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ABSTRACT: Many physical processes we observe in nature involve variations of macro-
scopic quantities over spatial and temporal scales much larger than microscopic molecular
collision scales and can be considered as in local thermal equilibrium. In this paper we
show that any classical statistical system in local thermal equilibrium has an emergent
supersymmetry at low energies. We use the framework of non-equilibrium effective field
theory for quantum many-body systems defined on a closed time path contour and consider
its classical limit. Unitarity of time evolution requires introducing anti-commuting degrees
of freedom and BRST symmetry which survive in the classical limit. The local equilib-
rium is realized through a Zs dynamical KMS symmetry. We show that supersymmetry is
equivalent to the combination of BRST and a specific consequence of the dynamical KMS
symmetry, to which we refer as the special dynamical KMS condition. In particular, we
prove a theorem stating that a system satisfying the special dynamical KMS condition is
always supersymmetrizable. We discuss a number of examples explicitly, including model
A for dynamical critical phenomena, a hydrodynamic theory of nonlinear diffusion, and
fluctuating hydrodynamics for relativistic charged fluids.
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1 Introduction

The goal of many-body physics is to explain and predict macroscopic phenomena. Ex-
cept for some very simple systems, however, it is rarely possible to compute macroscopic
behavior of a system directly from its microscopic description. For static properties of
equilibrium systems, we have the extremely successful Laudau-Ginsburg-Wilson paradigm,
which provides an effective field theory (EFT) description of long-distance (IR) physics

Z[¢] = e BEI¢] — Tye—BH — /DX e Sefi ;0] (1.1)



In (1.1), ¢ denotes collectively external sources, y denotes collectively gapless modes, and
Ser is the low energy effective action of the gapless modes obtained by integrating out
gapped degrees of freedom. While in practice such direct integrations are almost always
impossible, one can deduce the general form of Seg on physical ground. Two elements are
needed for this purpose: (i) choice of the IR dynamical variables y which best capture
gapless (collective) degrees of freedom; (ii) symmetries of Seg. One can then write down
Seft as the most general local field theory consistent with the symmetries.

For a non-equilibrium system or dynamical quantities of an equilibrium system, parti-
tion function is inadequate. A large class of non-equilibrium observables can be extracted
from the generating functional defined on a closed time path (CTP) [1-6]

eWlondal — Ty (U(—i—oo, —00; ¢1)poU T (+00, —00; ¢2)> (1.2)

— Dijy Dy et0[¥1,01]=iSo [1h2;2] (1.3)
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where pg denotes the state (density matrix) of the system, and U (to,t1; ¢) is the evolution
operator of the system from #; to ¢5 in the presence of external sources denoted by ¢. The
sources are taken to be slowly varying functions and there are two copies of them, one
for each leg of the CTP contour. The second line (1.3) is the “microscopic” path integral
description, with 11 2 denoting microscopic dynamical variables for the two copies of space-
time of the CTP and Sp[t); ¢] the microscopic action. Whereas in (1.1) derivatives with
respect to sources ¢ give thermodynamic quantities of a system, in (1.2) derivatives with
respect to ¢1 2 give dynamical properties of a (non)equilibrium system such as (nonlinear)

response and fluctuating functions.

As in (1.1) we can consider integrating out short-lived degrees of freedom in (1.3) to
obtain a non-equilibrium EFT I.g for slow modes (denoting them collectively by xi 2 and

there are now two copies of them)

Wlo1.02] _ /DX1DX2 etlefr[X1,013x2,02500] (1.4)

Again to write down the general form of I.g one needs to specify appropriate dynamical
variables 12 and the symmetries satisfied by the low energy effective action I.g, although
these tasks normally become significantly more challenging in non-equilibrium situations.
In (1.4) po is also encoded in the couplings of Igpr (below for notational simplicity we
will suppress pg in Ig). In general Ig does not have the factorized form of (1.3), and is
complex. It is often convenient to introduce the so-called r — a variables [7, §]

1

1
Xr = §(X1 +X2); Xa=X1—X2, & = §(¢1 +¢2), ba=¢1— 2 (1.5)

where as usual y,. correspond to physical quantities while x, can be interpreted as noises.
The functional integral (1.4) defines a “bare” theory at some short distance (time)
cutoff scale.! Physics at larger distance and time scales is obtained by further applying

The cutoff is chosen so that it is much larger than all microscopic scales, but much smaller than
macroscopic scales of questions of interests.



renormalization group procedure. While I.g in principle contains an infinite number of
terms with increasingly higher number of derivatives, in practice to describe macroscopic
phenomena one only needs to keep track of a finite number of relevant interactions.

Non-equilibrium EFT's provide powerful tools for dealing with dynamical questions and
non-equilibrium systems. The effective action Igpr incorporates dissipations and retarda-
tion effects from the bath of short-lived degrees of freedom (which have been integrated
out) in a medium. Its general structure has recently been used to derive from first prin-
ciple the local second law of thermodynamics [9], and a new formulation of fluctuating
hydrodynamics has been proposed in terms of such an EFT [10, 11] (see also [12-17]).
See also [18] for a review of applications to driven open systems. When an Igpr is trun-
cated to quadratic order in noises (i.e. a-variables) the path integral (1.4) reduces to a
so-called Martin-Siggia-Rose-De Dominicis-Janssen [19-21] functional integral which is in
turn equivalent to a stochastic Langevin equations (for a review see [22]).

Compared to EFTs for equilibrium systems, there are new elements in identifying
both dynamical variables and symmetries for a non-equilibrium EFT (1.4). The unitarity
of time evolution in (1.2) implies that the action should in addition satisfy the following
conditions (see e.g. [9, 10] for more details)

I:ff[xra¢r§Xaa¢a] = - eff[Xra Or; —Xa; _(ba]
Imlg >0 (1.7)
[eff[X7 ¢;X7 ¢] =0, or Ieff[XT =X, ¢7‘ = ¢; Xa = 07¢a = 0] =0, (18)

where for definiteness we have taken x1 2 and sources ¢ 2 to be real. These conditions are,
however, enough only for performing the functional integrals of (1.4) at tree level. With
loops included one also has to worry about defining the integration measure DyiDxo
precisely.

To see this, in (1.2) taking ¢; = ¢2 = ¢, we then find that

Tr (U400, ~00i9)poU T (+00,—00;6) ) = Tr(po) =1 = Wlp,é]=0.  (19)

While equation (1.8) leads to (1.9) at tree-level, this is no longer so when including loops
and one has to include an additional integration measure factor. See e.g. section I E of [10]
for an explicit discussion. To ensure (1.9) at loop level can use the standard trick of
parameterizing integration measures by introducing an anti-commuting partner for each
bosonic variable, i.e. ¢, ¢, for x,, xq respectively, and requiring the action to be invariant
under the following BRST-type fermionic transformation [23]

OXr = €Cp, 0Cq = €Xq - (1.10)

Here € is an anti-commuting constant. To show that (1.10) is enough to ensure (1.9) at
loop level is quite simple and is reproduced in appendix A for completeness. In particular,
the BRST invariance automatically leads to (1.8) for the bosonic part of the action. ¢,
are anti-commuting but transform the same as their bosonic partners under spacetime
rotations. They will be subsequently referred to as ghost variables following standard



terminology. The need for ghosts and BRST symmetry can also be anticipated from results
on the functional integral forms of stochastic equations [23], and has been emphasized
recently [10, 16] in the context of fluctuating hydrodynamics.?

There are three different regimes for (1.4). The first is the full quantum regime where
path integrations describe both quantum and classical statistical fluctuations. The second
is the classical regime with A — 0. In the A — 0 limit the path integrals survive and
describe classical statistical fluctuations. The third is the level of equations of motion
which corresponds to the thermodynamic limit with all classical and quantum fluctuations
neglected. Since the constraints (1.6)—(1.8) concern only with the general structure of
the action, they remain in the classical limit. Similarly the requirement W{p,¢] = 0
also survives the classical limit, and so do ghost variables and the corresponding BRST
symmetry. It is striking that a classical statistical system is significantly constrained by
these remnants from quantum unitarity.

For many physical processes in nature, macroscopic physical quantities of interests
typically vary over spatial and temporal scales much larger than microscopic molecular
collision scales (or any microscopic interaction scales). Such a system is considered as in
local equilibrium, for which an additional Z3 symmetry should be imposed on Ieg [9, 11].

