (denoted
by T'), and the operators on the second segment always lie to the left of those on the first segment.

2.2 Closed time path integrals and r — a variables

From now on we will restrict to correlation functions defined on a CTP contour. In this subsec-
tion we discuss a convenient basis for them and their physical interpretations in terms of response

50Observables such as those depicted in Fig. 2¢, which are called out-of-time-order correlation functions may never-
theless be measured indirectly in labs.
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and fluctuation functions.
Connected correlation functions defined on a CTP contour can be obtained from the generating
functional W defined as (it is convenient to take #; — —oo,77 — oo in Fig. 2b)

M) — Ty [pogbexp (i / dt (614(1) (1) — ﬁz,-(t)(bz,-(t)))] 2.5)

where &; denote generic operators and ¢; their corresponding sources. Note that &}; and 0); are the
same operator, with subscripts 1,2 only indicating the segments of the contour in which they are
inserted, while ¢;; and ¢»; are two different fields. The minus sign in the second term comes from
the reversed time integration for the second (lower) segment. For definiteness we take all operators
O; to be Hermitian and bosonic, and external sources ¢y;, ¢; are real.

It is useful to write (2.5) in a few other forms

V9] — Ty [Po (Te*ifdf ﬁz:’(’)q)zl‘(t)) (Teideﬁli(t)q)li(t))} (2.6)
= Tr (U400, =03 {91:})poU " (o0, —o0; {$:})) 2.7)
Ty [pmexp (z' [ at6ut0:0 +¢r,-<r>ﬁai<z>>>] | 28)

In (2.7), U(t2,11;{;}) is the evolution operator of the system from #; to #, in the presence of external
sources ¢;. In the last line (2.8) we introduced the so-called » — a variables

1 1
Ori = §(¢1i+¢25), Oui = 01i— 02, Ou= 01— 0y, Oy= §(ﬁ1i+ 0y) . 2.9

Path ordered functions such as (2.4) are obtained by taking functional derivatives of W with
respect to ¢’s and then set the sources to zero. For example, correlation functions in the r — a basis
are defined as (suppressing i, j indices)

1 o"wW
Goyoa, (11, 1y) = — =i"(P Oy (t1) - Og,(t)) , (2.10)
o0 ( 1 ) i 6¢d1 (tl)"'6¢dn(tn) - < OC]( 1) Q, (n))
where ay,---,a, € (a,r) and & = r,a for o = a,r. n,, are the number of r and a-index in
{oy,---, 04} respectively (n, + n, = n).

To get some intuition of correlation functions in the » — a basis let us expand (2.5) to quadratic
level in external sources (i.e. consider only two-point functions) in the exponential. We then find

that
j G —iG;; :
Wior. ) = 5 [ dxidss (ou(x),gailn)) <—ié,.+j ot ,) (f;;gg) @.11)
_ L 0 G\ [ 9rx2)
_ 5/d x1d%x; (9i(x1), guilx1)) (G§ iG;é-) <¢a;(x2)> . 2.12)
In the above equations we have used the following definitions
Gf;-(xl,xz) =i(TOi(x1)0}(x2)), Gg(xl,xz) =i(TOi(x1)0}(x2)) (2.13)
G =(0i(x1)0)(x2)),  Gj;=(0;(0)0i(x1)), 2.14)
1
A,-j(xl,xg) = <[ﬁ,’()€1),ﬁj()€2)]>, G‘lsj: §<(ﬁi(x1)ﬁj(m)+ﬁj(xz)ﬁ,-(xl)» (2.15)
Gl =i0(t —n)Aj(x1,x2), G =—i0(a—1)Aij(x1,x2), (2.16)
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where Gg, G4 and Gy are retarded, advanced and symmetric Green functions respectively. See Ap-
pendix B for an explicit evaluation of the CTP path integral at quadratic level in a simple example.
Also note that

Gi(x1,:0) = Gy(x2,x1),  Gi(x1,x) = Gji(x,x1) (2.17)

and the relations
Gr+Gr—i(G,+G_) =0, %(GF—GF—i(G+—G,)) = Gy, (2.18)
% (GF —Gr +i(G4 —G_)) = Gg, % (Gr+Gr+i(G+—G-)) =iGs . (2.19)

Some general remarks on (2.12) and W (suppress i, j indices below):
1. From (2.10) and (2.12) we can read that
Gra(x1,%2) = GR(x1,%2), Gar(x1,%2) = Ga(x1,X2), Grr(x1,%2) = Gs(x1,%2) . (2.20)

We now see the convenience of the r — a basis: correlation functions in this basis are directly
related to response (Gg) and fluctuation functions (Gs). Going beyond two-point functions,
one can show that the r — a correlation functions in fact correspond to the full set of nonlinear
response and fluctuating functions [40, 41, 46, 47, 48]. More explicitly, the expectation value
of an operator & in the presence of external sources of ¢ can be expanded in powers of ¢ as

(O)g = <ﬁ>+/d12Gra(l‘1,l‘2)(P(t2)+%/dtzdt3Graa(tl,tz,t3)¢(t2)¢(t3)+~-- (2.21)

with Gy..., (with n a’s) describing the response of <ﬁ)¢ to external sources at n-th order.
G,..., (with m r’s) is the fully symmetric m-point function characterizing m-th moment fluc-
tuations of &, while G,ms (with m r’s and n a’s) describes the response of m-th moment
fluctuations to external sources at n-th order, e.g. with m = 2, we have

%({ﬁ(rl)ﬁ(tz)})(p = Gr,(tl,t2)+/dt3 Grra(t1,t2,13)P(13) + -+ . (2.22)

Written explicitly in terms of operators G,=,» has a nested structure consisting of n commu-
tators and m anti-commutators, see [41, 1] for some explicit examples.

2. In (2.12) there is no ¢r2 term, i.e. G, = 0, which is due to the first identity of (2.18). This in
fact persists for general n-point functions. In (2.7) taking ¢; = ¢ = ¢, we then find that

Tr (U (+e0, —00; ) poU ' (00, —o0;9) ) = Tr(py) = 1 (2.23)
and thus W should satisfy the normalization condition
Wigi=0,0:=0]=0 or W[g,=0,4]=0. (2.24)
From (2.10), equation (2.24) implies that for all n

Guy=0. (2.25)
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3. Taking complex conjugate of (2.7) leads to a reflectivity condition
W2 01,02] = W2, ¢1] or W'[da, 0] =W[—¢a, 0] . (2.26)
4. By applying the Cauchy-Schwarz inequality to (2.7) one finds that [6]
ReW([¢1,¢2] <0 (2.27)

for arbitrary ¢;,. More explicitly, writing the density matrix as py = Y, c,|n)(n|, where
{|n)} is a basis for the Hilbert space, and 0 < ¢, < 1, ¥, ¢, = 1, one finds, from (2.7),

‘eW[(Pli-,(bzi]‘ —

Y (n|UT (o0, —01 { i U (00, —oo1 {@1;}) [ n)| < Y eu=1. (2.28)

Equation (2.27) can also beeb checked explicitly at quadratic level in (2.12) using that
Ggr,Gy,Gg are real in coordinate space and the definition of Gy in (2.15).

Note that (2.24), (2.26), and (2.27) all have their origin from unitarity of time evolution, i.e.
from U (400, —c0; ¢) being a unitary matrix.
2.3 Thermal equilibrium and KMS conditions

The discussion of the above subsection applies to any density matrix pg. When py is given by
a thermal density matrix, i.e.

1
po = 5e*ﬁ0H . Zo=tr(e Pty (2.29)
0

where By = Tio is the inverse temperature, the generating functional W in addition satisfies the
so-called Kubo-Martin-Schwinger (KMS) condition [49, 50, 51]. More explicitly, using (2.29)
in (2.6), we have

Mowon] — L g [ B0t (g ) o0t ot 91 (1 o) 01

Zy

1 . . - e .
_ —ﬁoH lj ﬁ],‘(])]i(l-‘rle) —lj ﬁz,‘(])z,‘([—l(ﬁo—@))

7 e (Te ) (Te )l (2.30)
= Wr[01i(1+i6),02i(1—i(Bo—6))] (2.31)

where 0 € [0, o] is a constant, and in the second line we have used that for arbitrary a € [— By, Bo]
ot (Teif ﬁ(t)d)(t)) H — ol ﬁ(z)q)(z—ia)7 (2.32)

and similarly for the T ordering factor. Equation (2.32) should be understood as being applicable
under thermal averages and its validity is a consequence of analytic properties of thermal correla-
tion functions. Note that the second line (2.30) has time ordering before anti-time ordering which
is different from (2.6). So in the third line (2.31) we have introduced a new notation to denote it.
Expanding (2.30) to quadratic order in external sources as in (2.11)—(2.12), one finds that Wy
can also be expressed in terms of Gg,Ga4,Gs. From (2.31), one finds the standard fluctuation-
dissipation theorem (FDT) for two-point functions which in momentum space has the form

1 w
—coth BO—

G;Sj(k) =3 5 Aij(k) . (2.33)
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But for three-point functions and higher, the KMS condition (2.30) does not by itself impose any
constraints on W, as Wr is expressed in terms of a different set of correlation functions from W.
Translating (2.30) to path integrals we find that Wy corresponds to the generating functional for the
contour indicated in Fig. 3, with po being the final state. Hence, the KMS condition (2.30) relates
correlation functions with pg as the initial state to those with pg as the final state. It can be readily
checked that (2.30) is a Z, operation; when acting twice one simply gets back W itself up to an
overall time translation, which does not lead to any constraint.

t; Ulty,ti;én) tr t; Uty ti; o) ts
pO: ; ] [ ; :,00
Ut(tg,ti;bo) Ul(ts,ti;da)
(a) (b)

Figure 3: (a) Integration contour corresponding to W. (b) Integration contour corresponding to Wr as
defined in (2.30).

Now let us assume that at microscopic level the system has an underlying discrete symmetry
® which includes time reversal, i.e. [@,H]| = 0. Here ® can be the time reversal .7 itself, or any
combinations of ¥, % with .7, such as ¥4.7. Then combing ® and (2.30) we can obtain a
constraint on W [1]

W(g1(x), 42(x)] = W91 (x), §2 ()] (2.34)
where we have restored spatial dependence with x denoting x* = (x°,x) = (¢,%), and

G1(x) =0 (1+i6,%),  ¢a(x) = O (t —i(fo—0),X) (2.35)
for arbitrary 6 € [0, By]. In the above equation, the action of ® on a spacetime tensor field G(x)
should be understood as

0G(x) =nG(nx),  O°G(x) = G(x) (2.36)

where we have suppressed spacetime indices of G and 1 should be understood as a collection of
phases (£1)—one for each spacetime component for G. See Appendix C for how various variables
transform under different choices of ®. For examples, suppose @ = ¢ 2.7 and ¢ , are neutral
scalars with 1y = 1, then (2.35) can be written more explicitly as

Gi1(x) =1 (—1+i0,-%),  P(x)=do(—1—i(Bo—0),-X). (2.37)

Below we will simply refer to (2.34) as the KMS condition, but it should be kept in mind it also
encodes consequences of microscopic time-reversal symmetry.

We emphasize that (2.34) is fully non-perturbative in external sources. Given that the pres-
ence of finite external sources takes the system far away from the thermal equilibrium, (2.34) thus
constrains the system in far-from-equilibrium situations.

