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Abstract

We study symmetry principles associated with the approximately conserved enstrophy
current, responsible for the inverse energy cascade in non relativistic 2 + 1 dimensional
turbulence. We do so by identifying the accidental symmetry associated with enstrophy
current conservation in a recently realized effective action principle for hydrodynamics.
Our analysis deals with both relativistic and non relativistic effective actions and their
associated symmetries.
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1 Introduction

Non relativistic incompressible fluid flow in two spatial dimensions supports an approximately
conserved enstrophy charge whose existence plays a crucial role in generating the inverse en-
ergy cascade of turbulent flow [1]. Planar, non relativistic and compressible flow also supports
an approximately conserved enstrophy charge as long as the equation of state is barotropic (the
pressure is a function of the mass, or particle number density), see, e.g., [2]. Likewise, an ap-
proximately conserved enstrophy charge was shown to be present in relativistic and conformal
invariant fluid flow in 2 + 1 dimensions [3].

Charges which are conserved under the equations of motion are tied, via Noether’s the-
orem, to symmetries of the underlying action. Thus, it stands to reason that there exists an
approximate symmetry responsible for the approximate conservation of enstrophy. The goal
of this work is to identify the symmetry associated with enstrophy conservation in relativistic
and non relativistic fluid flows using a recently discovered action principle for fluids [4-6].
(See also [7-19].)

In local theories charge conservation follows from current conservation. It is interesting
to contrast the approximate conservation of the enstrophy current with the behavior of the
entropy current. Recall that the entropy current is given by J!' = su* + O(8) where s is the
entropy density, u* is the velocity field (u* = y(1, v') in a relativistic setting and the same with
y = 1 in a non relativistic one), and O(J) denotes corrections which include derivatives of
hydrodynamic variables. The entropy current is conserved in the absence of dissipative terms
and its divergence is positive semi-definite otherwise. Thus, at leading order in a derivative
expansion one may view the entropy current as being approximately conserved in the sense
that 9,,J = 0(8?) under the equations of motion. That is to say, the leading order contribution
to the entropy current is of zeroth order in a derivative expansion, but, under the equations of
motion, its divergence is second order. The approximate conservation of the enstrophy current
is of a similar type. As we will see shortly, the enstrophy current is second order in derivatives
but, under the equations of motion, its divergence is fourth order.

The analogy between the enstrophy current and the entropy current may run deeper than
a comparison of their approximate conservation at leading order. In planar, non relativistic,
incompressible or barotropic flow the enstrophy charge is conserved in the absence of dissi-
pation but its time derivative is negative semi-definite once dissipation comes into play. This
feature is crucial to the existence of an inverse energy cascade in 2+1 dimensions [1]. Whether
such a behavior persists for relativistic fluid flows is yet an open problem. It is tentalizing to
speculate that a negative semi-definite divergence of the enstrophy current may lead to an
inverse energy cascade in relativistic fluids too.

Be that as it may, it is possible to identify the symmetry principle responsible for the con-
servation of the entropy current in the absence of dissipative terms using the hydrodynamic
effective action [20-24]. In fact, one can identify the mechanism responsible for its full non
conservation for generic, dissipative, fluids [9,14,15]. This raises the hope that a similar con-
struction may be generated in order to better understand the enstrophy current. In this work
we take a first step in this direction and find the symmetry associated with enstrophy conser-
vation at leading order in the derivative expansion. Along the way we provide a rudimentary
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construction of the effective action for Galilean fluids, offering a slightly different perspective
on it than the recent comprehensive work of [25]. In addition, we identify an enstrophy cur-
rent in generic relativistic fluids, generalizing the result of [3]. We will not discuss negativity
of enstrophy production in a relativistic setting but will comment on its possible realization
where relevant.

Our work is organized as follows. In Section 2 we discuss the structure of the relativis-
tic and Galilean enstrophy currents. Our result for the relativistic enstrophy current gener-
alizes that of [3], relevant for an uncharged conformal fluid, while our expression for the
non relativistic enstrophy current has been cast in a manifestly covariant form by using the
Newton-Cartan formalism. In Section 3 we discuss how a conserved enstrophy current arises
as a Noether current of an effective action for fluid dynamics in 2+1 dimensions for both rel-
ativistic and Galilean fluid flows. We end with an outlook and discussion in Section 4. A
review of the traditional approach to the construction of the enstrophy charge and a summary
of Newton-Cartan geometry and its relation to Galilean invariant hydrodynamics have been
relegated to the appendices.

2 The enstrophy current

In 2 + 1 dimensional incompressible non relativistic fluid flow the enstrophy charge is given
by

1 .
W=£Jﬁwijwl]d2x, (1)
where w;; is the vorticity two form

(l)i]’ = 31-11]- — 3jvi N (2)

with v; the velocity of a fluid element. The argument that W is time independent in the
absence of dissipation and negative semidefinite otherwise can be found in any textbook on
hydrodynamics, e.g., [26]. We present the canonical derivation of this result in appendix A for
completeness.

The total enstrophy W in (1) may be interpreted as a volume integral over an enstrophy
density which may be thought of as the zero component of an enstrophy current,

J'a) = wijwijulé s (3)

with
ug = (1, ). 4

The reason for the parenthetical (1) in (3) will become clear presently. The subscript G in
(4) stands for Galilean, to be distinguished from its Lorentzian counterpart which we will
introduce shortly. The enstrophy current jﬁ) satisfies V, j(“U = 0 atleading order in a derivative

expansion and V < 0 otherwise.

wty
To be somewhat more precise, there exists not one, but a family of enstrophy currents
usually written in the form
jé‘n) = (a)ija)ij)”u“ , (5)
with n a positive integer. As was the case for jﬁ), Vi jgl )= 0 at leading order in the derivative
expansion, and, as long as n > 0, V,, j(“n ) < 0 in the presence of dissipation. While non-
standard, it is straightforward to argue that the currents (5) can be replaced with

Jr = h(wje N, (6)

3
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where h is a monotonically increasing function of its argument; one finds that V, j# < 0 with
a strict equality once the viscosity is set to zero.