A subclass of local equilibrium systems correspond to thermal systems perturbed by
slowly varying external sources, and in this case the need for this Z; symmetry can be
readily understood as follows. For pg = %6*50]{ , the generating functional (1.2) satis-
fies an additional constraint coming from combining the Kubo-Martin-Schwinger (KMS)
condition [25-27] with time reversal invariance,

Wip1(z), p2(z)] = W1 (z); p2(z)] (1.11)

where x denotes 2+ = (20, 2%) = (t, ) and

¢1(z) = ¢1(—t + 10, —T), P2(z) = g2(—t —i(Bo — 0), —7) . (1.12)

for arbitrary 6 € [0,50]. Below we will simply refer to (1.11) as the KMS condition,
but it should be kept in mind it also encodes consequences of microscopic time-reversal
symmetry.3

Additional condition(s) then need to be imposed on I.g for (1.4) to satisfy (1.11).
For variables x;  associated with non-conserved quantities, the required symmetry is well
known, probably since 70’s [21, 28, 29]. In this case the couplings between Y, , and external
sources are the standard ones

/ddﬂ? (X111 — X2i¢2i) = /ddﬂc (XriPai + Xai®Pri) (1.13)

?See also [24]. Refs. [16, 24] appear to require two BRST generators while [23] and [10] require only one.

3The KMS condition itself only relates W to a time-reversed one, and so does the time reversal symmetry
of the microscopic theory. Only the combination of them leads to a nontrivial constraint on W itself [7, 8].
See [10] for a detailed discussion. Depending on circumstances one could combine KMS with 7 or PT or
CPT. For definiteness here we follow [10] to combine it with P7T. It is simple to adapt (1.12) for a system
with only 7 invariance by simply removing the minus signs before Z.



which then immediately implies that for (1.4) to satisfy (1.11), the action should satisfy*

Lt [X1, é1; X2, P2] = Legt[X1, D15 X2, B2] (1.14)

with
Xi(@) = xi(=t+i0, %),  Xo(z) = xo(—t —i(Bo — 0), 7). (1.15)

Following [9, 11] we will refer to (1.14) as the dynamical KMS condition. In the absence
of external sources it becomes a Z; symmetry (dynamical KMS symmetry) of the action.
We will refer to transformations (1.15) on dynamical variables as dynamical KMS trans-
formations.

The story for variables associated with conserved quantities (hydrodynamical variables)
is more complicated since the couplings to external sources are more intricate making it
more difficult to deduce the needed transformations on dynamical variables. In [10] a short-
cut was proposed which imposes (1.11) on a contact-term action which in turn constrains
the action for dynamical variables through the special structure of the couplings between
dynamical variables and external sources. It was termed as the local KMS condition. Only
very recently were dynamical KMS transformations on hydrodynamical variables finally
found in [11]. We emphasize that a system in local equilibrium is not restricted to a
thermal density matrix in the presence of slowly varying external sources. Such a sys-
tem can, for example, be in a pure state. In these more general cases while there is no
such requirement as (1.14), invariance of an action under dynamical KMS transformations
ensures the system is in a local equilibrium.® For example, in the classical limit dynam-
ical KMS condition ensures that first law and second law of thermodynamics, as well as
fluctuation-dissipation and Onsager relations are all satisfied locally [9, 11].

With dynamical KMS transformations for bosonic variables understood, in this paper
we consider the extensions to ghost variables, which are needed to have a complete for-
mulation of a non-equilibrium EFT. For example, to ensure (1.11) at loop level we need
dynamical KMS transformations on all variables.

Furthermore, it has been long known in the context of functional representation for
linear stochastic systems that there is an emergent supersymmetry as a consequence of
fluctuation-dissipation relations [23, 30-33]. More recently, it was found in [10] that after
imposing the local KMS condition and BRST symmetry there is also an emergent super-
symmetry for a hydrodynamic theory of nonlinear diffusion. We would like to understand
the precise origin and the full extent of this emergent supersymmetry. In particular, we
would like to extend the discussion to a general non-equilibrium EFT including full fluctu-
ating hydrodynamics.%

We will restrict our discussion to the classical level with i — 0. At the classical level,
the dynamical KMS transformations dramatically simplify. For example, equations (1.12)

4One can readily check that the requirements (1.6) and (1.14) are compatible.

5In essence, the dynamical KMS condition is “local”, i.e. operating at the scale of local inverse temper-
ature, and thus will not care about the global structure of a state, be it a thermal state or a pure state.

In [16, 17] a certain superalgebra was assumed as a basic input for constructing fluctuating hydrody-
namics and an attempt was made to write down the action using superspace. See also [24, 34].



and (1.15) become

¢r(—2) = ¢r(7), Ga(—7) = da(z) + 18000y (2), (1.16)
Xr(=2) = xr(2), Xa(—2) = Xa() + iBo0oxr(x), (1.17)

which are local transformations combined with a spacetime reflection. We stress that these
are finite Zy transformations. The dynamical KMS transformations for hydrodynamical
variable, although more involved, have a similar structure (see section 5). The quantum
regime has a number of additional complications and will not be pursued here (see section 6
for a brief discussion).

We will show that any system in local equilibrium has an emergent supersymmetry
at low energies. With increasing complications and generality we consider three classes
of systems depending on whether or not a system has conserved quantities or dynamical
temperature: (i) no conserved quantities with a fixed background temperature; (ii) with
conserved quantities and a fixed background temperature; (iii) with conserved quantities
and dynamical temperature. Clearly the third class includes all systems. As an example
for class (i) we consider model A of critical dynamics [36], for class (ii) a theory of nonlinear
diffusion, and for class (iii) a fluctuating hydrodynamics for charged fluids proposed in [10,
11]. Tt turns out when expressed in terms of the right sets of variables, all three classes
have essentially the same structure. Here is a summary of the main results:

1. We show that there is essentially a unique extension of dynamical KMS transforma-
tions to ghost variables which is self-consistent. The dynamical KMS transformation
on ghost variables turn out to be a Z4 operation, but is still a Zs operation of the
action.

2. For any action the combination of BRST symmetry and dynamical KMS symmetry
leads to an emergent fermionic symmetry which together with the BRST symmetry
forms a supersymmetric algebra.

3. Starting with a supersymmetric action one can always construct an action which is
both BRST and dynamical KMS invariant.

4. Supersymmetry does not impose the full dynamical KMS invariance, only a partic-
ular consequence of the dynamical KMS symmetry, to which we refer as the special
dynamical KMS condition. Conversely we prove a theorem stating that any bosonic
action satisfying the special dynamical KMS condition is always supersymmetrizable.

5. For a system for which temperature is non-dynamical (i.e. with a fixed constant
temperature), one finds a global supersymmetry. For a system for which temperature
is dynamical, such as a fluctuating hydrodynamics, one finds a local supersymmetry.

6. Supplementing the bosonic story of fluctuating hydrodynamics proposed in [10, 11]
with dynamics of ghosts, this paper finally gives a complete formulation of fluctuating
hydrodynamics in the classical regime.



The plan of the paper is as follows. In next section we present a general discussion of
emergence of supersymmetry from BRST and dynamical KMS symmetries. In section 3-5
we discuss three classes of examples. We conclude in section 6 with a discussion of future
directions. In appendix A we give further argument for the need of BRST symmetry.
Appendix B contains details of a proof for a supersymmetrizability theorem.

While this paper is in preparation we learned that overlapping results have been ob-
tained by Kristan Jensen, Natalia Pinzani-Fokeeva, and Amos Yarom [35].

2 Emergent supersymmetry: general structure

In this section we present a general discussion of emergence of supersymmetry from BRST
and dynamical KMS symmetries.

2.1 General case

Consider an action I[F;] with F; = (b;, f;) which b; denotes collectively bosonic source
and dynamical fields, and f; denotes collectively anti-commuting source and dynamical
fields (ghost variables here). To make our equations compact we will use index i to denote
both field species and spacetime points. We assume that the action is invariant under a
BRST-type fermionic symmetry, i.e.

ol

where € is an anti-commuting constant, and () is an anti-commuting operator satisfying

0QF;
5 =0. (2.2)

Q°F, =0, ie (QF))
Now let us suppose that [ is invariant under another bosonic symmetry
F, — K F;, K, I[F;] = I[KF;] = I[F}] (2.3)

where K, is an invertible bosonic operator (i.e. maps bosons to bosons and ghosts to ghosts)
and index a denotes different elements of the symmetry group. Note that while Q acts as
a derivation, K, acts as a finite transformation. Acting on a product, K, transforms all
factors at the same time.
Clearly the action is also invariant under the combined operations Q, = K,QK, ",
OK;'F;

QuF; = K,QK'F; = [(QFJ')

(2.4)
aFj ] Fy—KoF;

—1
where the notation on the right hand side means after evaluating (QFj) afgﬁyF L replace all

F; by the corresponding K, F;. More explicitly
0= KoQI[Fj]| = KoQK, 'K, I[F}] = Q.I[F]. (2.5)

By definition
Q> =0. (2.6)



Thus we find that for each symmetry transformation K, there is an emergent fermionic
symmetry Q.. Note that the collection {Q,} also includes the original @ as {K,} includes
the identity element. Note that

{Qa. Qs} = QuQp + QsQ0 = Ka{Qu-15, QYK , Ky15=K,'Kg.  (2.7)

Suppose we have an action Ip[F;] which is not invariant under a K,-transformation.
Then it follows immediately from our definition that

QLIFI=0 <= Qula[F]=0 (2.8)

where
I,[F;] = K, Iy [Fi] = IH| Ko Fi]. (2.9)
2.2 A special case
Now let us specialize to a situation which will be relevant for the rest of this paper, with
{K,} =1,K,K? K~ ! being a set of Z; transformations satisfying
K% =b;, K*fi=—fi. (2.10)
In this case for any action Iy (which is not necessarily invariant under K) we have

K*Ip[F)] = Io[F}] (2.11)

as an action is always even in the number of ghosts variables. Also note that Qg2 = —Q
and Q-1 = —Qx, and thus the independent {Q,}’s are Q and Q = Q.
From (2.9) and (2.11) we then have for any action I

QIL[F]=0 <= QI[F]=0 (2.12)

where

I[F] = KIp[F] = K~'Io[F]. (2.13)

Now suppose Iy is BRST invariant, i.e. QIp = 0. We can construct a K-invariant
action as 1
I= §(IO+IO). (2.14)

But this action is in general not BRST invariant as QI does not have to be zero.
From (2.12) we conclude that for I to be both BRST and K-invariant, the sufficient and
necessary condition is that Iy should in addition be invariant under Q.