For two-point functions, equation (2.34) with (2.37) implies, in addition to (2.33)

Gji(k) =Gi(—k),  GF(k)=GX(k), (2.38)

tj

10
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the second of which are Onsager relations. Note that the first equation implies that
N S
as Gl-Sj is real in coordinate space and is Hermitian in momentum space.

2.4 Nonlinear Onsager relations and connection to partition function

For higher-point functions the implications of (2.34) become increasingly complicated (see
[41, 1] for some examples). In general it relates nonlinear response functions to various response-
fluctuation functions and thus can be considered the nonlinear generalizations of the FDT (2.33).
It was found in [1] that (2.34) also imposes a set of constraints on nonlinear response functions,
i.e. functions G,,..., with only one r-index. Those constraints can be separated into two classes:
one class can be interpreted as corresponding to nonlinear generalization of the Onsager relations
while the other class tells us how to extract the equilibrium partition function (1.1) (in the presence
of sources) from the generating functional (2.5).

1. Consider a system in the presence of external sources ¢; for operators ;, with one-point
functions of &} in the presence of sources given by (&) ¢- The two-point response functions
in the presence of sources are given by

6(0i(x))
G ysdel)] = —— =0 (2.40)
Y 6¢;(v)
where the notation G(- - -] highlights that G is a function of x,y, but a functional of ¢;’s. The
nonlinear generalizations of Onsager relations can then be written as

G (x,y; $i(%)] = ng,Mg, G (ny, Mx; ©i(3)], (2.41)

where Gfi. (x,y; ¢i(X)] denotes ij is the presence of time-independent of sources ¢ (X) and ®
here should be understood as the extension of (2.36) to time-independent field configurations.

2. Taking the external sources ¢,, ¢, in the generating functional (2.5) to be time-independent,
then to first order in ¢,, the generating functional W can be “factorized,”

Wby, 0a] = i/dd*IX‘(@(a) = 0,8))y Q@)+ = iW[R] =W [G] 4+ (242)

where W[@;(¥)] is some functional defined on the spatial part of the full spacetime, and
satisfies

Wo(x)] = W[O¢(x)] (2.43)

From (2.42), W[¢(¥)] generates the zero-frequency limit of nonlinear response functions,
thus it can be identified as the partition function logZ of (1.1).”

"Note that in W the sources are still Lorentzian sources, so to relate to logZ one should also analytically these
sources to Euclidean signature [3] (see also sec. IV B there for some examples).

11
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3. General structure of EFTs for local equilibrium

We now proceed to formulate the general structure of EFTs for observables defined on a CTP.
We restrict our attention to physical processes whose characteristic spacetime scales are much
larger than typical relaxation scales, i.e. local equilibrium systems.

3.1 The non-equilibrium effective action

Consider the generating functional (2.5) expressed in terms of path integral of microscopic
variables

WV (01:92] :/ DWIDWZeilo[‘lfhfi)l]—i/o[l!/z;(l’z] (3.1)
Po

where y; > denote microscopic dynamical variables for the two segments of the CTP and Iy|y; ¢]
the microscopic action in the presence of external sources. The minus sign in the second term
comes from the reversed time integration for the second segment. The trace in (2.5) is implemented
by imposing in the path integrals

vi(ty) = wa(ty) = vy, (3.2)

at some 7y — oo and integrating over all values of Y.

Now imagine separating the degrees of freedom in terms of UV and IR variables and integrat-
ing out UV variables, we obtain an effective action of IR variables x; » where now should come in
two copies, one for each segment of the contour,

PUATIR Y /DXIDXZ ST 2101322, 02:0] 3.3)
€
where € is the UV cutoff of the effective theory. In (3.3), we should also impose
Xi(ty) = 22(tp) = 27, ty—o° (3.4)

and integrate over Xr. As before it is convenient to introduce r-a variables for X »

1
Xr= 5(%1 +x2), Xa=X1— X2 (3.5

which we will take to be real.

One can write down /Igpr as the most general theory after specifying appropriate dynamical
variables X1 », and symmetries/constraints to be satisfied. Compared with (1.2), the effective action
for a non-equilibrium system in (3.3) has some new features:

1. While the fundamental action in the path-integral in (3.1) is factorized in terms of 1 and 2
variables (i.e. it has the form Iy[y, ¢1] — Ip[y2, ¢2]), due to the initial condition from the state
po and the future boundary condition (3.2), integrating out the UV variables in general results
in couplings between the IR variables y; and x», so that Igrr[X1, X2] is no longer factorized.

2. After integrating out the UV variables, the dependence on pg is also encoded in Igpr. In
particular, that the system is in local equilibrium should be reflected in the structure of Igpr.

12
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3. There are also additional constraints due to unitary time evolution. From similar arguments
which lead to the unitarity constrains (2.24), (2.26) and (2.27) on the generating functions,
we find that /gpr should satisfy

Igpr[21, 915 %2, 2] = —Ierr[X2, 92; X1, 91 (3.6)
Im/gpr >0, for any yi» 3.7
Ieet [ Xr, Ors Xa = 02 =0] =0. (3.8)

The derivations for (3.6)—(3.8) parallel those for (2.24), (2.26) and (2.27) as one can treat
slow modes x’s as “backgrounds” for the fast modes. For more details on their derivation,
see Appendix A of [6]. Equation (3.6) implies that terms in Igpr wWhich are even under
exchange of 1,2 indices must be purely imaginary.® As one expects such even terms will
generically be generated when integrating out fast variables, Igpr is hence generically com-
plex. Equation (3.7) then says the imaginary part of Igpr is non-negative which ensures that
path integrals (3.3) are well defined as |¢/¥T| < 1. Finally equation (3.8) implies that all
terms in Igpr must contain at least one factor of a-fields.

4. Any symmetry of the fundamental action Iy which is preserved by the state py should also be
imposed in the effective action Igpr. For a global symmetry whose transformation parame-
ters are spacetime independent, the boundary condition (3.4) implies ;> must transform at
the same time, i.e. there is only a single copy of global symmetry in Igpr. For example if Iy
is parity invariant, then Igpr should be invariant only under a simultaneous parity transfor-
mation on Y| and ). Note that (3.4) does not constrain local transformations which vanish
at future infinity, so for local symmetries, ¥ > should be able to transform independently, i.e.
there can be two copies of them.

5. The only exception to the general statement of the last item is time reversal symmetry. Sup-
pose both Iy and py are invariant under some time reversal transformation 0.2 Igpr includes
dissipative and retardation effects from integrating out fast modes which can be considered
as a bath for slow variables. Thus in general /gpr cannot be invariant under ®. It turns out
that the time reversal can be imposed along with the local equilibrium condition to which we
will turn now.

3.2 Dynamical KMS symmetry

Now let us consider py given by the thermal density matrix (2.29). The action Igpr should
be such that W obtained from (3.3) satisfies the condition (2.34) which encodes both time reversal
symmetry ©® and the KMS condition for thermal equilibrium. This can be achieved by requiring
Igpr to satisfy an anti-linear Z, symmetry, to which we will refer as the dynamical KMS symmetry
(or local KMS symmetry).

The explicit form of the Z, dynamical KMS transformation of a slow variable depends on
whether it corresponds to a conserved quantity and whether there is a dynamical local temperature.

8Note that the original factorized form of the action in (3.1) is real and is odd under exchange of 1,2 indices.
9As discussed before equation (2.34) ® can be the time reversal .7 itself, or any combinations of ¢, & with .7,
suchas ¢ 2 7.

13
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As an illustration let us consider here the simplest case. Consider a system with pg given by a ther-
mal density matrix with inverse temperature 3y, and suppose the couplings between IR variables y
and the sources ¢ can be written in a linear form

Iert[X1, 913 X2, 9] = "‘+/ddx (X101 — x202) (3.9

where --- denotes terms in the action which depend on x’s and ¢@’s separately. It can be read-
ily checked by formal manipulations of path integrals'® that the generating functional (3.3) satis-
fies (2.34) if we require that Igpr satisfy

Ieer (X1, 015 02, 92 = Ierr [0, 01 X2, 62 (3.10)

where @, » are given by (2.35) and

X1(x) =0y (r+i6,%), X2(x) =0Ox2(t—i(Bo—0),X) . (3.11)
For the case of (2.37) we then have

21(x) =x01(-1+i0,-%),  Ja(x) = xa(—t—i(fo—0),—X) . (3.12)

A symmetry like equation (3.10) is sometimes called a spurious symmetry as one relates the action
for one set of sources to another. In the absence of external sources (3.11) becomes a genuine Z;
symmetry of the action. The quantum form (3.11) as a symmetry to impose thermal equilibrium
was recently also advocated in [52].

The simple form of the coupling (3.9) applies only to non-conserved IR variables, such as
order parameters near a critical points. For x’s associated with conserved quantities, as we will
see in later sections, the couplings are more complicated, especially in cases with local dynamical
temperature. The corresponding forms of dynamical KMS symmetry are also more intricate [1, 2].
We will discuss in detail the explicit forms of the dynamical KMS transformations for those cases
in Sec. 4-Sec. 6, and work out explicitly the constraints the dynamical KMS symmetry imposes on
IgFr.

One remarkable consequence of the Z, dynamical KMS symmetry—which does not depend on
the specific form of the transformations and class of theories, is that when combined with unitarity
constraints (3.6)—(3.8) it implies the existence of an “emergent” entropy current whose divergence
is non-negative [6]. We will review this story in Sec. 3.7.

3.3 Example: Brownian motion

Before proceeding with a further discussion of the general structure of Iggr, let us consider a
simple example.

Consider a free particle placed in contact with a bath of harmonic oscillators [53]. The micro-
scopic action of the system is Iy = [ dr Ly, with

M , =y .2 22 -
L() - Ex +Z E(QI —(Dl» qi)—l-xZ)LiQi (313)
i=1 i=1

101p reality one will encounter divergences which may spoil the validity of formal manipulations. One should make
sure that there exists a regularization procedure which is compatible with the Z, symmetry.

14
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where dot denotes time derivative and the sum ) ; should be understood as an integral in the case
that the bath has a continuous spectrum. The CTP path integral for the system is then given by

Z= / Dx,Dx; / Hthqu ) el =ibb2.a] (3.14)
Po

where py is the thermal density matrix with inverse temperature . Now let us assume M is big
such that the motion of the particle is much slower than those of the bath of oscillators, and we can
then integrate out the bath to obtain

Z= /Dxlez el ) , (3.15)

where Igpr[x1,x;] is the resulting effective action for slow modes x,x;.