Slightly less familiar is the family of conserved enstrophy currents associated with non
relativistic, inviscid, compressible, and barotropic fluids,

. 8(s/p) ij
6 =50 (@) ug. 7)

Here, p is the particle number density, s the entropy density, and g an arbitrary function. The
barotropic condition states that P = P(p) where P is the pressure. Note that in incompressible
flow the particle number density and the entropy density are constant so that (3) takes the
same form as (7) in its regime of validity. The expression (7) can be replaced by

jgh =h(s/p, wijwij/sz)su‘é . (8)

Following standard conventions we will, throughout this work, consider the version of the
enstrophy current given in (7). Where relevant we will comment on the alternate form jg B
mentioned above.

An uncharged, inviscid, relativistic, conformal fluid in 2 + 1 dimensions also possesses a
conserved enstrophy current given by

QZ
M — u
Jconformal - 62/3u s (9)
with e the energy density, u” a relativistic velocity field and Q% = Q,,Q"” where

Q,, = V,(e%u,)— v, (e"?u,). See [3]. In what follows we will generalize this result.
In particular, we will argue that, in the presence of a U(1) global symmetry, one can write a
conserved enstrophy current for generic fluids of the form

o= 850) oy (10)
s

o= (£)0) - (17(2)u).

Here, T is the temperature, u the chemical potential, p a U(1) charge density, and f an
arbitrary function of its argument. The current J* is conserved as long as the pressure, P,
satisfies P(T, u) = p(T f (u/T)). In the presence of an external electric field, f becomes linear
in u, and Q, in (11) receives a contribution linear in the field strength, (see (26)). As was
the case for the Galilean enstrophy current one may replace the family of conserved currents
(10) with

with

J,‘: =h(s/p, 02 /s>)su. (12)

2.1 The relativistic enstrophy current

Recall that the dynamical fields of hydrodynamic theory can be chosen to be the temperature
T, a velocity field u" satisfying u,u" = —1, and a chemical potential u if a conserved charge
is present. The energy momentum tensor and other conserved currents of the theory can be
expressed in terms of the dynamical fields and their derivatives. This description is usually
made manifest in terms of a derivative expansion. For instance,

T = e(T, wutu” + P(T, u) (" + uMu”) + O(9),

JV = p(T,uu" +0(2). (13)
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Here, e(T,u), P(T,u) and p(T,u) are functions of the temperature and chemical potential
which, in equilibrium, reduce to the energy density, pressure and charge density respectively.
The entropy density s(T, u) and charge density p(T, u) satisfy

&), )
S = aT 'ua P— a‘u T;

€+P=sT+pu. (15)

and

In the inviscid limit, energy-momentum and charge current conservation, V,T#” = F"J
and VMJf =0, lead to the equations of motion E = 0, E’ =0, and E, =0 with

E=-V,(su"),
_ (P+e)

E

" (P10, T +Ta,)—pV,, (16)

E = -V, (pu").

Here a,, = u®V ,u,, is the acceleration, P,g = g4p + U,Ug is a projection matrix and

i

w
v, =Fm,u”—TPJ8v(?), (17)

with F,,, an external field strength.
Suppose we find a closed two-form €,,,dx"dx” which is orthogonal to the velocity field,
Qwu” =0, (at least under the equations of motion). Such a two-form satisfies

L£,92,,=0, (18)
under the equations of motion, with £, the Lie derivative in the u* direction. Using (18) and

1 1 1
VU, = =0 +Ew“a+—®PMa—u

plla = 5% pa d uda > (19)

where d is the number of spatial dimensions and

1 1 1
3Tuv = EPM“Pvﬂ (Vaup + Vpuy)— Epwvau“,
w,uv = P’uapvﬂ (Vau/j —Vﬁua) 5 (20)
©=V,u%,

we find that under the equations of motion
uwy a uv . a 2 2
OV, (uQ,,) = Q"0 ,%Q,, + 0 Q 1--1. (21)

In two spatial dimensions, the right-hand-side of (21) vanishes. That the first term is zero
follows by denoting

a a —
0, Qg +Q,%0 4, = €,,,u 0, 22)
= P
qu =€y’ w,
where €, is the Levi-Civita tensor, and noting that
o o< e“”pupov“eaukulw =0. (23)
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Thus, in two spatial dimensions, and after imposing the equations of motion,

Q"'v, (u*Q,,) =0. (24)

It is now straightforward to argue that J* given in (10) is conserved for any value of n under
the equations of motion. Note that if n < 0, then J* is ill defined in equilibrium. Also, J# = su*
coincides with the (inviscid) entropy current for n = 0 and g = 1. Likewise, J* = pu”
coincides with the charge current for n = 0 and g = p/s. The first term on the right-hand side
of (21) bears a striking similarity to the vortex stretching term of non relativistic incompressible
flow (see equation (98) in appendix A). Therefore, it is sensible to identify J* of (10) with
n =1 and g = 1 with the enstrophy current and J* with larger n with its higher moments.