2.3 Strategy for extending dynamical KMS transformations to ghosts

Since ghost variables are introduced to give the correct integration measure and do not
directly couple to external sources, there is no obvious principle to determine how they
should transform under dynamical KMS symmetry. Our strategy is based on the follow-
ing non-trivial self-consistency requirement: BRST and dynamical KMS invariance of the



full action does not put further constraint on the pure bosonic part of the action. More
explicitly, with the full action written in a form

I[bi, fi] = Do[bi] + If[bs, fi] (2.15)

then the pure bosonic part I;[b;] should coincide with the most general action one can
construct based (1.6)—(1.8) and the bosonic dynamical KMS invariance. This requirement
is due to that the bosonic action I already provides a complete formulation of tree-level
physics, thus extension of dynamical KMS symmetry to the ghost sector should not change
that physics. The requirement is highly nontrivial mathematically as dynamical KMS
invariance constrains the ghost part of the action Iy which in turn constrains the bosonic
part I via BRST symmetry.
Our discussion contains the following elements:

1. Applying the consistency requirement at quadratic level in dynamical variables
uniquely determines the dynamical KMS transformation for ghost variables at linear
level.

2. As a simplest possibility we postulate the linear transformation deduced from the
quadratic action is the full transformation. Including both bosons and ghosts, the
dynamical KMS transformations have the structure discussed around (2.10). We then
construct @ explicitly from @ and K using (2.4). One finds that @, Q form a super-
symmetric algebra. In other words, a non-equilibrium EFT must be supersymmetric
moariant.

3. We provide a strong support for the postulate of item 2 by proving that the self-
consistency requirement is indeed satisfied for the full nonlinear action.

From the above discussion and that around (2.14) we conclude that one can obtain a BRST
and dynamical KMS invariant action by first writing down a most general supersymmetric
action and then impose (2.14).

2.4 Special dynamical KMS symmetry and a theorem on supersymmtrizabil-
ity

In this subsection we elaborate a bit further on the self-consistency requirement of the

previous subsection.

Consider a most general action Ip[b;] of bosonic variables which satisfies (1.6)—(1.8)
and the dynamical KMS condition (1.14). Now adding a ghost partner f; for each bosonic
variable to obtain a full action I[b;, f;] which is BRST and dynamical KMS invariant.
From our discussion above we learned that this full action must be supersymmetric. The
self-consistency requirement requires that the bosonic part of I[b;, f;] should coincide with
the original I;,. This in turn requires that I, be supersymmetrizable. Conversely, if I}, is
supersymmetrizable, then we can construct a BRST and dynamical KMS invariant action
with the same bosonic part by first constructing a supersymmetric extension of I, and
then using (2.14). Thus for I to be supersymmetriable is both sufficient and necessary



for constructing a full BRST and dynamical KMS invariant action. So the self-consistent
condition boils down to the statement: a bosonic action which satisfies (1.6)—(1.8) and
the bosonic dynamical KMS condition (1.14) should be supersymmetrizable under the
supersymmetry generated by @ and Q.

We will be able to prove that this is indeed the case. In fact we will be able to prove
a stronger statement which was first observed in [10] for a theory of nonlinear diffusion at
cubic level. To describe the statement, we need to be a bit more specific on the general
structure of dynamical KMS condition. Equations (1.6) and (1.8) imply that the bosonic
Lagrangian density £ can be expanded in a-fields as

e > 1 neven
L, =" =N"im e, g, = 2.16
’ nz_:l b Z [Ar] 0 nodd ( )

n=1

where we use A, ®, to denote collectively - and a-fields respectively. Note that the sum
starts with n = 1 as n = 0 term is not allowed by (1.8). In the classical limit A — 0, the

dynamical KMS transformation on bosonic variables is a Z5 transformation which can be

schematically written as’

A (—x) = Ay (), O, (—z) = Po(z) + 1D, (2) (2.17)

where @, is a product of bosonic r-variables with altogether one derivative. The dynamical
KMS condition (1.14) can then be written as

Ly = Ly+ 0, V" (2.18)

where L, is obtained by plugging (2.17) into (2.16) and taking  — —z, i.e.

oo — oo o0

L= L") =3 {0 A (@ +i0,)" = 3 (L) - (2.19)

n=1 n=1 k=0

fM* is obtained from f(™ by flipping the signs of all derivatives and (ljb>k denotes terms

in £, with k factors of ®,. Note that the k-sum starts with zero. Equating equation (2.18)
order by order in the expansion of ®, we then find an infinite number of conditions

(Eb)o = 9,V (2.20)

and
(Eb)k O N (2.21)

where Vk“ denotes terms containing k factors of ®,.
Alternatively we can also impose the dynamical KMS condition as follows. Take a
Lagrangian density Ly of the form (2.16). Due to Z3 nature of the transformation, then

Ly, = % (ﬁg + Eo) , (2.22)

"Clearly (1.16)—(1.17) are the of the form (2.17). Those for hydrodynamical variables are given explicitly
in section 4 and section 5.

,10,



automatically satisfies (1.14). But as in (2.19) Lo contains terms with no ®,, and we
must require that such terms in £y vanish, which is precisely (2.20). Thus it is enough to
impose (2.20) and (2.22) as all the conditions (2.21) with £ > 1 are automatically taken
care of by (2.22). We will refer to (2.20) as the special dynamical KMS condition.

From (2.12)-(2.14) and that BRST symmetry implies (1.8) for the bosonic part, it
then follows that supersymmetry of Ly ensures the special dynamical KMS condition for
its bosonic part. Conversely, we will be able to prove the following supersymmetrizability
theorem:

Any local bosonic Lagrangian which satisfies (1.8) and the special dynamical KMS
condition (2.20) is supersymmetrizable.

Comparing with the discussion around (2.14), we see the procedure of imposing (2.22)
commutes with supersymmetrization. One could either do it before or after.

3 With no conserved quantities at a fixed temperature: model A

In this and next two sections we consider the extension of dynamical KMS transformations
to ghosts and the associated supersymmetry for some explicit examples of non-equilibrium
EFTs. In this section we will consider systems with no conserved quantities at a fixed
background temperature, i.e. temperature is not a dynamical variable. In this case the
story is technically much simpler, but captures all the essential elements.

As an illustration of a system with no conservation laws, we consider the critical dynam-
ics of a n-component real order parameter xi,i = 1,---, N at a fixed inverse temperature
Bo (i.e. model A [36, 37]). The dynamical variables in (1.4) are then {x,i, xai} and the ac-
tion should be invariant under an SO(N) symmetry which rotates x,i, Xai simultaneously.®
The dynamical KMS transformation for bosonic variables is the same as (1.17)

Xri() = xri(—2), Xai(—%) = Xai(2) + 18000 Xri(T) - (3.1)
In this case the couplings (1.13) to external sources are rather trivial, so we will suppress
the sources below. At quadratic order in x,, (but to all orders in derivatives) the bosonic
part of the Lagrangian can be written as
i
Ly = XaiGraXri + §XaiGaaXai (32)
where G, are G,, are some differential operators. Note that by definition G,, satisfies
Gaa = G}, where G, denotes the operator obtained from Gy, by taking all 9, to —0d,.
Imposing the dynamical KMS condition leads to the condition

Gra — G2y = —Bo00Glaa - (3.3)

As discussed in the Introduction we should also introduce anti-commuting partners
Cri, Cai TOT Xri, Xai Tespectively, and require the action to be invariant under the following
BRST transformations

5Xri = 5QXT1 = €Cri, (5Cai = chai = €Xai» QXai = chi =0. (34)

8The boundary condition for CTP requires that x1 = 2 at ¢ = oo, thus any global symmetry must
rotate x1,2 together.
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At quadratic level the most general Lagrangian invariant under (3.4) can be written as®

1
L= XaiGraXri + §XaiGaaXai - CaiGraCri + C’I‘iGT”V‘c’I‘i (35)
where G, is an arbitrary differential operator satistying G,, = —G7,. from anti-commuting

nature of c¢,i. At quadratic level the dynamical transformation on ¢,, must be linear
and requiring no further constraints on G,, we find that the only possibility is to require
Lagrangian be invariant under!?