Since Iy is quadratic, the integrals for ¢; can be performed explicitly.!! Here we will deduce
the form of Igpr[x;,x2] as an EFT from symmetries: (i) Since the Iy is quadratic, Igpy should also at
most be quadratic in x, = %(xl +x7) and x, = x] — xp; (ii) Since [y is invariant under x — —x, g; —
—¢i, Igrr should be invariant under x,, — —x;, (recall item 4 of Sec. 3.1); (iii) for large M we
should be able to expand Igpr in time derivatives. With these considerations, the most general
Igrr = [ dt Lgpy satisfying (3.6) and (3.8) can be written as

LEpT = —CXgXy — VXgXy + M3, Xq + %Gxi 4. (3.16)
where - -- denote terms with higher derivatives. Furthermore (3.7) requires that
c>0. (3.17)

Finally we should impose the dynamical KMS symmetry. Applying (3.11) to x; » and expanding it
to leading order in derivatives we find that

(=t)=x(t)+---, Ka(—t) =xa(t) +iBodx, () +--- . (3.18)

Requiring (3.16) to be invariant under (3.18) leads to

1
= S0Py >0 (3.19)

where in the second inequality we have used (3.17).
To see the connection of (3.16) with the standard description in terms of Langevin equation,
let us consider a Legendre transformation with respect to x,, i.e. write

i il
ong = 5gzg%re;-xa, (3.20)

where & is a new dynamical variable, and the path integral (3.15) becomes

/D.aneré ei.{dt(_Cxﬂxr_vxgx,<+Mx'<xa+%ééz_’_éxg) ) (321)

1IGee Sec. 3.2 of [45] for details on the exact evaluation.
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The dependence on x, in the exponent is now linear, i.e. it is a Lagrange multiplier. Integrating it
out reduces the path integral to

/D&Dxra(Merrvx,Jrcxr—&j)e—fd’%ﬁz, (3.22)
which is equivalent to the Langvin equation
M5, + Vi, +cx, =& | (3.23)

with a stochastic force & which is Gaussian distributed with variance o,

(§(1)5(0)) = 08(r) - (3.24)

Note that:

e x, corresponds to physical position of the particle, while x, is the Legendre conjugate of the
stochastic force and thus should be interpreted as position “noise”.

e M can be interpreted as the effective mass of the particle (which is in principle renormalized
from its “bare” value M due to interactions with the bath). cx,x, term is an induced potential
from coupling to the bath (notice that the coupling (3.13) is not invariant under a translation
of x).

e V is the friction coefficient, i.e. in general there are dissipative terms.

e The imaginary part of the action (3.16) describes fluctuations, with é controls the scale of
fluctuations of position noise x, (equivalently o controls the magnitude of fluctuations of the
stochastic force).

e The relation (3.19) is precisely the Einstein relation which relates the dissipative coefficient
to the variance of the fluctuating force, here arising as a consequence of the dynamical KMS
symmetry.

e Non-negativity of Im Igpt together with the dynamical KMS symmetry implies non-negativity
of v, which in turn guarantees causality.'?

Finally we should mention that there is no v or ¢ term generated if the number 7 of bath oscillators
is finite. There is a nonzero o and @ only when there is a continuous spectrum of oscillators with
frequencies starting from w = 0, i.e. to generate dissipations one needs a continuum of low fre-
quency modes. Physically this makes sense: only when there is a continuum of modes, can energy
disappear without a trace, thus having genuine dissipations. Note that when there are nonlinear
interactions among bath degrees of freedom or nonlinear couplings between the heavy particle and
the bath, in general nonlinear terms will be induced and - -- in (3.16) could have cubic and higher
order terms in Xx;.,.

2Here causality simply means responses come after disturbances.
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3.4 General structure of equations of motion

The Brownian motion example we discussed in last section is very simple, but the structure
is completely general. Now we show that a general theory (3.3) has a parallel structure. In par-
ticular, one can identify ¥, as representing standard physical quantities, while ¥, the stochastic
counterparts (noises). For convenience let us set the sources to zero.

Equation (3.8) implies that all terms in the action should contain at least one factor of y,. To
make this manifest, we can expand the Lagrangian in ), as

vt = D Ha+ 5% [, a+ O(12) (3.25)

where E[y,] is a local function of x, and their spacetime derivatives, and similarly for £y, d]
except that it can also contain derivatives acting on the second factor of x,, i.e. F is a local
differential operator. By definition, £ should be a non-negative operator following (3.7), and can
be taken to satisfy (up to total derivatives)

Flxr,0] = F*[x,0)] (3.26)

where F* denotes the differential operator obtained by shifting all derivatives from the second ¥,
to the first ¥, in (3.25). From (3.6) the first term in (3.25) is real while the second term is pure
imaginary. Now equations of motion from variations of ), can be written as

E[x]+0(xa) =0 (3.27)

while those from variations of ), will contain at least one factors of y, for all terms. Considering
also the boundary condition (3.4), we can thus consistently set

X =0. (3.28)
In this case we will then have y; = x> = x» = x and equations of motion reduce to
E[x]=0. (3.29)

In other words, in equations of motion there is only one copy of dynamical variables and thus
can be identified as representing standard physical quantities.
Following similar steps as (3.20)—(3.24) one again finds that to quadratic order in ), expan-

sion, (3.3) is equivalent to a stochastic equation with a multiplicative noise!3

E[p, 2] =F2[x, 918,  (E@EW0) =8 (x). (3.30)

Stochastic equations such as (3.30) are usually written down phenomenologically. Except for
near equilibrium situations, the structure of multiplicative factor £ > could only be deduced by
guesswork. The EFT formalism provides a systematic way to derive such factors for far-from-
equilibrium situations. Furthermore, the action (3.25) provides full non-Gaussian structure for
noises in terms of O(y.) and higher, which cannot be captured using (3.30).

13Since F is a non-negative operator, it is well-defined to take its “square root.”
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In the MSR formalism [7, 8, 9], a path integral is obtained by introducing a Lagrange multiplier
to exponentiate the stochastic equation (3.30), and thus the physical content of the resulting theory
is exactly the same as (3.30).'4

The above discussion completely goes through with physical sources turned on, which have
01 = ¢ (i.e. ¢, =0). Turning on ¢, will source the equations for y, and thus y, will no longer be

zero. Thus ¢, can be interpreted as stochastic sources.

3.5 Classical limits

So far our discussion is at full quantum level with a finite . The path integrals (3.3) include
both statistical and quantum fluctuations. In many situations, say at a sufficiently high temperature,
quantum fluctuations may be neglected. One could then restrict to the classical limit 7z — 0.

Before discussing how to take the classical limit in the effective action Igpr, let us first consider
how to take the classical limit in the full generating functional (2.5). Here are the basic inputs:

1. Restoring %, the exponent on right hand side of (2.5) should have an overall factor of %

2. Expanding W in powers of ¢,, ¢,, schematically (we suppress all spacetime integrations and
index summations, etc.)
W=Y Guwol'o] (3.31)
m,n=0

where G,n,n denotes a Green function with n a-subscripts and m r-subscripts and has the
schematic form

1

Grrar = s (O 03) (3.32)

As discussed below (2.20), when written in terms of standard operator orderings, G,m» con-
tains n commutators. In the classical limit each commutator becomes 7 times the correspond-
ing Poisson bracket, and as a result G,n, scales with 7 as

1 1

W'~ — (3.33)

Gronar o~ ST~ 3

Thus in order for (3.31) to have a sensible classical limit we need to scale

O — O, Oy — ho, . (3.34)

i.e. we take the external sources to be

h
5 P h—0, 0, ¢, finite . (3.35)

0=0+0 =05

This makes sense as @, correspond to physical sources we turn on and thus should not scale in the
classical limit.
Now the slow dynamical variables }’s must have the same scaling

fi h
X1 :x+§xa, XZZX_EXM h—0, X, Xq finite . (3.36)

14See [45] for a nice introduction of the MSR formalism, and its relation with the Schwinger-Keldysh formalism.
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There are two ways to argue for this. The first is that slow variables themselves can be viewed as
“external sources” for fast variables. The second is that presence of ¢’s induces x’s, e.g. through
couplings like (3.9), and thus they should have the same 7% scaling. Similarly with Igpr written

schematically as

1

=lger = ) mn AT A (3.37)
m,n

where A, , denote collectively both sources and dynamical variables, then g, should have the
same ‘“‘semi-classical” expansion as G,n in (3.31), i.e.

gmnwhim(1+0(h)+0(h2)+---), h—0. (3.38)
Thus in the limit (3.35)—(3.36), %IEFT should have a finite limit, and the path integral (3.3) survive
the 72 — 0 limit.

That the path integral (3.3) should survive in the 7 — O limit should come as no surprise as
the system still has statistical fluctuations. This is also familiar in the equilibrium context in the
Euclidean path integral (1.1) for a partition function with the Euclidean action Iy having the form

1 1 [hB de
Iy = */ d‘C/d “x% (3.39)
h hJo

In the 72 — 0 limit with B fixed, the range of Euclidean time T goes to zero and to lowest order we
can take all fields in %} to be independent of 7, i.e.

1

1 _ _
%IO = %hﬁ/dd lxa% = Blclassicala h—0, ILiassical = /dd lx-iﬂo . (3.40)

In the classical limit, there is some effective Zgrr which controls the loop expansion of the path
integral (3.3). Again the equilibrium situation should yield a hint: in equilibrium the statistical

fluctuations are controlled by
1
e — 341
eff % ( )
with .4 is the number of degrees of freedom.
Finally note that since equations of motion ignore all fluctuations including both quantum and

statistical ones, thus they should be interpreted as describing the thermodynamic limit.

3.6 Dynamical KMS symmetry in the classical limit

In this subsection we elaborate on the general structure of the EFT action under the dynamical
KMS symmetry in the class limit. Such a structure plays an important role in many subsequent
discussions.

In the classical limit, the dynamical KMS transformations has a particularly simple structure.
As an example, consider (2.35) and (3.11) in the classical limit (3.35)—(3.36) for which we should
also restore 7 in fBy as hfy. Taking /i — 0 with By finite we then find that

0r(x) =00, (x),  Pu(x) = OPy(x) — OBy () (3.42)
1r(x) = Ox,(x), Za(x) = Oxa(x) —i®PBodox(x) , (3.43)
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where O is the anti-linear time-reversal transformation described earlier. Note that the above equa-
tions are exact in the limit 2 — O: it is a finite transformation and we did not perform derivative
expansion.

More generally, as will be discussed explicitly in later sections, the dynamical KMS transfor-
mations have the following structure in the classical limit

A, =0A,,  A,=0A,—iOD, (3.44)

where again A, , denote both dynamical variables and sources, and ®, denotes some expression of
r-variables which transforms under ® the same way as the corresponding A except with an addi-
tional minus sign, and contains a single derivative. It can be readily checked with these properties
and ©2 = 1, the transformation is Zp,

Ay = OA, — 0D, = @A, +i0*D, — i@*D, = A, . (3.45)

An important feature of (3.44) is that it preserves the sum of the numbers of a-indices and
derivatives. This motivates us to introduce the expansion

Lerr=Y. 4, L= Y 2, (3.46)
=1

n+m=lI

where .2 "™ contains precisely n factors of a-variables and m spacetime derivatives. For example,
L =2 (10) contains one factor of a-variables with no derivatives, % = & (200 4 (D) con-
tains either two facotors of a-variables with no derivatives, or one factor of a-variables with one
derivative, and so on.!?

Under (3.44), £ transforms to itself, thus each .7 must be separately invariant. That is, under

the dynamical KMS transformation it must change by a total derivative
G~ L =W, 2= 24[0A,,0A,] . (3.47)

In examples of later sections we will always organize Zgpr in terms of (3.46).