Using (24) one can also show that the current J# defined in (12) is also conserved under the
equations of motion. It is also possible to generalize (10) to fluids with multiple U(1) charges
whereby J#* = g (pil yeens ps—m) g?,,z,)ln u*, with p; the various charge densities, is conserved. One
might be tempted to construct an additional conserved current by contracting (24) with € u,,
to generate

Jfl =H(s/p,w/s)su”, (25a)

with
@ =u,e"’PQ,,. (25b)

It is straightforward to show that Q2 = %wz + O(E) implying that JI’; and J# are equivalent
under the equations of motion.

The enstrophy current (10) was derived on the premise that a closed two-form
Q = Q,,dx"dx", satisfying ,,u” = 0 is available. To find it, let us start with the most
general exact two-form which is first order in derivatives

Q,, =0, (Tf(T, v)u,)— 0, (Tf(T, v)uu) +0F,,, (26)

where 6 is a constant, v = u/T and f is an arbitrary function of its variables. A somewhat
lengthy computation yields

_ST EM+(M a—f) TP"‘aav—Ta—fPac’iaT—(
P+e w

_ fpT
P+e Ov oT *

P+e

quuv = —O)Fm,uv. (27)

In order for the penultimate term on the right-hand side of (27) to vanish we need that
of
oT

Solving for both (28) and the requirement that the second term on the right-hand-side of (27)
vanish, we find that the equation of state must take the form

0. (28)

P(T, u) = p(Tf (u/T)). (29)
Requiring that (27) vanishes under the equations of motion implies, in addition, that
f(»)=06v+6,, (30)

with 6§, an integration constant.

Let us summarize our findings. In the presence of an external electromagnetic field, a
charged fluid must have an equation of state of the form (29) with (30) in order to possess a
conserved enstrophy current. In the absence of an electromagnetic field, we must satisfy the
somewhat less restrictive condition, (29), in order for J* of (10) to be conserved. Note that a
charged conformal fluid and any neutral fluid will automatically have an equation of state of
the form (29) and therefore possess a conserved enstrophy current (10).

6
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2.2 The Galilean enstrophy current

The conserved enstrophy current for Galilean fluids can be constructed by borrowing the tech-
niques used to construct the relativistic enstrophy current. A key feature of the construction
of the relativistic enstrophy current was the existence of a closed two-form Q,,,,dx"dx” which
was orthogonal to the velocity field under the equations of motion. With this two-form at
hand, and the decomposition (19), we were lead to (21) from which enstrophy conservation
in 24 1 dimensions followed.

To construct such a Galilean invariant two-form, and consequently a conserved enstrophy
current, we use the Newton-Cartan formalism which allows one to couple a Galilean invariant
theory to a background spacetime in a covariant way. Galilean boost invariance is ensured by
requiring a certain “Milne invariance” of the background geometry. We summarize this and
other salient features of the Newton-Cartan geometry in appendix B.1. Briefly, Newton-Cartan
geometry is characterized by a spatial metric h"”, two timelike vectors n,, and n* such that
h#*'n, = 0 and n,n* =1, and a gauge field A,. From these data one constructs an inverse
metric flw and a projection P*,, via (108b). Fluid dynamics in a background Newton-Cartan
geometry can be described by introducing a timelike Galilean velocity field u’é which satisfies
u‘énu = 1. We briefly review hydrodynamics in a Newton-Cartan geometry in appendix B.2.
The interested reader is referred to [27] for a detailed exposition.

In a generic Newton-Cartan background geometry the equivalent of the decomposition
(19) is

- 1 1 2.
Vuug=Eouv+§wuv+aP;®+nuav, (BD
with the combinations
. mfa 2.
0" =huaPy (Viug +9Pug) - 2B)e,
_F Za B _ ¢

w,” = hWPﬁ”( *ug — Vﬁug) s (32)

a’ =ulVup,

0= @Mu‘é.

Here, flw and P“v are given in (120), @H is the Milne invariant covariant derivative con-
structed in (121), V* = h*P @ﬁ and in obtaining (32) we made repeated use of @Hh“ﬁ =0
together with nuﬁaug = 0. The latter follows from the requirement that @an = 0. Itisim-
portant to keep in mind that in the Newton-Cartan formalism the Christoffel connection has
torsion, see (121). Following [27], we have chosen it to be timelike.

Using the Cartan formula £, = 0, we find that, under the equations of motion,

- 2 -
QY (g Qap) = —QP Qg 0 + 007 (1 - E) —20T 7 upQ,p, (33)
where T 5 5 is the torsion tensor, and we have defined
Q" =hnPQ,, Q2 =0"Q,,. (34)
Since torsion is timelike, Tf 5= —u’éFg/g), c.f., (121), the last term on the right-hand-side of

(33) vanishes under the equations of motion,

—20°P T uQ,p = 20 FIUE (up9,5) = 0. (35)
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Thus, (33) reduces to

QPY (g Qqp) =~ Q00 + 007 (1 — %) : (36)
Equation (36) is the Galilean equivalent of (21): the last term on its right clearly vanishes in
d = 2 spatial dimensions. The first term on the right-hand-side of (36) is a vortex stretch-
ing term which, as we will now show, also vanishes in d = 2 spatial dimensions. Let us
work in a coordinate system where, locally, u‘é = (1,0). In this coordinate system we have
Qo = 525{;} j @ with €;; the Levi-Civita tensor and w a real number. It is now straightfor-
ward to compute

1 ,.
Q’uaﬂ‘uﬁ = EQ P[?’ (37)

from which

wo_
Q% Q05 =0, (38)

follows.
Using (36), we find that in 2+1 dimensions and under the equations of motion

(V,—G,)J5 =0, (39)

where g~“ was defined in (126) and J g is given by

P (Q3)"
si=e($) e 40

Equation (40) is a covariant version of (7). In obtaining (39) we repeatedly used the fact that
guug =0 and V,h*” =0.! As in the relativistic case, conservation of

g =h(s/p,Q%/s)sug, (41)

also follows from (36). Moreover, contraction of (36) with e“*P n, leads to a conserved
Joy = H(s/p, @ /s)suy, where @ = n,e*"Q,,,. Since Q* = s@2 + O(E), Ji, and J, are
equivalent up to terms proportional to the equations of motion.