Cai = Cai(x) = cri(—x), cri = Gri(x) = —cqi(—x) (3.6)

which in turn requires G,, = 0. We thus propose (3.6) as the dynamical KMS transforma-
tion for ghosts.

Combining (3.1) and (3.6) we find the Z4 structure discussed around equation (2.10)
with

Kxri(@) = xri(—2), KXai(2) = Xai(—2) + iBo0oxri(—), (3.7)
Kcgi(z) = ¢epi(—x), Kepi(z) = —chi(—x) .

Now applying (2.4) to (3.7)—(3.8) and (3.4), we find that
OXri = €QXri = —€Cai;  OXai = 1€0080Cai,  0¢ri = € (Xai +1B00oXri), 0cai=0. (3.9)
It can also be readily checked that
{Q,Q} = iBodo (3.10)

i.e. Q,Q form a supersymmetric algebra. It can also be checked explicitly that invariance
of (3.5) under @ and Q indeed leads to (3.3).

3.1 Superspace

To impose supersymmetry, it is convenient to use superspace formalism [38]. We introduce
two Grassmannian coordinates 6,6 and the superfield

Wi = Xpi + 0cri + caill + 00xai - (3.11)
Q. Q can then be written in terms of the following differential operators
Q=0 Q=38;—10P0 (3.12)

with (3.4) and (3.9) given by
S0 = (eQ + €Q) ;. (3.13)

9There cannot be a cqKqce term as it is incompatible with BRST symmetry.
%0ne can in fact consider ¢, — ac, and ¢, — féca for any real «, but such an a can be absorbed by
redefining c¢,.
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Note that as usual acting on superfields

{Q,Q} = —iBodo (3.14)

with an opposite sign from (3.10).
The corresponding covariant derivatives are

D =0z, D =08p+iB000 (3.15)

which satisfy

D*=D*=0, {D,D}=ifudh, {Q.D}=1{Q.D}=1{Q,D}={Q.D}=0. (316)
Note that

D\I’i = —Cqi — 9)(@1, D\I/i = Cpi + 9)@1(—3}) — i,@o@é@ocri (317)

DDW; = Xai(—2) + iB80000cri, DDV; = —Xai — iB000cai + 1800000 X ai (3.18)

A general Lagrangian which is invariant under (3.4) and (3.9) can then be written as
L= /d9d9 F[¥i,D, D,d,] (3.19)

where F is a local expression constructed out of W;, and their covariant and ordinary
derivatives.

3.2 Proof of the supersymmetrizability theorem

We now present a proof of the supersymmetrizability theorem stated at the end of sec-
tion 2.4. Here we will discuss the main steps. There is a key step whose proof is rather
contrived, which we will leave to appendix B.

Consider a general bosonic action Ip[Xri, Xai], Which satisfies (1.6), (1.8), and the special
dynamical KMS condition (2.20). Since the dynamical KMS transformation (3.1) is linear
in fields, it does not change the total number of fields in a given term. In other words,
suppose we expand L in terms of the power of dynamical variables

Ly=) Ly (3.20)
n=2

where £,, contains altogether n factors of X, ,, then different £,’s do not mix under dy-
namical KMS transformations. It is then enough to prove the theorem for a general L,,.
L,, can be written schematically in a form

n

Ly = Z §im flmon—m)m, n—m (3.21)

m=1

where each term should be understood as

k k K I I J J
f(ma )XTXT = I(ITLIEnleanl e XCL X'r’l . er (322)
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and the indices I, J include both species indices and indices for all possible derivatives on
them. It is easy to write them in momentum space, for example,

asjic(F1, k2, k3) Xai (k1) X (F2) Xk (R3) = ar, g XX X3 (3.23)
with I = (i, k{") and similarly for .Jy, Jo. fmk) is then symmetric among the first m and
last k indices.

Now take any term in (3.21) with m > 1, choose a x, factor and replace it by x.(—x)—
1Bo0oxr. The first term resulted from the replacement has the form

flmn=mymLg (—a) X (3.24)

which can be supersymmetrized as
/ d@do fmn=m (—DW)(—DDW)" 2 DYTn ™ (3.25)

where we have used (3.17)—(3.18). Note that in (3.25) the only pure bosonic term is (3.24).
The second term resulted from the replacement can be regrouped into terms with m — 1
Xa's. Continuing this procedure we will then be left with terms with one factor y, which

we will denote as

To = G dn X0 X2 - X0, (3.26)

where ¢ is symmetric in Jo, - - - J,, indices.

Note that under a dynamical KMS transformation, a term of the form (3.24) will always
contain at least one factor of y, due to the x, factor there. Thus the special dynamical
KMS condition (2.20) will only involve (3.26) which can be written as

iB0g.1 -1, O0X X - X = 0 V! (3.27)

and in momentum space
W19y JnXT1XrJ2 Xf" =0. (3.28)
Recall that index Jj - -- include both species indices and momenta, i.e. X‘]k = Xri(Wg, kk)

with & = 1,---n, and momentum conservation implies that » ,_; wi = 0.
From properties of symmetric polynomials one can show that (3.27) implies that Z,
can be written as (the proof of which is a bit involved and we leave it to appendix B)

7, =1 + 7V (3.29)
where

1. in I,SS) the corresponding gy, ...s, is fully symmetric under exchanges of its indices, for

which using (3.11) IISS) can be supersymmetrized as

/d9d6 gy, 0T (3.30)
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2. Ilga) can be written in a form

Izga) = hrs(xr)X200x7, hrj=—hyr. (3.31)

Using (3.17)—(3.18) such a term can be supersymmetrized as
wo—l/dede h (0 DU ;D . (3.32)

We thus have shown all terms in £,, can be supersymmetrized, which concludes the proof.
To conclude this subsection let us note that the proof does not depend on the nature of
the species index i, which can be generalized to any kinds of indices including spacetime
indices, say for a tensor field. In particular we will see the proof applies also to the examples
of next two sections.

3.3 Full formulation

To complete the formulation of the model A EFT, now let us consider the generalization
of (1.6) to the full action. A natural generalization is

I:ff [X'I‘) Cri Xas Ca] = _Ieff [Xra MrCr; —Xas naca] (333)

with 7., = £1. It can be readily checked that only the choice 7, = 1 and n, = —1 is
compatible with the BRST symmetry, and thus we should have

I:H[XTa Cr; —Xas _Ca] = —deff [Xr, Cri Xas Ca] . (334)

To see that (3.34) is also compatible with @ and K operations, let us define an operation
S as

SF,=F!, SF,=-F,  SI[F,, F,| =I'|F,,—F,) (3.35)
where F,., denote respectively any r and a-type variables (including sources, bosonic and
ghost dynamical variables). Equation (3.34) can then be written as

Slg = —Iog (3.36)
Now it can be readily checked that

[Q,5]=0, {Q,8}=0 (3.37)

and thus supersymmetry is preserved by S. Also note that K, 5'] = 0 acting on bosonic
fields and { K, S } = 0 acting on ghost fields, and thus acting on action K commutes with S
due to the fact that an action must contain even number of ghost fields. This shows (3.34)
is also compatible with dynamical KMS condition.

We also need to check the self-consistency: (3.34) should not put further constraints on
the bosonic action. This amounts to showing the full action I obtained by supersymmetriz-
ing a bosonic action satisfying (1.6) satisfies SI = —1I. Note that from the discussion of last
section any term in the bosonic action can be supersymmetrized to a single term in terms
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of superfields. We thus only need to show that any term in the superspace has a definite
eigenvalue under S (then this eigenvalue must agree with that of the bosonic part). To see
this note that the superfield (3.11) has the following structure under transformation of S:
U~ X+i0X, DY ~iX, DY ~ X +i0X, DDV ~iX and DDV ~ iX +0X where X de-
notes the type of fields with eigenvalue 1 under S. Note that X does not contain . Thus any
term consisting of products of such superfields will be the proportional to X™(X +i6X)™ ~
i XM where only one @ survives. It has a definite eigenvalue of S. Finally given that
(K, 5’] = 0 acting on action, the step (2.14) does not change the eigenvalue of S.

We can now present the full procedure for constructing the EFT for model A using
supersymmetry:

1. Construct a most general supersymmetric action Iy, which satisfies (3.34) (and of
course whatever other symmetries of the system).

2. Construct the full action using (2.14).

3. The bosonic part of the action should further be constrained by (1.7).

Instead of using supersymmetry one can of course directly impose BRST symmetry and
the special dynamical KMS condition. With the powerful formalism of superspace, super-
symmetry should in general be a faster route.