The Z, structure of the dynamical KMS symmetry also implies the following important struc-
ture. Consider a Lagrangian . which satisfies all the unitarity constraints (3.6)—(3.8) and we want
to impose the dynamical KMS symmetry. Due to the Z; nature of the dynamical KMS transforma-
tion, then

=5 (£+2),  Z=2[0A, 00, (3.48)

automatically satisfies dynamical KMS invariance. Note, however, that .2 contains terms with 7-
fields only due to the —i®@®, term in A,. Thus constructed Zpr violates the condition (3.8). We
must then further require that pure 7-terms in .2 must be a total derivative,

L|po=1uVy (3.49)

15 A5 noted below equation (3.30), the MSR formalism for stochastic equations can only treat Gaussian noises and
thus does not capture .Z; for [ > 2.
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where VO“ is some vector (it is real) which does not contain any a-fields. The form (3.48) together
with (3.49) is enough to ensure Zgpr is invariant under both unitarity constraints and dynamical
KMS.

To conclude this discussion we mention by passing that interestingly one can show equa-
tion (3.49) is equivalent to the condition that . is supersymmetrizable [5].

3.7 Second law, emergent entropy and non-dissipative theories

The combination of unitarity constraints (3.6)—(3.8) and dynamical KMS symmetry leads to
a remarkable consequence: there exists an “emergent” entropy which satisfies the second law,
through a Noether-like procedure [6]. The result only depends on the general structure exhibited
in (3.44), not the the specific form of the dynamical KMS transformations. We will review the
main results whose derivation we will refer readers to [6].

Invariance under dynamical KMS symmetry

Ierr[Ar, Ad] = Igrr[Ar, A (3.50)
implies that the corresponding Lagrangian density should change as a total derivative
Lrr = LFr + OV (3.51)
where jEFT = ZEFT [(H)]\a, @f\,}. VH can be expanded in the number of a-fields as
VE =iV v+ (3.52)

where Vk“ contains k factors of a-fields. Now with the Lagrangian written in the form of (3.48) and
satisfying (3.49), one has V' = 0 for k > 0, i.e. only VO“ survives and given by (3.49). However, it
is often convenient to use integration by parts to write terms linear in ), as in the first term of (3.25)
with no derivatives acting on ),. This may generate a nonzero Vlu . Thus it is possible to write the
Lagrangian density of the form (3.25) and to have all the V* = 0 for k > 1.

For such a Lagrangian consider the current

st=vy -Vt (3.53)

where ‘71” is obtained from VI“ by replacing all the A, by ®,. Then one can show upon using
equations of motion (3.29)

%W:%%ﬂ%ﬂ@ﬁm- (3.54)

where --- denote terms which depend on coefficients of terms of order x> and higher in (3.25).
One can show by using (3.7) that the right hand side of (3.54) is non-negative order by order in
derivative expansion.

Furthermore, it is in fact possible to resum all terms on the right hand side of (3.54) to all
derivative orders, and by using Z, dynamical KMS symmetry over and over, to show

AS E/ d? xs’ —/ dxs" =% >0, tr >t (3.55)
t:If 1=t
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where Z is an integral transform of Im Iggr which preserves its non-negativity (3.7):

_ (g T |1 _
%:/dzsinhz(nz) [z(cosh(nz) 1)(F(z)+Fo(z))+F(z)| , (3.56)
and
F(Z) = ImIEFT [Ar,ZCI)r}7 F@(Z) = ImIEFT [@Ar,2®q)r] . (357)

The non-negativity of % clearly follows from (3.7). The conclusion (3.55) thus holds non-perturbatively
in derivatives.

This result implies that there exists a monotonically increasing quantity with time. In next
few sections we will apply the procedure to various classes of theories and show that the quantity
coincides with the standard thermodynamic entropy in the equilibrium limit.

With an off-shell definition of the entropy current (3.53) and its divergence (3.54), we can
define a non-dissipative theory as one which satisfies d,s* = 0. In other words, for such a theory
all the coefficients of the Lagrangian which contribute to the right hand side of (3.54) have to
vanish. In the Brownian motion example of Sec. 3.3 this corresponds to v and ¢ being zero. More
generally, from (3.54) one sees that this non-dissipative condition is equivalent to the statement that
the Lagrangian can be written as

Zerr = Expl X Xa (3.58)

which is invariant under dynamical KMS symmetry by itself. In such a Lagrangian there are no
terms which are quadratic order in ¥, and higher. In contrast, for a general Lagrangian (3.25),
dynamical KMS symmetry relates certain coefficients in E[y,] with those in £ [y,,d] and higher
order terms of y,. It is precisely those coefficients in E[),] which are dissipative. In the absence of
O(y2) and higher order terms one could also see that the dynamical KMS transformation essentially
enhances to a continuous symmetry. The conservation of s# can then be understood from the
standard Noether procedure.

Given the structure (3.58) it is tempting to conjecture that for a non-dissipative theory one
could factorize the Lagrangian (3.58) in a form

Srr = Exe ) 0a = L0 — L) +0(x]) (3.59)

for some local Lagrangian .%;. We will present support for such a factorization in various examples
in later sections, including ideal fluids. But we note that this statement appears to be not true for
systems with anomalies. It can be shown that the action in [3] cannot be factorized even in non-
dissipative limit.

3.8 Role of ghosts and supersymmetry

While it can be readily seen that (3.8) leads to (2.24) at tree-level of the path integral, in [1] it
was realized that loop corrections could potentially violate (2.24). Anticommuting ghost variables
and BRST symmetry were then introduced to make sure the unitarity constraint (2.24) is maintained
to all loops [1] (see also [55, 56, 54]). Intriguingly, it can be further shown that when the BRST
symmetry is combined with the condition (3.49) from the Z, dynamical KMS symmetry, there is
always an emergent supersymmetry [1, 5] and, on the converse, supersymmetry can be used to
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impose (3.49) [5, 54].16 The presence of BRST and supersymmetries in EFTs can be considered as
natural extensions of their appearance in earlier work on functional approach to stochastic systems
and others [63, 64, 65, 66, 59, 60, 61, 62, 57, 58], where connections between supersymmetries
and fluctuation-dissipation relations as well as Onsager relations have been long recognized.

In the context of stochastic systems, the introduction of ghost variables in the functional ap-
proach is not needed when one uses the Ito procedure to discretize the stochastic equation and
thus the path integral.!” The procedure ensures that the Jacobian for exponentiating a stochastic
equation is upper triangular and thus has unit determinant. For an EFT defined in the continuum,
such a procedure cannot be used. Recently a new regularization procedure was introduced in [4]
and it was shown to all loop orders that: (i) Even in the absence of ghost variables, unitarity is
maintained; (ii) Integrating out the ghost action results in no contributions. Thus ghost variables
can be neglected. One key element in the discussion of [4] is the retarded nature of certain class of
propagators in an EFT.'3

In the formulation of [6, 1, 2], the retarded nature of the propagators is a consequence of the
Z, dynamical KMS symmetry and unitarity constraints, and reflects the coincidence of thermody-
namic and causal arrow time [6]. More explicitly, it means that dissipative coefficients of the action
must have the “right” signs—for example, friction coefficients, viscosities, conductivities must be
non-negative—which ensures that on the one hand entropy increases monotonically with time, and
on the other hand the system is causal. We will see these features in explicit examples in the
following sections.

Ghosts and supersymmetry could still be useful if one prefers to use other type of regulators
which break the retarded structure of various propagators or dynamical KMS symmetry. They
will help to ensure the normalization condition and part of the dynamical KMS symmetry to be
manifestly preserved. In this manner, they are pure book-keeping devices, not playing any role in
low energy dynamics.

3.9 Organization of examples

We now proceed to discuss explicit formulations of EFTs for various quantum statistical sys-
tems. We will consider systems with spacetime translational and rotational symmetries, i.e. in a
liquid phase. Energy and momentum are always conserved. Energy density disturbances lead to
local temperature variances, i.e. a dynamical temperature. We will organize our discussion into
three class of systems (recall the discussion of slow variables in Sec. 1.2):

1. With fixed background temperature and no conserved quantities. In this class of examples,
one considers a system near a (finite temperature) critical point whose order parameters do
not involve conserved quantities. If the fluctuations of conserved quantities are neglected, the

16See also [55, 56] which used supersymmetry as an input for constructing an action principle for hydrodynamics.
But note that since supersymmetry only imposes (3.49) it is not enough to ensure the full dynamical KMS symmetry.

7 There are further ambiguities when performing field redefinitions in the path-integral, see [45] for a detailed dis-
cussion.

I8Note that the retarded structure of the propagator causes ghost diagrams to vanish is well-understood in the context
of the Langevin equation, see e.g. [67, 68]. Also the importance of retarded nature of propagators in perturbation theory
for a microscopic theory defined on a CTP was also well known, see e.g. [45].
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macroscopic dynamics of the system is then controlled solely by that of the order parameters
at a constant temperature. As an example in Sec. 4 we will discuss model A of [27], which
describes an O(n) vector model near its critical point. The corresponding non-equilibrium
EFT can be used to study dynamical critical phenomena [27, 69].

2. With conserved quantities and a fixed background temperature. Consider, for example, a
system with a U(1) global symmetry, and we are interested in transports associated with
conserved U (1) charge. When one neglects effects from energy and momentum disturbances,
the macroscopic dynamics of the system is then captured by that for the U(1) current at a
fixed background temperature, which we will examine in Sec. 5. This approximation is
sometimes referred to as the probe limit. The probe limit works well, for example, for a
system with particle-hole symmetry, in which case charge flow and momentum flow are
decoupled.

3. With conserved quantities and dynamical temperature. One now considers the full energy-
momentum disturbances. As an illustration in Sec. 6 we will consider the resulting fluc-
tuating hydrodynamics assuming the only conserved quantities are the stress tensor for a
relativistic system.

With these representative examples, it is straightforward to combine the elements of Sec. 4-6 to
general situations involving multiple conserved quantities and also non-conserved order parame-
ters. For technical details regarding the formulation of a charged fluid the reader should consult the
original papers [1, 2].

4. EFTs I: critical O(n) model

In this section we consider the critical dynamics of a n-component real order parameter y;,i =
1,---,n(i.e. model A [27, 69]) at a fixed inverse temperature f3y. As an illustration we will consider
the classical limit and ® = ¢ &?.7 for which the dynamical KMS transformation (3.11) simplifies
to

X (%) = Xri(—x), Xai(—x) = Xai(x) +Bodoxri(x) - 4.1)

The discussion below follows that of Appendix D of [6] where readers may find more details.
Since (4.1) only involves time derivative we can treat time and spatial derivatives separately.
The Lagrangian can be then expanded in powers of a-fields and time derivatives as in (3.46)

D%EFT:j]—ng-F“' 4.2)

where the subscripts count the total number of a-fields and time derivatives. More explicitly, the
most general form for £} can be written as

L = EyXai (4.3)

where E(i) is a local functions of y,; and their spatial derivatives (but no time derivative). Invariance
under (4.1) then requires that there exists a local function F from which E(i) can be obtained as
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(in (4.4) there are only spatial integrations)

57
5%ri,

£y = F(62) = [ RF (0 0,020),+) (44

In the first equation of (4.4), the minus sign is for later convenience. For .4, after imposing the
dynamical KMS symmetry, one finds at zeroth order for spatial derivatives

L = —Bof 190 xai + if ) K X+ - (4.5)

where - -- denotes terms with higher spatial derivatives and f = fi' are functions of ¥,. Note that
the dynamical KMS symmetry relates the coefficients of the first term which is dissipative (as it
contains only one time derivative) with that of the second term which controls fluctuations of ;.
Equation (3.7) also requires that for arbitrary a;(x)

A ai(x)a;(x) >0 (4.6)

which in turn implies that the dissipative coefficients in (4.5) are non-negative and the propagators
(Xri%aj) are retarded. The total derivative term in (3.51) in this case is

1 . oF oF oF
0 = — cee . [ — . [ 1] s — ) — . “es
VO - ﬁOF + ) ﬁO VO 88i%ri aO%rl + 99?9&1 ataOQCrl az 992)&1 aO%n + (4~7)

1

with Vlﬂ = 0 to the order of derivative considered.
We can now readily write the entropy current to the order exhibited by applying equation (3.53),
which gives
st=Vvg' . (4.8)

One can readily check that after using equations of motion
Aus* = B3 fii%0 X0 >0 . 4.9
At zeroth order in time derivatives we have

"= —BoF, =0 (4.10)

which has the standard form with F interpreted as the (static) free energy density of the scalar
system.