It remains to find a closed and velocity orthogonal €2,,,. The most general U(1) and Milne
invariant closed two-form Q,,, that can be constructed using the Newton-Cartan data is given
by

qu = Fuv""au(qnv)_av(qnu); (42)
(up to a multiplicative constant which we set to 1 without loss of generality) where q is a
generic function of the entropy density, s, and particle number density, p, and F ,uv 1S the Milne

invariant field strength defined in (116). Contracting one of the indices of (42) with the
velocity field and using the equations of motion (127) we find

1P 0 - 1P 0 - P+
quug = ([—)% + %)Pgaap + (I—)E + a—(j)PgaaS + (q + %)Fﬁ?ué . (43)

In the absence of torsion, F ‘(A”V) = aun,, — 5’vn“ =0, we find that the right-hand-side of (43)
vanishes for an equation of state of the form

P=P(p), (44)

!1f the torsion tensor is not timelike then QNuu‘é # 0. Nevertheless, it is possible to show that the enstrophy
current (40) is conserved, in the sense of (39), as long as a closed two-form ,,,dx*dx" orthogonal to the velocity
field exists.
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and

1 0P
92 9p
au

In the presence of torsion we need to require, in addition, that

p=p(u+c(T)), (46)

(where ¢y (T) = —Tc'(T)).

So far we have considered generic flows. In the context of fluid flow at low velocities
it is also interesting to consider subsonic flow where the fluid becomes incompressible, see,
e.g., [28]. In this limit the particle number density becomes constant, so that the equations
of motion reduce to the incompressible Navier-Stokes equations. Put differently, incompress-
ible flow can be thought of as a particular class of solutions to the equations of motion where
the particle number density, and consequently the entropy density, are constant, and the pres-
sure becomes an independent function of the coordinates. In torsionless, incompressible flow,
equation (43) is automatically satisfied for an arbitrary choice of q. In the presence of torsion
we must require ¢ = —(P +€)/p.

To relate the covariant expressions (40), (42) and (44) to (5) and (7) we take the flat,
torsionless, spacetime limit of (40) defined in (128). The enstrophy current J g in (40) reduces
to (7). For incompressible flow, the particle number density, and therefore the entropy density
become constant in which case (40) reduces to (5) up to an overall constant.

3 Enstrophy from symmetry

As stated in the introduction, it stands to reason that the enstrophy current of hydrodynamics
is a result of an emergent symmetry of the theory. In what follows, we will use a recently
developed formalism which allows one to construct an effective action for hydrodynamics
[4-6] in order to identify the symmetry associated with enstrophy conservation. We will start
with the relativistic enstrophy current for which the effective action has been studied in detail
and then move on to the non relativistic theory where some extra ingredients are necessary in
order to construct the effective action and derive the symmetry associated with (approximate)
enstrophy conservation.

3.1 Relativistic enstrophy from symmetry

An effective action for an ideal charged fluid can be written in terms of a set of dynamical
fields X*(o) and C(0),

Seff(XM) C’ ﬁia Aﬂ: g,LHH AM) = f V _|gl]|P(T) AU’)dd+10- . (47)

The function X*(o) may be thought of as a dynamical Eulerian coordinate specifying the
location of the fluid in a target space and C(c) an equivalent function specifying its phase
under a global U(1) symmetry. The parameters 3! and Ap specify the configuration of the
fluid in the far past, and g, and A,, specify the metric and U(1) flavor field of the target space
where the fluid resides. The fields g;;, T and u are defined via

gij(X) = 9,X"3;X"g,,,(X), Bl =—T72, %zﬁi(aiXMA,u(X)‘i'aic)"'A[j; (48)

and P is a real function. By computing the stress tensor one finds that P can be identified with
the pressure, T with the temperature and u with the chemical potential. Other actions for

9
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ideal or inviscid fluids can be found in [29-34]. We have chosen (47) since by doubling the
fields (and adding appropriate ghosts) the action can be extended to include non dissipative
fluids. We refer the reader to [35] for an extensive discussion.

We claim that the following transformation of the dynamical fields

1 2 1
oXH = —ZQZUM— —,ZEN@— i/p“ﬁﬂﬁaaa + i/P“ﬁVa (—Qaﬁ) B
Ts sp sp p S (49)
sc=" 2 A sx°,
Ts2

is a symmetry of the action in 2+1 dimensions. Here u* = 8.X“f'T, and the remaining objects
are related to u”, T, u and P as in section 2. For instance, p’ is the derivative of p with respect
to its argument (see (29)). Further, the symmetry (49) leads to a conserved current
2
o=y i/ﬂ’“’Ev, (50)
s sp
which we may identify with the enstrophy current (10) with ¢ = 1 and n = 1 once the equa-
tions of motion are satisfied. We will generalize (49) and the associated (50) to obtain the
class of currents (10) shortly.
To see that (49) is indeed a symmetry and leads to (50) let us consider a generic variation
6X" and 6C of the action. The equations of motion for 6X* are energy-momentum conser-
vation in the target space and the equation of motion for 6C is current conservation. Thus,

OxSeff == d**lo V _|gij|((vuT“v —F My + AV JE)8X7 + YV, JESC + (de;[iovt;tlive)) :

(51)
If the transformations 6X" and 6C are a symmetry of the action, then 6xS,; = 0 indepen-
dently of the equations of motion. Therefore, if 6X* and 6C are symmetries,

(V,T#,—F M ., +A,V,J")6X" +V,J'5C=V,S", (52)

with S* a local current. The symmetries which will generate the enstrophy current should
lead to S* = J* up to possible extra terms proportional to the equations of motion. Using the
expression for J* in (10) with g =1 and n = 1 we find

2
sp’?