Finally we note that in a most general supersymmetric action there can be terms
which are not related to the pure bosonic action, i.e. terms involving ghosts transform
among themselves under supersymmetric transformations. Whether one should include
such terms requires further consideration.

4 With conserved quantities at a fixed temperature: nonlinear diffusion

In this section as an example of systems with conserved quantities at a fixed tempera-
ture we consider the hydrodynamic theory for nonlinear diffusion developed in [10]. For
slow variables associated with conserved quantities, couplings to external sources play an
important role in the formulation of the theory. So in this section we will turn on exter-
nal sources from the beginning. We will see that the same structure as that of model A
emerges. The discussion here generalizes and systemizes some previous observations in [10]
regarding BRST invariance, KMS conditions and supersymmetry.

We consider the theory of diffusion mode associated with a U(1) conserved current
at a fixed inverse temperature [y, ignoring possible couplings between the diffusion mode
and other hydrodynamical modes. The dynamical variables are ¢,, ¢, with ¢, interpreted
as the diffusion mode and ¢, the corresponding noise variable. The background sources
are A, and A,, which couple to conserved currents J} and J} respectively. The bosonic
action satisfy the following conditions:

1. ¢r, po must always be acted on by at least one derivatives. We will thus count 9,4
as having zeroth derivative. In the presence of background fields A,,,, A, the action
should depend only on the combinations

By = Ary + 0uor, Bay = Aau + 04 (4.1)
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i.e.
Iyler, Aw; Pa, Aa,u] = Ib[Br,ua Bau] . (4.2)
The local chemical potential is given by u = B.g = Ay + ptg with pg = 9o, giving

the dynamical part, and it is often convenient to use i = Bop and fig = Bojiqg-

2. The action is invariant under
Pr — Pr — )\(Ui)a Pa = Pa - (43)

The dynamical KMS transformation on bosonic variables are

Gr(r) = —pr(—2), Pa(T) = —pa(—) — ifolopr(—x) (4.4)

and when including background fields

Byu(—2) = Bru(x),  Bau(—%) = Bau(x) + B0 By - (4.5)

We now introduce ghost partners ¢, , for ¢, respectively, and require the action (in
the absence of background fields) to be invariant under transformation

0 = €cp, 0Cq = €pq - (4.6)

In the presence of external sources it is convenient to introduce ghost partners 7, 14, for
Appy Agy respectively and the action should be now be invariant under the combinations
of (4.6) and!!

0Ar, = €Ny, Map = €Aay - (4.7)

Introducing
Hyp = ey + Opcr, Hyy = Nap + Oucq - (4.8)

then (4.6)—(4.7) can be written in a unified way as
0B, = €H,y, O0Huy, = €Bgy . (4.9)

Extending the dynamical KMS transformation (4.5) to ghost fields proceeds in an
identical manner as the example of section 3 and we find

Hap(w) = Hrp(—2),  Hyu(z) = —Hou(—1) (4.10)

or in terms of source and dynamical fields separately

ﬁru(‘r) = _nau(_x)’ ﬁau(ﬁ) = nru(_m)u ér,u(x) = Cau(_x)a éau(x) = _Cru(_ﬁ)-
(4.11)

Similarly one finds @ transformation is given by

6By = —€Hga,, 6Bay, = €Bo0oHay, O0Hyy = € Bay +iB000Bry), 0Ha, =0. (4.12)

HSee appendix A for motivation for introducing ghost partners and BRST transformations for external
sources.
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Note that the above transformations for B, By, Hyy,, Hyy, are identical to those of
section 3 for X i, Xai, Cri, Cai- Thus all the results there can be directly carried over with
simple change of notations. For example, the superfield now has the form

Y,(2,0,0) = By + 0H,,, + Hyp0 + 00B,, . (4.13)

The proof of the supersymmetrizability theorem also carries over as in the proof the nature
of species indice i, j did not play any role. Here they are replaced by u, v of vector indices.

5 BRST and emergent supersymmetry for fluctuating hydrodynamics

As an example with both conserved quantities and dynamical temperature, in this section
we consider the full fluctuating hydrodynamics for a relativistic charged fluid in the classical
limit [10, 11], which is the low energy effective theory for slow modes associated with stress
tensor and a conserved U(1) current.

Here the story is much more complicated than those of the previous two examples. Re-
markably, we will see in the end an almost identical structure to that of previous examples
emerges when the theory is expressed in terms of an appropriate set of variables. There
is also an important difference. In previous two examples with a fixed temperature we
saw that the background temperature plays an important role in the supersymmetric alge-
bra (3.10). Now with a dynamical temperature we will see that supersymmetry becomes
local.

Supplementing the bosonic story of [10, 11] with the ghost sector, the discussion here
completes the formulation of fluctuating hydrodynamics in the classical regime.

5.1 Bosonic sector

The dynamical variables are given by x, = (X*(0), ¢,(0),3(c)) and x4 = (X4 (0), pa(0))
with p the spacetime index. Here 0% = (0% 0%) with i = 1,---d — 1 are coordinates
of a “fluid spacetime” labelling fluid elements and their internal clocks. X*(o%) gives
“physical” spacetime coordinates X* of a fluid element labelled by ¢® as in the standard
Lagrange description of fluid flows, with X4 describing the corresponding noises. As in the
diffusion example of section 4 ¢, , are the charge diffusion mode associated with U(1) and
the corresponding noise. (o) is the local inverse temperature. We can write

1 (o)
= = 5.1
B(o) ) Boe (5.1)
where Ty = —510 is the temperature at infinities where we take all external sources and

dynamical fields to vanish. [y is the parameter appearing in the KMS condition (1.11).
The external sources are g, (), A, () and gapw (), Agu (), with g, (x) the spacetime
metric. They are defined in physical spacetime. Here x = x* denotes physical spacetime
coordinates and should be distinguished from dynamical variables X* (o).
The theory can be formulated either in fluid spacetime as the above variables indicate or
in physical spacetime by inverting X*(c®). Below we will work in the fluid spacetime as it is
more convenient for introducing ghost partners and writing down a supersymmetric action.
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Quantities can be pulled-back or pushed-forward between the fluid and physical space-
times through X*(¢®). For example, from ¢,(c®) we can obtain ¢/, (z) = ¢4 (o (z)) where
o®(x*) is the inverse function of X#(¢). Unless otherwise specified below for notational
simplicity we will always use the same notation for a quantity and its push-forward (or
pull-back), i.e. write ¢/ (z) simply as ¢, (z) and distinguish ¢, () from ¢, (o) either by its
argument or from context.

In the classical limit the action depends on the dynamical variables and external sources
only through certain combinations, more explicitly (for more details see [11])

Ihydro = Ihydro [ha,Ba B, Ba; haaﬁv Baoc] (52)

where

ha/g(U) = 8aX’u8/3XVgW,(X), haa,B = 8aX“85X”(gaHV + EXagW), (5.3)

By = 0o X" Au(X) + 0ap(0), Bio = 0o XF(Aqu(X) + Lx,Ay) + Oatpa (5.4)

with Ly, denotes the Lie derivative along the vector X/ (z) = X/ (o(z)). In addition
to (1.6)—(1.8), the action should also be invariant under separate spatial and time diffeo-

moprhisms
ot = o' (o), 0¥ — 0%, o) (5.5)

as well as (4.3). The local velocity and chemical potential are defined as

1 1
X', p= e
T NEm

We also introduce a local temperature vector in fluid spacetime

e = Blo) ia_ Poe” ia apB _ 32
v _\/T()()(ag()) _\/Too<aao> o hapftpT =4 (5.7)

and it push-forward in physical spacetime

Bl (x) = 0 X1B* = B(x)ut(x),  gu "B = —P7. (5-8)

ut =

By . (5.6)

The dynamical KMS transformation on bosonic variables can be written as [11]

XH(0) = —XH(~0), XMo)=—-X(~0)—if"(—0o)+iBl (5.9)
¢(0) = —p(—0), $a(0) = —pa(—0) — i3 Oap(—0), B(o) = B(—0), (5.10)
with 8 = Bodl and

guu (ZE) g;u/(_x)7 ga,ul/(‘,r)
A#(Jf) = Au(—x), Aau(fﬁ)

The quantities in (5.3)—(5.4) then transform as

Gap (=) + L3y G (—), (5.11)
Agu(—z) +iLg, Ap(—2x) . (5.12)

hap(=0) = hap(0),  B*(=0) = B%(0),  haap(~0) = haap(0) +iLghas(0)  (5.13)
Ba(—0) = B, (o), Buo(—0) = Baa(0) +iLsBa(0) (5.14)

where Lz denotes the Lie derivative along the vector 5.
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For our discussion of BRST symmetry below, we will need to use vielbeins'? for various
quantities in (5.3)

G = €pelnas,  gaw = (eopel +enel)nap,  hap = fi finas, (5.15)
fi = 0aX"el),  haap = (finfF + f2F5) nap,  fih = 0aX" (el + Lx,el) . (5.16)

Under dynamical KMS transformation we have

eu(—) = & (=a), Eon(—T) = €0,(7) + 1L, €, () (5.17)
fi(=o) = o), fat (=) = fir (o) +iLsfi (o). (5.18)

The action can thus also be considered as
Ihydro[fé?a ;}yaBOzaBaouﬁa] . (519)

Note that in writing down explicit terms we will often need to use the inverse f4 of A
whose transformation can be worked out from the above.