Note that from our discussion of (3.58)—(3.59), £ as given in (4.3)—(4.4) is non-dissipative
and can be factorized as

I = /ddx.,zﬂl :—/ddxF(xl,a,-xl,.--)+/ddxF(x2,a,-xz,..-). (4.11)

Of course at this order the non-dissipative statement is almost triviality as F does not contain any
time derivatives.

25



Non-equilibrium effective field theories Hong Liu

5. EFTs II: a theory of diffusion

In the presence of conserved quantities, the formulation of an EFT has new elements. The
first issue to address is how to identify collective degrees of freedom with conserved quantities
from first principle. There are also additional symmetries one has to impose and new elements
associated with imposing the dynamical KMS symmetry. In this section we shall illustrate the
basic idea in the simplest case: a single conserved current J# associated with some global U (1)
symmetry at a fixed inverse temperature f, i.e. we ignore disturbances in energy and momentum.

We would like to identify the collective variable(s) associated with conservation of J* in a uni-
versal manner, without relying any phenomenological assumptions or details of specific systems.
For this purpose let us consider the generating functional of the conserved current along the CTP

M An] _ Ty <p0 (@ei.fddmluff*ifddXAZAJf) , (5.1)

where py denotes a thermal state of inverse temperature By, and Ajy and Ay are external vector
fields which act as sources for the two copies of the current J° fl and Jé‘ , respectively. The advantage
of considering W is that the conservation of J* can now be converted into a “symmetry” statement
of W[A},A;]. Namely, given that J{f , are conserved, we have

for arbitrary functions A1,4,,! i.e. W is invariant under independent “gauge” transformations of
A1 u and Azu .

In order to obtain an effective action of collective variables associated with J f »» we would like
to “integrate them in,” i.e. write W[Ay,Az,] as

VA Ay :/D(plD(pzeiIEFT[¢17(P2§A1u7A2u]7 (5.3)

where @y > are currently place holders, whose nature we will elucidate in a moment. Igpr should
be such that: (i) Equation (5.2) is satisfied regardless of details of specific systems; (ii) Equations
of motion of ¢;, should be equivalent to conservations of J{f ,. These two conditions essentially
fix the nature of @; > completely: they should be scalar fields and they should always appear with
external fields through the combinations

In other words, ¢, > are the Stueckelberg fields associated with the “gauge” symmetries (5.2). As a
result (5.3) can be written as

eV AAn] /Dq)lD(pz oHEFT[Biu:Boy] (5.5)
By construction, Bj 3 and so the action, are invariant under the following transformations,

Aty = Al oy — i, Q2= Qr2+Aio. (5.6)

19We take A, 2 to vanish at spacetime infinities.
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The integrations over ¢; > then remove the longitudinal part of A; 5, and thus W obtained from (5.5)
automatically satisfies (5.2).
Now define the “off-shell hydrodynamic” currents as

OIgrr O leFT
— = = (x). 5.7
SAi(x) ! ) 8Az (x) 2 (%) oD
It then immediately follows from (5.5) that equations of motion for ¢ > are equivalent to the con-
servation equations for ff_z, i.e.

N T
W == IJ'Jl,Z(x) =0. (58)

Note that correlation functions of currents J{f , for the full theory are given by those of fﬁz in the
effective field theory (5.5). For example,

ow

(PR B )=~ OA 1 (x)0A2,(y)

- / Dy D@, &t 0u0rue) JL Y (y) . (5.9)
A1=A,=0

So far the discussion is very general, and can in principle apply to any systems, zero temper-
ature or finite temperature, normal fluids or superfluids. In general, Igpr is nonlocal. It can be
considered as a mathematical device to automatically capture whatever constraints coming from
current conservation. Now as discussed in the Introduction, for a generic system at a finite temper-
ature, the only relevant slow variables are associated with conserved quantities. In this case (when
we ignore other conserved quantities), the only source of non-locality of W at large distance and
time scales must come from integrating over ¢, thus we expect Igrr has a well defined local
derivative expansion, with the effective expansion parameter £dj, ~ % < 1, where / is the relax-
ation scale discussed in Sec. 1.2 and A is the typical wave length of macroscopic processes we are
interested in. One could also choose not to perform derivative expansion, then Igpr is non-local,
with non-locality controlled by relaxation scale £.2°

Now let us restrict to a finite temperature system (with no other conserved quantities), and
assume that the system is in a liquid phase. There is still a distinction of a normal phase, and
a superfluid phase where the U(1) symmetry is spontaneously broken. It is interesting that if
one directly writes down the most general local derivative expansion of Igpr[B], B3], the theory
describes a superfluid phase. To describe a normal phase one needs to impose a further symmetry,
as follows.

Physically we can view the system as a continuum of fluid elements, and interpret By, (s = 1,2)
as the “local” external sources for the fluid elements, which include not only external fields Ay,
but also contributions from dynamical variables ¢;. For example, we can define the local chemical
potentials as

y(x) = Byo(x), s=1,2. (5.10)

201n contrast for a zero temperature system, there exist in general other gapless modes. To obtain fgpr, they are
integrated out. In that case Igpr is non-local to arbitrary long distance and time scales, i.e. there is no well-defined
derivative expansion.
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Now to describe a system for which the U(1) symmetry is not spontaneously broken, we require
IgFr to be invariant under a time-independent, diagonal gauge transformations of By (to which
we will refer as the diagonal shift symmetry)

Bli—>B’1i:B1i—8il(xi), Bzi%Béi:Bzi—aik(xi), (5.11)

or equivalently

. 1
O = Or—AX'), Qs Qu, <pr=5(<p1+<pz), Qa=P1— 2. (5.12)

The origin of (5.11) can be understood as follows. Given the U(1) symmetry, each fluid element
should have the freedom of making a phase rotation. As we are considering a global symmetry, the
phase cannot depend on time ¢, but since fluid elements are independent of one another, they should
have the freedom of making independent phase rotations, i.e. we should allow phase rotations of
the form ™) with A (x') an arbitrary function of x’ only. As By, are the “gauge fields” coupled to
charged fluid elements, thus the system should be invariant under (5.11). When the U (1) symmetry
is spontaneously broken, i.e. the system in a superfluid phase, the phase freedom for all fluid
elements are locked together, and (5.11) should be dropped.
Let us now consider the dynamical KMS symmetry. From (2.34)—(2.35) the generating func-
tional should satisfy
W[A1,A2] = W[A1, Ay (5.13)

with
Ay (x) =OA1 4 (t+i0,X),  Ayu(x) = @Az, (t —i(Bo—6),%) . (5.14)

To achieve this, we require the action /gt to satisfy

Ierr|B1,Bo] = Igrr[B1, By (5.15)
with
B]H(X) :®Blu(t+i9,f), Bzu(x) :@)Bzu(t—i(ﬁo—e),f) (5.16)
which in turn requires
P1(x) =01t +i6,X),  P2(x) =O@(t —i(fo—0),X) . (5.17)

In the classical limit (5.16)—(5.17) become

ap (%) = OBy (x) — ifo©@0; By (x), (5.18)
Dr(x) = O (x), Pa(x) = O@,(x) — ifo®; @(x) . (5.19)

See Appendix C for how A, and @ transform under various choices of ©.

To summarize, in order to write down the effective theory for slow variables corresponding to
a conserved current in a normal phase, we need to impose on Iggr[B1, Bz] the following conditions:
(i) Diagonal shift symmetry (5.11); (i1) (3.6)—(3.8); (iii) (5.15); (iv) Rotational and translation
symmetries.
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As an illustration here we quote the final action at quadratic order in B,,, and to linear order
in derivatives

Fier = i Bl ABaoBro — OBuidoBr: (5.20)

with o > 0 and y constants. The off-shell currents (5.7) have the form
PR=xu,  J=o(E—-ou)+ i%Bai, (5.21)
J0=xBa,  Ji=000Ba (5.22)

where we have introduced local chemical potential it = B,y = A, + do@, and background electric
field E; = d;A,0 — doA,i. Clearly o corresponds to conductivity and y to charge susceptibility.

The equations of motion are simply the conservation equations 8Hf#a = (. In the absence of
unphysical sources, A,y = 0, we have ¢, = 0 from 8uf# = (. We then find that /* =0 and B,; = 0.
The conservation equation 8ﬂff = 0 can then be written as

don—Do*n=—GoE;, n=J° (5.23)
where the diffusion constant D is given by

D= — (5.24)
4

Note that in (5.21) at leading order in the a-field expansion J* are expressed in terms of it and
E;, i.e. B,; does not appear. This is not an accident and in fact persists to all derivative orders and
nonlinear level. The diagonal shift symmetry (5.11) means that B,; can only appear either with a
time derivative doB,; = —E; + d;ut or through F,;; = 9;B,j — 9;B,i = diA,j — djA,i.

The above discussion can be generalized to all derivative orders and also nonlinear in B’s, see
Sec. IV of [1]. See also [5, 70] for a superspace formulation.

Applying the discussion of Sec. 3.7 to (5.20), one finds (with external fields turned off)

1 . N -
Vo =3Boxw?, V=0,  W=Ppoau’,  Vi=-cBoudpu. (5.25)

and from (3.53) we obtain the entropy density and flux
s = —%[30%#27 s'= oPodit (5.26)
One can verify using equations of motion that
st = Boo(din)* > 0. (5.27)

The non-dissipative regime can be obtained by setting ¢ = 0. We find that the resulting action
can be factorized as

¥ = XBr()Ba() = g()(Bl) —g()(Bz), g()(B) = X(A() — 80(p)2 . (5.28)
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6. EFT III: action for hydrodynamics

Let us now consider the effective field theory for collective variables corresponding to conser-
vations of energy and momentum. The resulting theory gives fluctuating hydrodynamics. Tradi-
tional formulation of hydrodynamics is based on phenomenological equations of motion which we
briefly review in Appendix A. Here we shall formulate it in an action form, from first principles
based on symmetry.

Compared with examples of earlier sections, since now local energy density can vary, there is
an emergent local temperature, which leads to new elements in the formulation of dynamical KMS
symmetry. For illustration purpose, we will consider a relativistic system whose only conserved
quantities are the stress tensor, and only present the basic ideas and formalism. For a more complete
treatment and generalization to a charged fluid readers should consult the original papers [1, 2].