1
v — 2 _
V' = szEQ

/

4 4_ (1 QP E
(E°E,)O + S?Qaﬂa“Eﬂ + Y (;Q“ﬁ) Eg—4Y, (p—s’j . (53)

Inserting (53) into (52) and solving for 6X* and 6C will give us transformations which can
not be written in terms of positive powers of the equations of motion or their derivatives. To
remedy this, we use S* = J’* which leads to

(E,— TEu, — TUE'u,)6X*—E'(A,6X*+6C) =

1

2 1 54
+—2EQZ——,2(EaEa)®+i/QaﬂaaEﬁ +i/va(_ﬂa/5)Eﬁ . ( )
N Sp sp p N

(Note that covariance of (54) is ensured due to 6C — —6X%3J,A under gauge transforma-
tions.) One can check that the 6X* and 6C given in (49) satisfy (54).

10


https://scipost.org
https://scipost.org/SciPostPhys.12.3.085

Scil SciPost Phys. 12, 085 (2022)

Symmetries associated with conserved currents constructed from higher powers of 2 as
in (10), can be obtained in a similar fashion. Using S* = J* + O(E) in (52) we find that

—1 ' 2
sxi= B8 oy 8y 218 (qanipug

Ts 2n Ts 2n—1p Zn 1 /2
4n 4n

~ 1g (@) 1pH0feq, +p—p“ﬁv ( ()" 19“/5) (55)

_( 1).U'g 2 n 2 n g/ 2\n a

5C—T( )= T2n1 — () 2(n——1)pz(ﬂ)_Aa5X’

leads to the conserved current
QZ n

J’“=g(%) E;zn_)1 u“+g(%) 1) (@) QME, . (56)

For n =1 and g = 1 we recover (49) and (50) as expected. For completeness we note that
2h h 2h h
5XH == W —h |ut— 4—19“"‘(2(1,3(1/j - —OE"+ iP“ﬁVa - |,
T \ s2 p sp’ sp’? p’
2h G7)
5C = _Sp_n —S—h’—AaéX“,
T 2 P p?
generate J# as defined in (12). In (57) we have defined h’ and h to be the derivatives with
respect to the first and second argument of h respectively.
The simplest symmetry that arises from (55) is given for n = 0 and g = 1. In that case,
u
sxh=-2  sc=-E_asx°, (58)
T T
and the corresponding current is the entropy current J, = su* as previously identified in [20-
24]. Analogously, for n =0 and g = p/s, we have

oX* =0, 6C=1, (59)

which leads to conservation of the charge current J = pu". Unfortunately, neither (49) nor
(55) nor (57) seem to provide a physically meaningful insight into the symmetry responsible
for enstrophy conservation for n # 0. The simplest expression we were able to extract from
(55) is

5C=—A,6X%, (60)

(up to the equations of motion), obtained by setting n = 1/2 and g = 1. The transformation
(60) is associated with JI;” = % (wu“ + J!%e“"‘ﬁEauﬁ) obtained from (25) with H = %w/s.
It is unclear whether the divergence of the latter current is sign definite.

So far we have worked with a Lagrange description of the fluid. It is possible to relate
the symmetry (49) to a symmetry of the Eulerian degrees of freedom, u*, T and u. This
symmetry can be easily found by considering the pushforwards of the initial state data through
the dynamical degrees of freedom X* and C,

BH=0X"B'(0(X)),  Ap=Ap(cX))+p"3,C(a(X)), (61)
which, under a change 6X* and 6C, transform as

Sp" =—Lsxp",  SApg=—LsxAs+"3,6C, (62)
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where L5y is the Lie derivative in the 6X* direction with 6X* and 6C defined in (49). Using
(62) and the definitions of the Eulerian variables in the target space

1 -
T=—— u“:Tﬂ“‘, ‘U,ZUHAM-FA/J), (63)

v _ﬁ“ﬁ vguv ’
the symmetry (49), or more generally (55), acts on the conventional degrees of freedom as

Sut =—TPVLsyB”, 6T =—T?u,Lsxf”,

x 64
5‘U,:—MTUV£5Xﬂv—TAv£5Xﬂv—T[,5XAﬁ +HH8H5C, ( )

while it is inert on the target space sources
68u,=0, 6A,=0. (65)

3.2 Galilean enstrophy from symmetry

The procedure described in the previous section for obtaining the symmetry which generates
the relativistic enstrophy current can be readily generalized to Galilean invariant systems. In
what follows we first describe the ingredients required to construct an effective action for
Galilean invariant fluids and then proceed to identify the symmetry associated with approxi-
mate conservation of enstrophy.

3.2.1 A Galilean effective action for hydrodynamics

A Schwinger-Keldysh effective action for Galilean fluids can be constructed from a higher di-
mensional relativistic one by equipping the latter with a null Killing vector [36]. This procedure
was carried out in detail in [25]. Here, we will use an alternate construction similar to the one
used to formulate the Schwinger-Keldysh effective action for relativistic fluids, or any infrared
action for that matter. Namely, we identify the symmetries and dynamical fields associated
with the fluid and then construct the most general action compatible with those symmetries.
Since a full construction of the Schwinger-Keldysh effective action for Galilean fluids is avail-
able in [25] and since the various conceptual hurdles for constructing effective actions for
fluids were described in detail in [4-19], we will be somewhat sparse in our exposition.