5.2 BRST transformations and supersymmetry

We now introduce ghost partners. For dynamical variabless, v#,~4 for X# X}, and ¢, 4

for ¢ 4. For external fields, m;‘,mfu for eﬁ,efu, and 1, 7Mqy for Ay, Agy. The BRST

transformations again follow (1.10) and are given by

OXH = eyt It =eXF, 662‘(37) = emf}(w), (5mfu(m) = eefu(x) (5.20)
dpr = €cy, d¢q = €Pa, 0A,(z) = enu(x), Map(x) = €Agp(z) . (5.21)

We should stress that the above transformations for e’ Ay, Ny and m? are defined in

o ap
physical spacetime. When pulled back to fluid spacetime we then have, for example,

el (X (o)) = 6X"0ue; (X (0)) + emiH (X (0)) = e(mi (X (0)) + 7" (0)dvel (X (0))) (5.22)

= Ofd = e0aXM(mj + Loe])) . (5.23)

We do not introduce any ghost partner for 3(o) and require the BRST transformation
of 8 be such that §3% = 0:

58% = 638 (57(—h00)_1/2 + 5(—h00)—1/2) =0 = dlogB=2dlog\/—he. (5.24)

Note that the transformation of 3 is complicated as hgy consists of that of X* and eﬁ.
From now on we can just simply regard ¢ as a BRST invariant field. As a result we have

5BH(0) = eB0ur(0),  6BM(x) = eLay" (). (5.25)

2Below expressions come from h — 0 limit of g1, = nABef‘Heﬁ and g2, = nABeg‘HeQB,, with gi1,2,, =
hi A _ A KA
Guv £ 5Gap and e19, = €, & 5eg,.
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Since in the action (5.19) only f2, f2  Ba, Bao can appear, let us now construct ob-
jects which contain them and at the same time have good transformation properties un-
der (5.20)—(5.21). This process is facilitated by considering BRST superfields defined as
follows:

X = XF 4Ot Xi =l +0XE,  El=el+0ml, &) =mi +0el, (5.26)

b=, +bc,, O, =ca+bpa, A=A+, Awp=nap+0A0,. (5.27)

Motivated from (5.4) and (5.16) now consider

Fi =0, XrENX) = f+0ME, Bo= 0 X" AL(X) + 0a® = B + 0H,,  (5.28)

Fit = 0aX" (E0,(X) + Lx,EN(X)) = Mg, + 0F;, (5.29)
Bua = 00" (Aau(X) + Lx, A,) + 0a®y = Hao + 0Baq (5.30)

where
O XML, Ay (X) = 0aXP X0y A (X) + 00Xl ALu(X) (5.31)

and similarly with 0, X “EXEE,’;:‘(X ). Various quantities in (5.28)—(5.30) are given by

M = 0, X" (m} + Lyel)), Mg, = 0a X" (m, + Lo, e) (5.32)
Fi = fit 4 0a X (Lym, — Lo,mit + Loy, e1) (5.33)
Hy = 0o X" (Nrp + LyAL) + Oacy, Hao = 00 X" (Nap + L4, Ap) + 0aca  (5.34)
Bao = Baa + aocX“([anu = Lo,y + EwaAu) . (5.35)
In the above expressions L., £,, are defined as usual, while
00X Loy Ve = 0a XY Y00, 0,V,y + 1 0avL 0, Vi) + Oa Y VL 0,V
_ %&LX“ (£ys £9] = L) Vi (5.36)

which is covariant explicitly. We thus find that the BRST extensions of f&  B,, are
respectively F4 98,, and

ao)?

Ofd =eMA, SMA =eFA

aa?

6B = €Ha, 6Hao = €Baq - (5.37)

Let us now consider the dynamical KMS transformation on ghost variables. As in
previous examples, by examining the quadratic action we propose that

Ve (0) == (=0), F(o)=25(-0), Ca(0)==Cr(=0), &(0)=ca(=0),  (5.38)

Mgy, () =myy (—a), () = —mi, (=a), fap(@)=n,(~x),  u(@)=—nau(—2). (5.39)

Again the transformations of sources are given in physical spacetime and when pulled back
to the fluid spacetime the arguments should also transform, e.g.

mA(X(0) = md(X(0) = mi(=X(0)) = m}(X(~0)) (5.40)
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where we have used (5.9). Applying (5.9)—(5.10) and (5.38)—(5.39) to (5.28)—(5.30) we find
that

o (—0) = [ (o), we(—0) = Fag(0) +iLs f3 (o) (5.41)
M (=0) = =M (o), oo (—0) = Mg (o), (5.42)
B,(—=0) = By(o), Boa(—0) = B (o) +iLsBu(o) (5.43)
Ho(—0) = —Hgu(0), Huo(—0) = Ho(0) (5.44)

From (5.37) and (5.41)-(5.44) we see that the multiplets (f2, FA, M2, MA) and
(Ba, Baa, Ho, Hyo) have identical structure in terms of BRST and dynamical KMS trans-
formations as (Xri, Xai, Cri, Cai) Of section 3 with the replacement of i5y0p by iLg. Thus all
the subsequent discussion there regarding supersymmetry can be carried over immediately.

In particular, the superalgebra (3.10) becomes
[Q.Q} = iLs (5.45)
and the action can be constructed using the following two superfields
Ao, 0,0) = fA+0MI+ M2 G+00F, $.(0,0,0) = Bo+0Hy+Hao0+00B,, (5.46)

and their (super)-derivatives.

In contrast to the examples of last two sections here the right hand side of the su-
persymmetric algebra (5.45) depends on dynamical fields. In particular, 5% contains some
complicated dependence on f2 (recall (5.7)). Thus a supersymmetric transformation no
longer preserves the total power of fields, so the proof of supersymmetrization theorem of
section 3.2 and appendix B cannot be immediately applied. This potential problem can
be avoided as follows. By using the freedom of time reparameterization (5.5) we can set
B = Body by choosing

vV —ho =¢€", ie. f64fanAB = —e27. (5.47)
Then the supersymmetry becomes global, i.e.
{Q,Q} =iBody (5.48)

and the proof can be applied at least when expanding the action around an equilibrium
configuration. Note that in this gauge local temperature is expressed through fOA via (5.47).

6 Conclusions and discussions

We first summarize the main results of the paper. Formulating a consistent non-equilibrium
effective field theory for a system in local equilibrium requires imposing BRST and dynam-
ical KMS symmetries. We showed that BRST and dynamical KMS symmetries always
lead to an emergent supersymmetry. Conversely, supersymmetry provides a convenient
way to impose BRST symmetry and the special dynamical KMS condition. Starting from
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a supersymmetric action one can then construct a BRST and dynamical KMS invariant
theory through a simple procedure (2.14). We have discussed a few explicit examples in
detail, in particular completing the formulation of fluctuating hydrodynamics of [10, 11]
by understanding how to introduce ghosts and implement various symmetries in the ghost
sector. Our results have important implications for studying non-equilibrium questions.
Ghosts run in loops and thus their dynamics plays an important role in understanding
physical effects of statistical fluctuations on a physical process or physics observables. For
example, it would be interesting to re-examine various dynamical critical phenomena in this
light. With a full action for fluctuating hydrodynamics, one could explore systematically
many questions related to effects of fluctuations on transport coefficients, hydrodynamic
instabilities, and so on, in particular in far-from-equilibrium situations. At a technical level
supersymmetry may also help find nontrivial fixed points for such non-equilibrium effective
field theories.

There are still a number of conceptual and technical challenges to overcome in order
to generalize the current discussion to the quantum regime. At conceptual level, quantum
fluctuations operate at the scale of %,13 which is essentially the cutoff scale for an EFT, and
thus makes the theory intrinsically nonlocal. This can already be seen from (1.15) which in-
volves a translation of order %, therefore requiring that the theory should be able to resolve
such a scale. Technically the transformation involves an infinite number of derivatives and
thus invalidates derivative expansion. While one could take into quantum effects perturba-
tively by developing an expansion in £, it is an interesting question whether it is possible to
capture full quantum effects at low energies by relaxing locality. Indeed at quadratic order
around thermal equilibrium it was found in [10] that one could write down an “effective field
theory” which includes an infinite number of derivatives. In particular, in this theory BRST
and dynamical KMS symmetries lead to a quantum deformed supersymmetric algebra

2 1hBy0;

{Q,Q} = - tanh ———. (6.1)

There are immediate technical difficulties in generalizing such an algebra to nonlinear

level, as acting on a finite product of local fields the left hand side is a derivation while
the right hand side is not. Finally there is a potentail ambiguity in the dynamical KMS
transformations for hydrodynamical variables at quantum level [11]. We hope to return
to these issues in the future.