The search for an action principle for fluids has a long history, dating back at least to [71]
and subsequent work including [72, 73] (see [74, 75, 76] for reviews), all of which were for ideal
fluids. Recent interests in this problem started with [77] where the ideal fluid formulation of [71]
was rediscovered and extended in various ways (see also [78]). These works made it clear that
the Lagrange type variables are natural for an action principle formulation of hydrodynamics (see
also [79, 81, 80] for discussions in holography). The first attempts to generalize the formalism
of [77] to a doubled version in the closed time path formalism to include dissipation were made
in [83, 82]. More recent works are [85, 86, 84, 56] which have some overlaps with our formulation.
Further developments have been pursued in [88, 89, 91, 90, 54, 87, 39].

6.1 Fluid spacetime formulation

We would like to first identify the collective variables associated with conservation of the stress
tensor THY of a system from first principle. The idea is very similar to that of Sec. 5 for a conserved
current.

Turning on external sources for the stress tensor corresponds to putting the system in a curved
metric gyv. Thus the generating functional for the stress tensor on a CTP has the form

e lsmvnr] = Tr [U (40, —o0; g1, ) poU T (400, —o03 g2 )] ©6.1)
where U (t2,11;guv) denotes the quantum evolution operator of the system from time 7, to time 1,

in the presence of spacetime metric g,v. From the conservation of Tl‘_’ 2V , the generating functional

is invariant under independent diffeomorphisms acting on g1y and gzuv,zl

W[gl,gZ] :W[g?ag%] 3 (62)
where g° denote diffeomorphisms of g with parameters £*, e.g.??

IE! 9EY
£15(0) = g1 (& (0)) ook 051 63

21 For simplicity, we will restrict to systems without gravitational anomalies. For treatment of systems with anomalies
see [3].
2251’1 , are assumed to vanish at spatial and time infinities.
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Now following exactly the same logic as the discussion around equations (5.3)—(5.5) in Sec. 5, we
obtain collective variables for the stress tensor by promoting diffeomorphism parameters 51“ , 52“
to dynamical variables. More explicitly, we introduce dynamical variables X {”L 2(6’4), and write the
generating functional (6.1) as /

Merwvie] — [ px, DX el (64)
where aX{L XY 9 qu oXY

are counterparts of By, B, in (5.5) for diffeomorphisms.

In order to promote diffeomorphism parameters to dynamical variables we need to introduce
a new auxiliary space-time with coordinates 64, A =0,1,...,d — 1, to which we refer as the “fluid
space-time” and whose interpretation will be given momentarily. XI“ and X2“ are the coordinates of
the two copies of physical space-time, where the background metrics g1y and goy live. Imagining
the system as a continuum of “fluid” elements>?, it appears natural to interpret the spatial part ¢* of
o as labels for fluid elements, while the time component ¢ serves as an “internal clock” carried
by a fluid element. In this interpretation, Xllf 2(GA) then corresponds to the Lagrangian description
of a continuous medium. With a fixed o/, X{',(6?, 67) describes how a fluid element labeled by &'
moves in (two copies of) physical spacetime as the internal clock 6° changes. The relation between
o” and X{f ,(0) is summarized in Fig. 4. With this interpretation, then

oxy oxY
~ 8550 960

are the proper time square of the respective motions, and the corresponding velocities are given by

—de? (dc®)?, s=1,2 (6.6)

_8xF 1 0x! ox:  Jxy

1) =50 = b 90" ”‘V:\/‘wgwcw gty =1 (67

By construction, & 24 are pull-backs of the space-time metrics to the fluid spacetime, and are

invariant under

X% oxP

N E

8suv — gs(xﬁ

which immediately implies that W obtained from (6.4) satisfies (6.2). Introducing the “off-shell
hydrodynamical” stress tensors as

Olgrr

_ o 6.9
6g2uv(x) ©9)

1 A 6IEFT 1 A
5\/ —ng{w(x) = 5\/ _ngzuv(x) =

- 0g1 uv(x) ’
one can readily show from the structure of /> that equations of motion of Xlu , are equivalent to

VauTH =0, s=1,2 (6.10)

23 As will be commented below, at this stage our discussion is completely general, not necessarily restricted to fluid
systems. Here we use term “fluid” for later convenience.
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Physical spacetime,, Fluid spacetime Physical spacetime,

™S
\\
™S

Figure 4: Relations between the fluid spacetime and two copies of physical spacetimes. The red straight line
in the fluid spacetime with constant ¢’ is mapped by XI” 2(0'0, o') to physical spacetime trajectories (also in
red) of the corresponding fluid element.

where V, are the covariant derivatives associated with g; > respectively. Correlation functions of
the stress tensor in the full theory are obtained from those of 7}, in the effective theory (6.4) in
complete parallel with (5.9). ’

The comments we made after (5.9) for the U(1) case should be repeated here. The above
discussion is so far very general, applicable to any systems, zero temperature or finite temperature,
solids or liquids. Xff , can be considered as a mathematical device whose dynamics automatically
captures whatever constraints coming from the conservation of stress tensor.

Now let us specify to a generic finite temperature system in a fluid phase (i.e. with unbroken
translational and rotational symmetries), for which X{f , are then the only relevant slow variables,
and /gpr should have a well defined local derivative expansion, with the effective expansion param-
eter Ldy ~ % < 1. In particular, Iggr[hy,hy] should recover the standard formulation of hydrody-
namics as its equations of motion. For comparison with the standard formulation, it is convenient
to introduce an additional scalar field 7(c#), which gives the local proper temperature associated
with each fluid element
= Toe *00) | 6.11)

where Ty = B, ! is some reference temperature scale (say the temperature at infinity). With the
introduction of 7, the path integrals (6.4) become

Wl gl — / DX, DX, Dt ¢fertlhaslias.e] (6.12)

Now in order to describe the system in a fluid phase, in contrast to e.g. solids or liquid crystals,
we have to impose additional symmetries. In a fluid phase, a fluid element can move freely. To
reflect this we require that / should be invariant under:

1. time-independent reparameterizations of spatial manifolds of ¢4, i.e.

o »dic’), ¢"=0o"; (6.13)
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2. time-diffeomorphisms of ¢¥, i.e.

0

o= o’ =f(c"0c"), o

— o, (6.14)
Equation (6.13) corresponds to a (time-independent) relabeling of fluid elements, while (6.14)
can be interpreted as reparameterizations of the internal time associated with each fluid element.
Note that in (6.14) we allow time reparameterizations to have arbitrary dependence on ', which
physically can be interpreted as each fluid element having its own choice of time. These symmetries
“define” what we mean by a fluid. Note that there is no covariance between ¢° and ¢’ as the fluid
itself “defines” a frame. Two copies of physical space-time, together with an auxiliary, fluid space-
time (which was called worldvolume), and similar diffeomorphisms were also discussed in [84].

Given that the theory should be invariant under separate spatial and time diffeomorphisms
(6.13)—(6.14), it is convenient to decompose /> into objects which have good transformation
properties under them

hoapdo?do® = —b2(do® —vgydo')? +agdo'de’, s=1,2 (6.15)

Again symmetric combinations of various components represent physical variables, while the an-
tisymmetric combinations are interpreted as the corresponding noises. For example, introducing

1
Er=5(bi+b2), Eq=log (b5'b1) (6.16)

we may interpret d6 = E,dc” as the local proper time for each fluid element.
From (6.11) the local temperature (associated with 6) for each fluid element can then be
written as
Tlocal(c) - T(G)Er = TOEreir . (6.17)

Note that one could use the time diffeomorphism (6.14) to fix
E. =¢e" (6.18)

for which we have
Tiocal (0) = Ty = const . (6.19)

Physically this means that by properly choosing the fluid time ¢°

can make the local temperature
associated with each fluid element to be a constant. In the gauge (6.18), eq. (6.14) still has some
residual freedom left, reducing to

o’ — %+ f(o') (6.20)

for an arbitrary function f. Thus instead of having both (6.13) and (6.14), with T as an independent
field, one can instead have (6.13) and (6.20), while interpreting

T(o 6.21
(0)= ¢ (621)

as an emergent local proper temperature which is expressed in terms of X1“ , through E;. It can be

shown that the Fadeev-Popov determinant in fixing the gauge (6.18) in the path integral (6.12) is

unity and thus the two formulations are equivalent at full path integral level.
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Finally we need to specify the dynamical (local) KMS symmetry. Let us first suppose pg
in (6.1) is given by a thermal density matrix with inverse temperature 3y = Tio Then the generating
functional (6.1) should satisfy

W[gluwgmv] = W[gl,uwng] ) (6.22)

with
gluv(x) = ®gluv(t +i90>)_5)a gZuv(x) = ®gZuv(t - i(BO - 90)>9_5) . (6.23)

Compared with (3.11) and (5.16), the additional complication here is that the dynamical KMS con-
dition must be specified with respect to the local temperature, which is now spacetime dependent.
In the gauge (6.19), the expression simplifies and the dynamical KMS transformation particularly
is easy to state.2* We require /gpy to be invariant under

Iger [k, o) = Tger[hy o) (6.24)
with
hia(0) = Ohiap(c” +i60,0"),  hoap(—0) = Ohoap(c® —i(fy—0),0") . (6.25)
Equations (6.23) and (6.25) in turn imply that Xllf , should transform as
X!'(o)=0x{'(c"+i0,06")+i08), X} (o)=0X3'(c"—i(Bo—0),0')—i(Bo—6)8) . (6.26)

See Appendix C how various quantities transform under different choices of ®. It can be read-
ily checked that in (6.4), equation (6.24) leads to (6.22).% Given the residual time diffeomor-
phism (6.20), in (6.25)—(6.26), the parameter 8 can in fact be generalized to an arbitrary function
6(o') which approaches 6y at infinity. Equations (6.25) and (6.26) are manifestly Z,.

Combining all these elements and the unitarity constraints (3.6)—(3.8), we then have the com-
plete formulation of fluctuating hydrodynamics which is valid at quantum level. It can be checked
explicitly that, at the level of equations of motion, this formulation completely reproduces the stan-
dard formulation of hydrodynamics, with all the phenomenological constraints such as the local
first law, the local second law and Onsager relations automatically incorporated. Furthermore, it
generalizes constraints from Onsager relations to nonlinear level and provides a derivation of the
relation between thermal partition function and entropy constraints observed in [92, 93]. For details
see Sec. V of [1].

We will present the explicit action to first derivative order in Sec. 6.4 after discussing various
other aspects.

6.2 Physical spacetime formulation

Alternatively, we can use the inverse functions o7, (x) of X!',(c*) as dynamical variables and
rewrite the fluid spacetime action in the physical spacetime. Now there is only a single copy of

24gee Sec. IV of [2] for a general discussion.
Z5Note a general fact: suppose an action has a symmetry / [x:9] = I[; #] where tilded variables are related to the
original variables by some transformation, then W[9] = W[@] where V9] = [ Dyei!lx:9],
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physical spacetime x* as the arguments of GﬁZ are dummy variables. The background metrics are
81uv(X), 82uv (x).

With general background sources, the action appears to be complicated and not very trans-
parent written in physical spacetime. A reason for the complications is the following. In the fluid
spacetime we can use the symmetric combination of the induced metric

1
heap = i(hmg + hoaB) (6.27)

as the “physical metric” and use it to raise and lower indices. This makes sense as &> have the
same transformation properties under (6.13)—(6.14). But there does not exist a canonical definition
of the “physical” spacetime metric. The obvious candidate g, = %(gl uv + &2uv) does not make
sense as g and g, transform under independent diffeomorphisms (6.8). Thus it is not a good thing
to add them. This problem does not exist in the classical limit as we will see in next subsection.