In a Newton-Cartan background geometry, the effective action should be invariant under
coordinate reparameterizations, x* — x* + &£, the U(1) gauge symmetry with parameter A,
and Milne boosts with parameter 1,. When acting on the the Newton-Cartan data, these
transformations take the form

5%“# =£§nu,

5,h* = LchHY,

5XT_l'u :,Cgfl‘u-i'h‘uvlpv, (66)

1 2
SXAMZE(:AH+8MA+pJQPV—EnM’(/) 5
5){}_1“,, = L’le — (nupi‘ + n,,PS) Y, + nunvll)z s

where Y2 = 1) oh" and 6, denotes a target space coordinate reparameterization, a U(1)
gauge transformation and a Milne transformation. The inverse metric }_lm, is defined in (108b).

The dynamical fields of the Galilean invariant effective action for fluid dynamics are given
by the coordinates X*(o) and a phase C(c). As is the case for relativistic fluid dynamics,
the X" fields parameterize worldlines of fluid elements. They provide a mapping between a
parameter space specified by the coordinate o' which we refer to as a worldvolume and the
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space where the fluid elements live in, which we refer to as the target space. Similarly, C(o)
is the field that captures the local phase of each fluid element. The astute reader will note
that in addition to X*(o) and C(o), one may have included a field ¢, (o) which maps Milne
transformations from the target space to the worldvolume. Worldvolume quantities which are
not Milne invariant could then be rendered as such by modifying them with appropriate factors
of ¢,(c). As we shall see shortly all worldvolume quantities are explicitly Milne invariant so
that ¢,,(c) will not appear in the effective action.

The dynamical variables are bifundamental fields and as such transform under the target
space symmetries as well as under the corresponding symmetries induced on the worldvolume:
worldvolume reparameterizations labeled by &!, worldvolume U(1) gauge transformations
with parameter A, and worldvolume Milne boosts parameterized by 1,[31-,

5(y.0)X"(0) = —EH(X(0)) + E(0)aX (o),

A (67)
8(y,1)C(0) = —AX(0)) +A(0) + L;C(0),

with 6, denoting worldvolume transformations. Had we added ¢,,(c), we would have found

80,11 bul0) = —PY(X (0, (X(0)) + PY(X(0)(@X ") 4i(0) +E(0)3,,(0) ~Lehulo)

68
As should be clear from (67), 6X* and 6C are both invariant under worldvolume Milne trans-
formations.

In addition to the dynamical fields, the effective action will depend on the initial state
data which specifies the equilibrium state of the system in the infinite past. This consists of a
timelike Killing vector, (o), specifying the initial velocity and temperature, a gauge Killing
parameter, Ag(0), associated with the initial chemical potential, and a Milne boost one-form
1/);5 (o). Since the system is in equilibrium in the infinite past the mapping between the target
space and worldvolume is trivial. Thus,

5[5Tl“(t:—00):0, 5ﬂh“v(t:—00):0,

69
Sﬁfl“(t=—00)=0, 5ﬁAM(t=_OO)=0’ (69)

where 64 collectively denotes a worldvolume transformation given in (74) with parameters

{ﬁi,Aﬁ, 1/){3 }. Worldvolume coordinate reparameterizations and U(1) gauge transformations
acting on the initial data take the form:?

5B = L:p',

B! = Lol — Lot + ;.
Notice that B! and Ap are invariant under Milne boosts while Ql)l(j transforms non trivially
under it.

The local effective action for Galilean fluids, S, ¢, is constructed from worldvolume and
target space invariant combinations of the dynamical fields and initial state data. In practice,

2Note that it is always possible to choose a gauge where the parameters specifying the initial data are fixed.
A common choice is the static gauge where i = b(1,0), with b a constant, Ag = 0 and mpiﬂ = 0. As a result
worldvolume transformations of the initial data will be restricted to a subset preserving the static gauge. We
refrain from choosing a gauge in order to retain an explicitly covariant formulation of the action.
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it is convenient to define the target space invariant quantities

ni(0) = 8:x"n,(X),
h(o) = (8X") 71 (@X") " (X),

Aj(0)=0X"A,(X)+o.C, 71)
hij(0) = 8.X"9,X ", (X),
where the tilde’d quantities
A, =A, +ug,— %nuué ,
(72)
fzw :EW —Ug My —Ug N, + nunvug ,
with
ug(X) = ﬁﬂjan“ , UG, = flmug’; , ué = uGuu’é , (73)

are Milne invariant. Note that had we not used the target space Milne invariant variables Au
and flm in (71), we would have been forced to use ¢, to ensure target space Milne invari-
ance of Ai and fli j Itis the absence of ¢, on the right-hand-side of (71) that ensures that it
does not appear in the effective action. It is straightforward to show that the target space in-
variant combinations (71) transform under worldvolume reparameterizations and U(1) gauge
transformations induced by the transformations of the dynamical fields (67) as

52nl~=£éni,

§yh' = LzhY,

e (74)
52141 == ﬁéAl + 3iA,

5}?hl]:£éhl]?

and are invariant under worldvolume Milne boosts.