Acknowledgments

We thank P. Glorioso, K. Jensen, and A. Yarom for discussions. Work supported in part
by funds provided by the U.S. Department of Energy (D.O.E.) under cooperative research
agreement DE-FG0205ER41360.

A  BRST symmetry and external sources

In this appendix we review the argument that BRST symmetry ensures (1.9).

3Here we are having in mind a strongly coupled system which is of our main interests.
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Consider an action Ip[xy, ¢r; Xa, $a] Where x,, denote collectively the dynamical vari-
ables and ¢, , external sources. Now let us introduce BRST partners c,, for dynamical
fields and require the full action in the presence of ¢, (with ¢, = 0) to be invariant under

OXr = €Cp, 0Cq = €Xa - (A.1)

We can write this as!*

) n 0
OXr Xaéca

for some F where I denotes the total action including ghosts. From (A.2) under variation

le - 07 I= Qdf7 Qd =Cr— (A2)

of ¢, we then have
ol

0y

for some operator V' and under a variation of ¢, the full generating functional is

=QqV (A.3)

VoW =i / Dx,DxaDcrDeg (QqV) e =i / Dy, DxaDe;Dca Qq (Ve') =0, (A4)

where in the second equality we have used that I is BRST invariant and in the third
equality we have used that Qg as defined in (A.2) is a total derivative under the path
integration. We have thus shown that W is independent of ¢, and can then be set to zero
by choosing a normalization constant.

To ensure the action is BRST invariant for any ¢,, it is convenient to introduce also
BRST partners 7, , for external sources ¢, , and require the full action (with all exter-
nal fields turned on) to be invariant under simultaneous transformation of (A.1) and the
corresponding transformations on sources

0Py = eny, 0Mg = €y - (A.5)
We thus have
QI=0 Q= L 5+ 5+¢ =Q4+Q (A.6)
=V, (5X Xa Ny 5(257* a d s .

where Qs denotes the source part of the BRST operator. Now settlng Nr.a and @q to zero
we then obtain an action which is automatically invariant under Q4 for all ¢,.

For the examples discussed in the main text, equation (A.4) clearly applies to model A
and nonlinear diffusion with conserved quantities. For fluctuating hydrodynamics, there is
an interesting subtlety. To guarantee physical spacetime diffeomorphisms X — X'(X), the
path integral measure for X’s should come in the form DX./G(X), in which case there
is then a nontrivial variation 6/G(X)/dX inside the path integral and (A.4) appears to
break down. But for the effective action to be physical spacetime diffeomorphism invariant,
XHs fermionic partner y* introduced in section 5.2 should also transform as a physical
spacetime vector, i.e. Y*(X) = 4" (0(X)) = 7 (X') = 0, X" (X)¥*(X). Since the Jacobian
for Grassmanian field v* is the inverse of that of X#, the measure DX D is invariant under
physical spacetime diffeomorphisms. The same cancellation of Jacobian exists between X2
and its partner 4. Thus there is no need for including \/G(X) in the integration measure
and (A.4) applies.

1n this case we can always write a Qqg-closed quantity as a Qg-exact.
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B Proof of special KMS condition implying supersymmetrization

In this appendix we prove that the most general solution to equation (3.28) has the
form (3.29). The general proof is a bit involved and notation heavy. We will start by
considering some simpler cases, which already captures the essence of the proof.

B.1 Simplest case

Let us first consider a simplest case for which there is only one species and all fields only
depend on time (i.e. a quantum mechanical example). Equation (3.28) can now be written
explicitly as

wi f(wis w2, wn)Xr(w1) - Xr(wn) =0 (B.1)

where f(wi;wa, -+ ,wy) is a polynomial symmetric in last n — 1 variables. The above
equation can be written more explicitly as

wlf(wl;WZa”' ’wn) —I—WQf(WQ;Wl,"‘ awn) + - +wnf(wnaw27 7wn—17w1) =0. (B2)

Expanding f in polynomials of w;, equation (B.2) is valid degree by degree. Thus without
loss of generality we can take f to have degree h and write it as

f=wlfotwl i+ Fwifai+ fo (B.3)

where fi is a symmetric homogeneous polynomial of wo, - -+ ,w, of degree k.

The basic idea of the proof is to use symmetric polynomials to write f in a suitable
form which then enables us to solve (B.2) explicitly.

Now introducing the power sum basis for symmetric homogeneous polynomials of

Wi, Wn
n
qk:wa, k=0,---.,n (B.4)
s=1
with some manipulations of symmetric polynomials we can further write f as
f=wl  ghonia () + w2 ghont2(ar) + - - + wign—1(a) + gn(ar) (B.5)
where g, is a symmetric homogeneous polynomial of wy,--- ,w, of degree m and can be

expanded in basis {g;} as already indicated in (B.5). We stress that in contrast to (B.3),
the powers of w; in (B.5) have been lowered to have maximal value n — 1 and g, are
symmetric in all frequencies. In order to focus on the main idea we leave the justification
of (B.5) to appendix B.4.

Expanding various functions g, in (B.5) in ¢; we can write f as

P _ P - P -
f=2<a§ )w?l Yng +a§ )qnlw?2 L g, +--~+a,(€ s c Wi 1) (B.6)
P

where P = {ny,--- ,n;} denotes a (non-ordered) partition of h + 1 (i.e. Zle ni=h+1)
and the sum is over all partitions (with all possible k£ and {n;}). Now consider a partition
P with at least one n; = 1, for which the corresponding terms in (B.6) are of two types:
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one is Gny ***qn;_,qn,,y " qn;, and the other is proportional to ¢;. The former is fully
symmetric in all the wg’s and thus belongs to the first term in (3.29). The latter vanishes
by momentum conservation. We thus find that

f=F 4 @ fl@) = Z () (B.7)

Pl

where f(®) is fully symmetric in all wy’s and P’ denotes those partitions with n; > 1 for all

i. Substituting (B.7) into (B.2) we find
Z(agp)+a’ép)+'”+a](gp))qn1qn2"’an:O (BS)
P/

where the term containing () vanishes by momentum conservation. Since Gn1Gns ** * ny,
for different partitions are independent we thus have

— (a@ + agpl) + -+ a,(fill)) = a,(fpl) (B.9)

for all partitions P’. Substituting the above equation back into f(*) we find that

k—1
a ! n;—1 ny—
O =323 g 1 = gl (8.10)

P j=1

where and below slash means omitting that term. Now putting (B.10) back into

T, = £ xa(w1)xr(w2) -+ xr(wn) (B.11)

and using permutations among x,’s we can write

k—1
P’ | _ i—1 — —
Ilga) = (n* 1)w2 Z Zag )QHl o % CGny_q (w?] w;k ! *W;LJ w?k I)XGX:"L ' (B'12)
P j=1

which is the form of (3.31).

B.2 The next simpler case

Now we still consider a single field species, but with full momentum k* = (w,k?),i =
1,--+,d — 1 dependence in d spacetime dimension, i.e. f in (B.1) should be understood
as f(k\';kL, - ki) which is a polynomial of nd variables k% and is symmetric under
permutations of k% for s = 2,---  n. Equation (B.2) now becomes

The idea for solving (B.13) is exactly the same as in last subsection with the only
difference being that we now need to use multi-symmetric polynomials that are natural
generalizations of symmetric polynomials [39, 40].

The generalization of a power w™ to multiple variables is k&% = w® (k1)1 ... (k4—1)@a—
where multiple power « is a d-dimensional vector in N?. We can choose a basis for a-space
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ase, = (0,---0,1,0,---,0) for 4 = 0,--- ,d—1 where 1 is at (u+1)-th position. The multi-
degree h of a monomial H v kS is defined as h = Y., a and is also a vector in N¢. For
example wiwy Hi:l (Kik%) has g = (2,1, ,1), a = (1,1, ,1), ag = (0,--- ,0) for s =
3,---,nand h = (3,2,---,2). The length of a vector o € N? is defined as |a| = Zf:_& Q.