6.3 Classical limit

So far the discussion applies to any quantum system and includes quantum fluctuations. In this
section we consider the classical limit 72 — 0, which simplifies the structure of the hydrodynamical
action as well as the dynamical KMS transformation. Now there is a canonical physical spacetime
metric (even when g; # g»), and the fluid spacetime and physical spacetime quantities—including
actions—are now simply related by pullbacks.

Following the discussion of Sec. 3.5, reinstating  we can write various background and dy-
namical fields as

n n n /)
guuv = Buv+ 58auvs  &ouv = Buv— 58awv, Xj =XM4IXE X =XH—OXI, (6.28)
where now g, and X* are interpreted as the physical spacetime metric and coordinates (note there
is only one copy of them). In (6.8), the transformation parameters flu , can be written as

R Y O Y (629)

In the 7 — 0O limit, the two diffeomorphisms (6.8) then become: (i) physical space diffeomor-
phisms
X*— XM(X) = (X)), (6.30)

under which X! transform as a vector and 8uv»&auv as symmetric tensors, and (ii) noise diffeo-
morphisms under which various quantities transform as

X (o) =X4 (o) + f1(X(0)), Euuv = 8auv —Lf.8uv » (6.31)

where .%,, denotes Lie derivative along a vector w*. We emphasize that (6.31) are finite transfor-
mations. They are exact as /1 — 0, and do not have derivative corrections. Note that g,y is naturally
interpreted as the physical spacetime metric.

In this limit 5 5
hiag = hap(o)+ EhaABa hoag = hap(o) — EhaAB (6.32)
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where

hAB(G) = 8AX“83XVgW(X), haAB = aAX“QBX"Gauv(X), (6.33)
Gauv(X) = gauv +$Xaguv . (634)

It can be readily checked that G,y is invariant under (6.31) and transforms as a symmetric tensor
under (6.30). We now have
1

£IEFT[h1,h2, 7] = Igrr(haB, haas, T) + O(1) . (6.35)

One also has a natural definition of “physical” velocity field (rather than two copies of them as

in (6.7)) as
1 dXH

M'u(G) = EW, b= —hoo . (636)

Going to physical spacetime formulation, we treat 6 (x*), the inverse of X (c4), and X}' (x) =
X' (6 (x)) (now understood as a vector in the physical spacetime) as dynamical variables. Sim-
ilarly, the velocity field (6.36) should now understood as defined in physical spacetime through
o (x), more explicitly,

wx)=—(KH,  Kj=0du0t, b =-—gunK 5K ). (6.37)

Invariance under (6.13)—(6.14) implies that the only invariant which can be constructed from Kﬁ is
the velocity field u* and the projector to directions transverse to u

ARV = gtV 4yt (6.38)

Thus the invariance under (6.31) and (6.13)—(6.14) implies that the only variables which can appear
in the action of physical spacetime are:

ut

;AR B(x) =B(a(x)) (6.39)

Ga,uVa

and their covariant derivatives. The action should also be invariant under physical spacetime dif-
feomorphisms (6.30). The fluid spacetime action is obtained by that of the physical spacetime by
pulling back all quantities to the fluid spacetime.

To discuss the classical limit of the dynamical KMS transformation it is convenient to intro-
duce the combination

BH(x) =Bx)ut,  B(x) = Poe’ (6.40)
and its pull back in fluid space
do’ et 9\ 2 \"
A = HZ- = —_ _— g _
ﬁ (G) Ok BO b <800> Blocal <860> (6.41)

where we have used (6.17) and that in the classical limit £, = b. In the gauge (6.21), we have
B = B e o, (o) =[5 ) (64
x) = = u = . .
0550 obu”, 0| 550
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In the gauge (6.21), the remaining symmetry (6.20) is no longer enough to reduce ¢ to u* as is the
case for (6.14), there is one more invariant variable b. Thus in physical spacetime, f(x) is always
treated an independent variable.

In the 7 — 0 limit (6.28), with 6, By in (6.23)—(6.26) becoming /6, 7f. those equations can
be written as

guv(x) = ®guv(x)a gauv(x) = ®gauv(x) - iBO®aOguv(x) (6.43)
X (o) =0@Xx"(0), X!(o)=0X!(0)—i®B"(c)+ifos) (6.44)
hap(0) = Ohgy(0), 1) (o) = OWY) (6) — i©.Lyha(0) . (6.45)

In fact it can be shown that (6.44)—(6.45) are valid without choosing the gauge (6.21) [2].
Using (6.43)—(6.45) together with the pull-backs (6.33), we find the dynamical KMS transfor-
mation for physical spacetime quantities

i (x) = Out(x),  B(x) =0OP(x), Gauv(x) =OGauy(x) —iOLpguv(x) . (6.46)

Notice that in (6.46), the dynamical KMS transformation is expressed solely in terms of a local
temperature f(x). This suggests that it can be extended to general density matrices for which
the concept of a local temperature makes sense. In fact, we can turn the logic around to use the
invariance under (6.46) as a mathematical definition of a local equilibrium state.

6.4 Explicit action and field redefinitions

Finally let us give the explicit form of the action. We can expand the action /ggr in terms of the
number of ag-variables and derivatives. For simplicity we will write the action in physical spacetime
in the classical limit.

We need to write down the most general covariant action using variables in (6.39) and impose
unitarity conditions (3.6)—(3.8) as well as invariance under (6.46). Writing Igpy = [ dx V—82,
we will organize the Lagrangian as (3.46), where now the derivatives are counted as acting on
variables in (6.39), and work to the level of .%5.2°

At order .7}, the most general covariant action built from (6.39) with zero derivative is

1

A= 5TO“VGW, (6.47)
with
73" = eo(B)utu” + po(B)AMY (6.48)

where for now &y, pg are arbitrary functions of . Imposing invariance under (6.46) requires

dpo

— g 6.49
€ + Po B (6.49)
which is equivalent to the local first law of thermodynamics. .45 can be written as
1 i
L= ST Gy + W0 Gy Gaap (6.50)

26T this level, one can check that the full quantum action in fact coincides with that in the classical limit.
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where TI“ ¥ and W, contain first and zero derivative respectively. More explicitly, TI“ ¥ can be written
as

TI/JV — hgu“l/tv +hpA#V +2M(#qv) — nonuv , (651)
with
he =fuB OB+ fi120, hy=fuP OB —fnb, " =—-Mdut+2AsA"B9,B, (6.52)

2
o=ulvV,, 0=V, o= AMAAVP (V,wp +Vouy — d_lg,lpvaua> (6.53)
and

Wéwt,vﬁ = syt u’ u®uP + s AV AYP fslz(u“uvAaB +uauﬁA“V)
1

+2r1 (u”u<°‘AB)V + uvu(“AW) +4r <Aa(“AV>5 - HA*”AO*) ., (6.59)

where all coefficients are functions of . Imposing the dynamical KMS symmetry gives three sets
of conditions. The first set is equivalent to requiring the existence of equilibrium, and give

M=2s. (6.55)

The second set of conditions can be shown to be equivalent to the non-linear Onsager relations
(2.41), and give

f1=—fi2- (6.56)
The third set of conditions relate coefficients of THY coefficients of W:
n M fin fi2 fn
r=_—, rn = -, S11 = —F%, S12 = ——, S = —/ . (6.57)
2p B B B B

Taking derivative with respect to g,,v we then find the symmetric part of the off-shell hydro-
dynamic stress tensor is given by

™ =1+ 1" (6.58)

with T0“ ¥ for ideal fluids and T1“ ¥ the leading dissipative corrections. Applying (3.53) of Sec. 3.7
to the above action we find that to first order in derivative the entropy current takes the form

St =pB* —TH'By,  p=po+h, (6.59)

which recovers the standard result.

To the order of %, the structure of (6.47) and (6.50) parallels that of the MSR action. This
was anticipated in [85], where the near-equilibrium form of %, was obtained from the knowledge
of two-point functions, and its full non-linear expression was found using Lorentz invariance. Sub-
sequently, [86] took an important step to formulate the action based on symmetries, and obtained
the near equilibrium form of W;. Note however that those works did not capture .23, which is
important when second derivative terms in the stress tensor are relevant.
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As usual, in an EFT, one can reduce the number of terms using field redefinitions. In the

current theory, possible redefinitions are?’

Wt Sut, B BB, XM XM SXE (6.60)

where Su*, S are local expressions in u*, 8 and G,y which contain at least one derivatives or
one factors of Ggyy, while 8X! contains at least one factors of Gauv-

The redefinitions (6.60) leave .} invariant, but will modify %, for [ > 1. Redefinitions of
X} allow one to set to zero terms which are proportional to the ideal fluid equations of motion
n T0“ Y =0 or its derivatives, while redefinitions of u* and B can be used to further simplify the
action by writing it in a specific “frame.” These field redefinitions generalize those in the traditional
formulation of hydrodynamics, which are used to simplify one-point function of 74V, Here the
frame choice is applied to the full action, providing simplifications also for higher-point functions
of the stress tensor. See [2] for more detailed discussion.

In the generalized Landau frame introduced in [2], equations (6.51)—(6.54) simplify to

THY = —not¥ — LoAMY

1

WO#O‘vVﬁ _ 2137177 (AG(MAV)B _ y IA,uvAocﬁ> _i_ﬁflCAuaAvﬁ (6.61)

where 1 and { are shear and bulk viscosities. In particular, the full .%, can be written in a compact
form

i

“1=3

. ' 1 .
B1EARY Guuv AP G + %B‘ln (A“(“Av)ﬁ — dlMVA“ﬁ> GuuvGagp,  (6.62)

where Ga#v = ®Gauv with Gayv the dynamical KMS transformation (6.46).

Terms at order %% or higher can in principle be written down straightforwardly, but one sees a
proliferation of terms, which render the analysis quite lengthy. See [2] for a discussion of conformal
fluids.

The action for fluctuating hydrodynamics has been generalized in a number of directions, in-
cluding systems with quantum anomalies. It has been widely recognized that systems with quantum
anomalies exhibit novel transport behavior in the presence of rotation or in a magnetic field (for a
recent review see [94]). The action principle formulation provides a systematic way to derive such
anomalous effects, makes manifest the relations between parity-odd transport and underlying dis-
crete symmetries, and elucidates connections between anomalous transport coefficients and global
anomalies [3].

6.5 Ideal fluids: factorization and equivalence with single copy action

As a support for the conjecture (3.59) that generic non-dissipative action should be factoriz-
able, in this subsection we show that the ideal fluid action (6.47) can be factorized. Interestingly, the
factorized action corresponds to the “single-copy” ideal fluid action of [77] (see also [79, 78, 84]).