The symmetries on the worldvolume can be maintained by requiring the action to be a
scalar that depends only on U(1) gauge invariant and Milne invariant quantities. At leading
order in derivatives, the unique scalar invariants are

T — 1
_ﬁi“i’

corresponding respectively to the temperature and the chemical potential. Keeping all the
symmetries intact, we find that the most general effective action for Galilean fluids at leading
order in derivatives is

pu=TB'A +TAg, (75)

Seff = J Ao 7 P(T, 1), (76)

where the measure is given by the (Milne invariant) determinant of y;; = ;X" 9,X ”i_lw +n;n;
and P is a generic function of the temperature T and chemical potential u.

To get a feel for this formulation of Galilean hydrodynamics let us derive the equations of
motion for (ideal) Galilean fluids by varying the effective action with respect to the dynamical
variables. A generic variation of the effective action (76) is given by

1
5S€ff:fdd+1aﬁ(Pﬁ5ﬁ+S5T+p5u)’ 77)
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where we have defined

op op
S = (ﬁ)u and P = (a)T . (78)

In order to write the variations specified in (77) in terms of variations of the dynamical vari-
ables, we first use (75) to write

oT = —Tug.éni .
ou= uiG§Ai —,uuiG§ni ,

1 1 _ 1. (79)
ﬁ(s‘/? = ﬁéﬁ = ugdn; + -7 5hy;,
where we have defined ug = TpB! and
Vij =mnn; + flij ) 7= uiGujG +h'. (80)
To derive the last expression in (79) we have used
5i~1ij = ~I£ ~1j5}_1k1 —(ug; — niué)f?]kSnk —(ug;— nju%.)f’ikc?nk , 5uiG = —uiGu’éﬁnk , (81)

. 2 _ [ N iki. _ [ i P . . . .
with ug = ugug and P; = h™hy; = 6. —ugn;. In writing the generic variations in (79) we

have not included variations with respect to the initial state data 8 and Ap since they do not
depend on the dynamical variables.
Next, consider

5”.1' = aiX“,Canu,
8A; = 3X"LsxA, + 8,6C, (82)
6?11] = 3iX“8ijle,,

where L5y is the Lie derivative along 6X*. Inserting (82) into (79) and then into (77) we find

8Seps = —f dd+1oﬁ( (E,+(TE+uE)n,)6x° —E'(5C +AP6XP)) (83)
up to total derivatives. In writing (83) we have repeatedly used the relation

1 - ~
ﬁa‘u(\/?vﬂ) = (vu_gy,)VM = (v,u,_gy,)vun (84)

with Gu defined in (126). Satisfyingly, the expressions for E, E’ and E,, coincide with those in
(127). We reproduce them here for convenience,

E,= ﬁgaap —pl:"uaug +(P+ G)F;%)ug ,
E= _(6‘11 - QNM)(S ulé);
E/ = _(6‘11, - gu)(p ulé) .

3.2.2 Extracting the Galilean enstrophy from symmetry

The transformations of 6X* and 6 C which generate the symmetry associated with enstrophy
conservation must satisfy

(E, +(TE + uE)n,)6X"* —E'(6C+A,6X°) = (V,—G,)S", (85)
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with

St =Jg +O(E). (86)

In 2+1 dimensions the expression in (33) reduces to
QPG (i) =—2009, (L1E, ) + 200 rmye (LE 87
M(uG aﬁ) - u ; v |t up u ; v |> (87)

and conservation of the enstrophy current defined in (40) reads

42:'g1(92)n Qa8 (%Eﬁ)+ ;nf @2y~ 1QaﬂF(n) HEp . ®8)
Defining
R T r_lfp(QZ)”_lﬂ“ﬁEﬁ, 89)
we find
(7, — G (2”3—1)g(92)nE+ - g;_l (%E’—E) Q2"
0
+%E/56 (‘l:gl (Q2)" 1Qaﬂ) ;l f 2y IQaﬁF(n) HE . ©0)
It is now straightforward to show that
sxr = D gy —Tpf;n_l GORT:
+%~/§L6a (;ngl (@) 1Qaﬁ) 54 (@)1 EWyY 1)
5C =%@S+:)g(92)"—%psg7:ﬂ(n2)n—m(nz)n A 6%,

satisfy the condition (85) with S* given by J é“ , defined in (89). For completeness we note that

2h . . (h h
SXH == QZ S —n u”+iP“ v, | - +4—P“ QWP FmyY
T S P G o BYa s sp B G (92)

21 2 .
sc=1 (—?QZ iy —h) — W —A,8X%,
T \s P P

lead to the conservation of J g h defined in (41).

4 Conclusions

In this work we used the recently discovered effective action for hydrodynamics to determine
the approximate symmetry responsible for the approximately conserved enstrophy current
in 2 + 1 dimensional relativistic and Galilean flow. In the process of our analysis, we have
identified a mechanism which allows for the construction of the enstrophy current and used it
to generalize previously known results regarding its form.

The mechanism we identified for constructing the enstrophy current relies on the existence
of a closed two-form €,,dx"dx” orthogonal to the velocity field, £2,,,u” = 0, at least under
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the equations of motion. Once such a two-form is available the existence of the enstrophy
current is guaranteed. We believe that this mechanism can be used to construct an enstrophy
current for fluid flows which are not relativistic or Galilean. Fluid dynamics in the absence
of boost invariance has been studied recently in [37-39] and may be relevant to a variety of
physical systems, see, e.g., [40].

Our current analysis neglected dissipation, which, in the Galilean case, leads to a non
trivial but sign definite change in enstrophy charge over time. This fact, together with con-
servation of energy, is a key ingredient in the argument leading to the inverse energy cascade
in turbulent flow (see Appendix A). It is not known whether a relativistic enstrophy current
whose divergence is sign (semi-)definite exists. In order to study this problem one would start
with J* in (10) (setting, say, n = 1) and consider O(33) corrections to it such that its di-
vergence is sign (semi-)definite up to O(8%). The existence of a relativistic enstrophy current
with a sign (semi-)definite divergence may have implications for relativistic turbulence in 2+ 1
dimensions.