Now given the homogenous structure of equation (B.13), we can expand f in polyno-
mials and solve (B.13) among terms with a given multi-degree as multi-degree is invariant
under permutations of kg’s. Thus without of loss of generality we can take f to be ho-
mogeneous of multi-degree of h. Equation (B.13) is then an equation for homogenous

polynomials of multi-degree of h + eg. Now the counterpart of (B.3) is

h— h—e —ey
f=FK"fo +Zk “ fe, +Zk “T feute, + o+ I (B.14)
ILL7
where f,’s are homogeneous multi-symmetric polynomials of k4, - - - ki, with multi-degree
a. Tilde over the sum means only summing over those cases where h — )" e, € N4,
namely all components are nonnegative (we use the same notation below unless specified).
With some manipulations we can rewrite (B.14) as (see appendix B.4 for details)

f= Z k{ gh—n(ga) + Z k{7 gnne, (da) + Z K ghentepte, (0) + -+ gn(da)
777#’71}
(B.15)

which is the counterpart of (B.5). In (B.15) we should sum over all powers of k; with
multi-degree 1 with || = n — 1 and h — n € N% g~’s are homogeneous multi-symmetric
polynomials of all k' with multi-degree v and can be expanded in the multi-power sum basis

Go = Zk?, for all « with 0 <|a| <n. (B.16)

Expanding g,’s in terms of {g,} and rearranging terms we can then write down the
counterpart of (B.6)

e P —e, P —e
f Z( km °q "‘qwﬂ'ag )q'uk??Z O"'q7k+"'+“/(c )q'Yl.“q'kalkfIYk O) (B.17)

where P denotes a partition of h+eg (i.e. Zle vi = h+ep) and we sum over all partitions.
Note that by definition v; — eg € N? for all . We can again separate the summation over
P into those which have at least one |y;| = 1 and those with none (which we denote as
P’). The former is either zero by momentum conservation or fully symmetric in all the k%
(if some 7; = ep), and thus

f= O+ @ @023 (B.18)

Pl

where £ is fully symmetric in all k¥ and in P’ all 15| > 2.
Now (B.13) gives

P’ P’ P’
Z(ag )+ afF) 4+ al >>qmqw...q%:o (B.19)
24
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and then
— (agP)—f—agp)—i—'--—i—a,(f_)l)) :a,(fp) (B.20)

for all partitions P’. Substituting the above equation back into f(*) we again have

k—1
Pl s —_ — —
I{Ea) = 2:} :ag' )q’Yl . % "q’kal(k’lyj eoq’)/k - q%’kiyk eO)XCLX? ' (B.21)
Poj=1

and using permutations among x,.’s we then replace k?j _eoq% — Qv k7 by
(0= 1) (KRG = P RT) = wa(n— 1) (KPR kP TORET) L (B22)
Thus IIE“) again has the structure of (3.31).

B.3 General case

We now consider the general case where y can have arbitrary species indices. The idea is
exactly the same as before except that now we view (3.26) as a multi-variable polynomial
of both momenta and fields. More explicitly, define

ks = (K€L, € = xyilks) s=1,--n, i=1,---,N (B.23)
Ela - (kijlag(lz)v &11 = Xai(kl) (B24)

as d + N dimensional vectors. Then Z, of (3.26) (when we expand all the coefficients in

momenta) can be viewed as a polynomial Z,(k14; k2, - - - , ks, ) which is symmetric in the last
n — 1 variables, and equation (3.28) (after symmetrization) becomes

wiZy(kis ko, -+ kn) + wolp(kos ks -+ skn) + -+ wpTp(kns k1, -+ k1) = 0. (B.25)

The story is similar to before and we can solve (B.25) for 7, with a given multi-degree h
which is now a d + N-dimensional vector. There are two important differences:

1. Momentum conservation only applies to the first d components of k. We thus separate
the multi-agree for k as v = (4, 7) where ¥ is d-dimensional and 7 is N-dimensional,
ie. kY = kY¢Y. Similarly the total multi-degree h = (fl, il) and the basis are é, with
a=0,1,---d—1and ¢ withi=1,---N.

2. We only need to consider polynomials of the form (3.26), i.e. |¥;| for each ks can only
be 1 or 0 and |h| = n.

We can now expand Z(ki; ko, -+ - ky) in the form of (B.17) with g, now defined in
terms of k, k1 replaced by k1, and eg replaced by ép. In particular for any i we should have
4i — éo € N?. We still have

L,=1"+1", 17"=(") (B.26)
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and (B.20) with the only difference that P’ also includes those partitions with |y;| > 2 for
all ¢ and those with |y;| = |7;| = 1. Now plugging (B.20) into IIS‘Z) and replacing k1 by kiq

we find that

k—1
a P’ 7. i_é 7Yk —€
V=33 aan gt (RO — 0 K (B.27)
P i=1

where we should also replace all the ki’s in qy’s by k1. From item 2 discussed earlier the
terms relevant for 7, must have |%;| = 1 or 0 for all i’s and Zle |7i| = n. For a 7, with
|%:] = 1 we will then have 5; = €;, for some j;. Those with |%;| = 0 can be written as

Qy; = 43, = ZZ:I kgl

Since for all v; — ég € N, by exchanging indices in (B.27) we can always extract an
overall factor w and the remaining factor in (B.27) is then anti-symmetric between kj, and
ko, thus giving (3.31). To see this explicitly we must keep in mind that we should only
select those terms in (B.27) which has the structure of (3.26).!> There are three types of
terms in (B.27):

1. 9| = |Ax| = 1 for which we have
~ ~ ~ ~ . n ~ ~ . n
Bl g — g ks = RO, D kIl — kgl Y kTl (B.28)
s=2 s=2

=(n—-1w (kl%—éOEJIZk;k—éogk . k?k_éofﬁk;ﬁ_éo JQI)

where in the second line we have used that in (B.27) the expression is multiplied by
expressions symmetric in ko, - - - k,. Equation (B.28) leads to terms in (B.27) of the
form (3.31).

2. |9 =1 and |3%| = 0 for which we have

n n
A S D D DL (B.29)
5=2 s=2
= (n = Dw (K] k% — K] OR] o))

Now the two terms on the right hand side must select different factors £ from the
product of ¢;’s in (B.27) so that they will have the structure of (3.26). Take some

|%:| = 1, then g, (];%—éoq% — E?g_é°> will result in terms
(n o 1)w (k’lw—eokgk-i-’n—eogjlz‘a%z . k’lm-i-’n—eok;i—eo .]125.]21) (B.30)
which again have the structure of (3.31).

3. |%i| = |3%| = 0: this is case is similar to (B.22) and we have

Bl — bl = waln = 1) (KPR kP TORO) L (B3

15 All the rest terms must cancel themselves by definition.
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Multiplying it with products of ¢;’s in (B.27) and selecting the appropriate terms
for (3.26) we always find terms of the form (3.31), due to full permutation symmetry
of ¢;’s.

This then concludes the full proof.

B.4 Justification of expansions using symmetric polynomials

We now show that (B.5) follows from (B.3). For this purpose we can expand f,, in (B.3)
in power sum basis (the fundamental theorem of symmetric polynomials) of wa, - - - wy,

pr=> wh (k=0 ,n-1) (B.32)
s=2

From (B.4) we have gz = wf + pj. Plugin this relation into (B.3) and we can rewrite f in
terms of the following expansion:

f=whgolg) + g (q) + -+ widn_1(q) + dn(a) (B.33)

where g;’s are polynomials of degree i and of g . Note this expansion in terms of ¢; and
wy is not unique although the expansion (B.3) is. Define the symmetric polynomial basis
of wy to wy, as
g; = Z Wk * Wk, 00 = 1 (B34)
1<ki<-<k;<n
for (i = 0,---,n) and that of wy to wy, as s; for (i = 0,---,n —1). Using the following
relations

O; = W18;—1 + S, t=1,---.n—1 (B35)
On = W1Sp—1 (B.36)

we can expand w('t® in the form of (B.33) in terms lower powers of w; when a > 0:

Wit = Wi o — W o 4 — (< 1)"0y) (B.37)

This expansion is equivalent to (B.33) because o; and ¢; can be uniquely expanded by each
other. Following this process, one can always reduce h in (B.33) to be less than n and (B.5)
results.

We now justify (B.15). Like symmetric polynomials, any multisymmetric polynomial
can be uniquely expanded by elementary multisymmetric polynomials

0, = Z Wig,y * * Wig oy Kty o ] e (B.38)

1,1 1,0 td—1,1 Td—1,04_1
{8}
1<, 1, <n, all different

for all posible choices of o with 0 < |a| < n. We define o, for k; to k, and s, for ks to
k. For example,

T(2,1,1) = Z wi, wiy ki k7, (B.39)

11 <12
1<i;<n, all different
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We define ¢, for kq to k,, and p, for ko to k,. For example,
4(2,1,1) 2%2’%11%2 (B.40)
These two basis can be expanded via each other uniquely. As a necessary condition, by

the notation of d-vector «, we see the number of these two basis are the same.
Expanding f, in (B.14) in terms of p, and using the relations

do = kY + pa (B.41)
we can rewrite (B.14) in the form of
= Krio(ga) + ZN: Ky Ge, (d0) + i T e e Qo)+ an(d)  (BA2)
J al
Furthermore, by the relations
o :ik’isa_ei—i—sa, 0<|a|<n-—1 (B.43)
i
Oq = i kisa_c,, |a| =n (B.44)
i

we have a generalized version of identity (B.37):

ﬂnlw

i €jy T te
a+/3 Z Z AR Jo'a_<eil+...+eij) (B.45)
J=0 {i;}

for any |a| = n and |B| > 0. Using this method, we can reduce (B.42) to an expansion
with the length of maximal exponent of k; to be less than n and gives (B.15).
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