2The corresponding redefinitions for 6* may be non-local, but this does not matter as the action only depends on
u
ut.
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For this purpose it is convenient to work in the fluid spacetime, in which (6.47) can be written
as 1
=3 / do N —hT{Bhayp, 738 = dyoo, o1 . (6.63)

We would like to show that with TO“ v given by (6.48)—(6.49), the above action can be written as
Iy = Io[m] — o] + O(h)) (6.64)

for some local action /. This is equivalent to the statement that there exists Iy[h4p] such that

1 ol
—/—hT{B = 6.65
2 O 7 Shag (6.65)
which in turn is equivalent to the integrability condition
S(v/—hTBY  §(\/—hTCP

Shep Shap

Note that we shall use the gauge (6.18) so that $(0) = Bov/—hoo. It can be readily checked (6.66)

is indeed satisfied, and I, can be written as23

o= / 4467/ ~h po(B()) . 6.67)

Note that (6.67) is invariant under (6.13) and (6.20). This action is of the form discussed in [79,
84] which may be considered as a covariant generalization of that in [77]. To obtain the form
given in [77], one can write it in the physical spacetime by inverting X* (o) and integrating out
0" (x), after which one obtains an action of ¢’(x). When solving 6* in terms of other variables,
one finds an arbitrary integration function, which can be fixed to be unity and in turn breaks the
symmetry (6.13) down to volume-preserving spatial diffeomorphisms

i i _j af _
o' — fi(o)), det<w>—1. (6.68)

7. Conclusion

In these lectures we reviewed the basic formalism for constructing EFTs for non-equilibrium
systems at a finite temperature, and discussed a few examples as illustrations, including a theory of
diffusion and fluctuating hydrodynamics. The key points are:

e Non-equilibrium EFTs satisfy a set of universal conditions and symmetries: (a) the con-
straints from unitarity (3.6)-(3.8), and (b) the Z, dynamical KMS invariance (3.10) which
characterizes local equilibrium. These, in turn, imply Onsager relations, fluctuation-dissipation
theorem, existence of equilibrium and second law of thermodynamics. While some of there
conditions have been traditionally imposed at phenomenological level, here they follow from
first principles.

28Note that this analysis is in fact identical to that of Sec. V F 1 of [1], which worked with a charged fluid. So this
analysis can be immediately generalized to a charged fluid from the results there.
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e Systems with conserved quantities are characterized by additional symmetries. For example,
charge diffusion of Sec. 5 requires additional diagonal shift symmetries, and hydrodynamics
of Sec. 6 requires additional diffeomorphism invariance.

e Physical effects from thermal and quantum fluctuations can be treated systematically by
applying standard field theory methods to non-equilibrium EFTs.

As discussed in the Introduction, we expect these EFTs to have rich applications to a large
variety of physical problems. The formalism also admits generalizations in many directions. For
example, it would be interesting to find EFTs for other continuous media, such as solids and liquid
crystals. Furthermore, one may be able to adapt the formalism to systems where the concept of
local equilibrium breaks down, but which still admit a separation of scales. Finally, the collective
degrees of freedom associated with conserved quantities are formulated in a way which does not
depend on any long wavelength expansion or local equilibrium. We thus expect that they have
much wider applications, e.g. to systems at very low or zero temperatures.
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A. Review of standard formulation of hydrodynamics

In this section we give a brief review of the standard formulation of hydrodynamics (for a more
extensive, modern review see [95]. For simplicity, we shall consider relativistic normal fluids. The
equations of motion are the conservation of the stress tensor TV, i.e.

WT* =0, (A1)

and if there is an additional global U(1) symmetry we also have the conservation of the corre-
sponding current

A" =0. (A2)

Consider first the system in thermal equilibrium, where the density matrix po has the general
form |

po = Ze—ﬁv(“ﬂ“"—“”) oufuy =1, (A.3)

where u* constitutes the choice of a Lorentz frame, and V is the volume of the system. The
one-point functions (T#") | (J*) are functions of B, u* and u. For example, in the rest frame

ut = (1707 e 70>’ <T'uv> = diag(807P07 e 7170) and <J/~L> = (n0707 e 70) where 80(B7.“)7 pO(ﬁm“L)
and no(B, 1) are respectively the energy, pressure and charge densities. From now on for notional
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simplicity we shall drop the brackets from (T*V) and (J*). In a general frame u* they can be
written as
T = goutu” + poA*Y ,  J* =nout* , (A4

where A*Y is the projector transverse to the velocity,
A =nHY 4yt . (A.5)

Now consider a non-equilibrium configuration where T#¥ and J* are slowly varying in space-
time. More explicitly, if L is the typical scale of variation of 7Y and J*, and ¢ is the typical
microscopic relaxation scale we have L > . As discussed in Sec. 1.2, each spacetime point can
then be considered as in local equilibrium defined by local values of the conserved quantities, or
equivalently local values of 3, i, u*. In other words, the system can be specified by B(x), p(x)
and u* (x). We can then write 7Y and J* as

THY = en)ut (1)’ (x) + po(0)ARY (x) + T4 J# = mo()ut (0) + 4, (AS6)

where &y(x) = £ (B (x), u(x)) and similarly with pg(x),no(x). 7*¥ and /* denote corrections from
non-uniformity of fB(x), u(x),u" (x). They can be expanded in terms of the number of derivatives
acting on 3, u,u*, with an effective expansion parameter ¢dy ~ % < 1. The hydrodynamical
variables f(x), p(x) and u* (x) constitute a set of d 4 1 unknowns, whose evolutions are determined
by (A.1) and (A.2), which are d + 1 equations. We thus have a closed set of dynamical equations.

The explicit expressions for 7#¥ and J* are called constitutive relations. Naively, one just
writes down the most general local expressions which are consistent with Lorentz symmetry. More
explicitly, one finds to first derivative order (after using field redefinition freedom),

M= —6TAYO, (1/T)+ xr AV O T +--- | (A-8)
where
2
d=utdy, 0=, "= AHAAVP (8,1up +dpuy, — 71 ln,lpc?aua) (A.9)

and 1, {, o and yr are transport coefficients (they are functions of § and ). In (A.7)—(A.8) one
in fact gets more transport coefficients than desired; while 1, {, & corresponds respectively to shear
viscosity, bulk viscosity and conductivity, 7 is not observed in nature.

So one needs to impose further constraints. A phenomenological constraint which appears to
do the job is the local second law of thermodynamics: there exists an entropy current

S* = so(B(x), (x))ut (x) + 8%, (A.10)
which upon using equations of motion (A.1) and (A.2) satisfies
St >0 (A.11)

order by order in derivative expansion. In (A.10), so(f,u) is the equilibrium entropy density,
which is related to &, pp and ng via standard thermodynamic relations, whereas SH represents
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derivative (i.e. non-equilibrium) corrections to S*. In practice, one writes down the most general
local expression of S* which are consistent with Lorentz symmetry, then sees whether it is possible
to choose coefficients of $# such that (A.1 1) is satisfied upon using (A.1) and (A.2). One finds that
this is only possible if

n,,06>0, xr=0. (A.12)

One should also impose by hands the linear Onsager relations (from time reversal symmetry),
i.e. the response matrix for the external sources must be symmetric. The Onsager relations do
not lead to any new constraints at the level of (A.7)—(A.8), but in general do at higher order in
derivatives or more complicated systems (e.g. superfluids).

In summary, to obtain consistent hydrodynamic equations need to impose the following con-
straints:

1. The coefficients &y, pg,ng,so are not independent, they satisfy the standard thermodynamic
equilibrium relations. In other words, we need to impose local first law of thermodynamics.

2. Local second law of thermodynamics (A.11).
3. Onsager relations.

In the EFT approach discussed in Sec. 5-6, there is an action principle for obtaining the constitutive
relations and all the above constraints are consequences of the Z, dynamical KMS symmetry.

B. A simple example of path integrals on CTP

In this example we use a simple example to illustrate the role of boundary condition (3.2) in
generating couplings between two segments of a CTP.

Consider the microscopic action for the harmonic oscillator

L2 99
S= 3 dt(x* — 0°x"+xJ) , (B.1)
ti

where we included a linear coupling to the external source J(7). Below we shall evaluate explicitly
the generating functional (2.5) with py given by the vacuum state, i.e.

po = |2)(Q - (B.2)

In order to do this, we break up the generating functional into a forward and a backward time

evolutions,

) — [ QU (t1,8) ) e U (1.0 192)
(B.3)
= [ ey (G U 701 @0)* 103, (7,212

where Uj(t7,1;) is the evolution operator from #; to 77 associated to the action (B.1), and x(7) = xy.
Recall that for a harmonic oscillator the amplitude in going from position x; at t =¢; to position

Xrpatt =ty is _
(U (t7,10) i) = A en Vil (B.4)
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where ./ is a constant which does not depend on x;,x (which we will suppress below), and

1
A [, xi,x7] :% fdtdt’](t)G(t,t/)J(t/)

t
1 1y

Slna)(tf—[l)/tl dt[x,sma)(tf—t)—i—xfsm(o(t—t,)]J(t) (B.5)
()

2 2
T sy~ 07+ cos@(ty ) = 2xpx]

with . .
Glt.') = cosm(ty—t;i — |t—{ |) —cosw(ti+ty—t—1t') . (B.6)
2 sin a)(tf —li)
Now in (B.4)—(B.5) take the initial time #; = —oo, and use the standard trick to substitute @ —
(1 —ie), with an infinitesimal € > 0. We then find that
(71U (t7,—o0)|2) = e/, (B.7)
where
| " anar s g0 1 Lol B8
x| = tdt 1) (t )+ | dixpe (t)+§wxf, (B.8)
G(r.1') = i(e (i+e)oli—'| _ (i+e)o(+ 72t_/)) ‘ (B.9)
Eq. (B.3) can then be written as
eVhl /dxfe%(dvl=xf]*£7*[127xf}) ) (B.10)
Integrating out x¢ in (B.10) we find
Wi, Jo] = / didt’ (1,(0)G 1,0\ (') — Jo())G* (1, ()
2 (B.11)
+ i </dt(ea)(i+8)(t—tf)J1 (1) _ew(—i-&-e)(t—tf)_]z(t))) '
First taking € = 0 and then ¢y — oo, Eq. (B.11) becomes
W) = / dtdt’ (Jl( )Gr (t,6) 1 (') = (1) G (t,1)Ia(F') — ijl () (t)e @) ),
(B.12)
where )
Gr(t,f) = —e 1=, (B.13)

20
This illustrates that the boundary condition x| (r =) =x,(t =) = xs induces a coupling between
Ji and J; in the generating functional W[J;,J,]. Note that, had we taken ty — oo before taking
€ — 01in (B.11), we would have obtained (B.12) without the cross-term. This is because taking
ty — oo with € nonzero corresponds to putting the system in the ground state at 7, = oo, leading to
a decoupling of the two copies of the system.

44



Non-equilibrium effective field theories Hong Liu

C. Various discrete transformations

In this Appendix we list transformations of various tensors under various discrete symmetries.
They are important for obtaining the explicit forms of dynamical KMS transformations of various
tensors in Sec. 5-6. For definiteness, we take d = 4. For notational simplicity we have suppressed
the transformations of the arguments of all the functions, which are given in the first line of each
table.

Discrete transformations in 3+1-dimension
T PT CPrT

xH (—x0,x7) — (0, x") — (0, x")
ut (u®, —u') (u®, uh) (u®, uh)
Ay (Ag, —A)) (Ag,A;) —(Ap,A))
O (=0, ;) —(0o,9;) —(do, )
d =utdy —d —d —d
8uv (g007 —gOi,gij) Suv Suv
% -0 - %
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