In the context of holography, the existence of an enstrophy current for conformal 2 + 1
dimensional fluid flow implies its dual manifestation in asymptotically AdS, black brane ge-
ometries. More precisely, as is the case for entropy, one may expect that asymptotically AdS,
black branes possess a geometric quantity that captures enstrophy conservation in the bound-
ary theory. There are several approaches to this problem in the literature [41-43] which may
serve as an excellent starting point for fully addressing this issue. Understanding the role of
approximate entrophy conservation in asymptotically AdS, black branes may lead to novel
insights in holographic turbulence. Even more relevant would be to understand whether an
approximate enstrophy conservation law arises regardless of the holographic duality.
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A The non relativistic enstrophy charge

As discussed in the main text it is straightforward to argue that the enstrophy is conserved
in inviscid 2 + 1 dimensional incompressible flow. Consider the Navier-Stokes equation for
incompressible fluids in the absence of random forces
- - - = ]- 2
O V+V-VV+ VP =_-Vy,
R (93)
V-¥y=0,

where R is the Reynolds number, P is the pressure, and V is the velocity field. We start by

making two observations. By dotting the Navier Stokes equation into ¥ we find that

1 1. 5 1 1 i i i
Eé’tvz + EV () +V(FP)= R (—Ewljwu +V; (V! _Vivlvj)) ) ©4)
where
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and we have used the incompressibility condition. Integrating (94) we find

1
aEz—EW, (96)

where
_1 24d _1 L wligd
E= 5 Jgvidx, and W= 5 Vg wijwdx, 97)

are referred to as the total energy and the total enstrophy respectively. In obtaining (96)
we have assumed that the fluid is on a manifold without a boundary. We will not consider
manifolds with boundaries in the remainder of this work. When R™! = 0 then, unsurprisingly,
energy is conserved.

To understand the role of enstrophy in establishing the dynamics of the theory, let us con-
sider the equation of motion for w;;. By taking a derivative of (93) we obtain

1 N
atwij+vk (kaij)"'i(wiko';("'aikwj): Evza)ij, (98)

where
O'l']' :ViVj+v]'Vi. (99)

The third term from the left is referred to as a ‘vortex stretching’ term and it vanishes in 2
spatial dimensions. Indeed, let

wiko;‘ + oikwﬁf =€, (100)
and also
Then, .
s o< e”col-kajf = o)e”eika;< = oj =0, (102)

where the last equality follows from the incompressibility condition. The enstrophy production
equation reads

. . 1
oW = f VEwjoiotidlx— 2P, (103)

where P is the Palinstrophy,
P= f VE Viw;iVFwidix. (104)

In the presence of the vortex stretching term the rate of change of W is not sign definite.
In this case experimental results and indirect theoretical arguments lead to

W

RlllIEO R = €o> (105)
where e is a constant. With some work, (see, e.g., [44]) one can show that (105) leads to the
Kolmogorov energy cascade in turbulent flow. Once the vortex stretching term is absent, it is
easy to show that 6,W < 0. Since the enstrophy is a positive quantity, it can not diverge if it
were initially finite and (105) is no longer valid. Instead one finds, via (96), that energy will
be conserved at large Reynolds number leading, eventually, to an inverse energy cascade (and
also a direct enstrophy cascade) in two dimensional turbulent flow.
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We also note in passing that higher moments of the enstrophy are also monotonically
decreasing and conserved when R™! = 0, viz.

ii\n n iiyn—1 ii
3tj \/E(COUCOJ) d2X:—EJ 1/?(0)1]6())) kaijvkwldzx, (106)
whenever n > 0. Alternately,
. 1 iy .
o, J VEh(w;w)d*x = R J VEH (w;je") kaiijwUdzx , (107)

is negative as long as h is a monotonically increasing function.

B Newton-Cartan geometry and hydrodynamics

Galilean invariant dynamics in a curved background, and Galilean invariant hydrodynamics in
particular, is properly described by Newton-Cartan geometry. In what follows we will briefly
summarize key elements of the Newton-Cartan formalism developed in [45] and then use it
to recast Galilean hydrodynamics in a manifestly covariant form. See [27].

B.1 Newton-Cartan geometry

In d +1 spacetime dimensions, the independent Newton-Cartan background data can be taken
to be the set (n,,h"”,A,, "), where n, is a nowhere vanishing one-form which defines the
local time direction, h*” is a rank d positive semi-definite symmetric tensor which satisfies
h#¥n, = 0 and can be seen as defining the (inverse) spatial metric, A, is a U(1) gauge field
associated with the conservation of particle number, and 7" is related to n, via

iitn, =1. (108a)

Based on the Newton-Cartan data, one can define a positive-definite spacetime metric y*” (and
its inverse v,,,), a rank d (spatial) metric h,, and a projector P*, via

" =a*a" +h", Ry, =y,,—nun,,  PY,=h"h,, =8"—itn,. (108b)

Note that h,,i” =0 and P* ;4" = P¥ ,n, = 0.

In Newton-Cartan theory different choices of n" are equivalent. This is a result of the
requirement that the underlying theory is Galilean invariant. In practice, we require that the
action is invariant under a transformation ii* — f’* obtained via

At =nt+h*"y,, (109)

with 1), a transverse one-form, v ,7” = 0. The transformation (109) is referred to as a Milne
boost. The action of Milne boosts on the metric and gauge field is given by
il;/w = }_l,uv - (np,va + nvppp,)'lpp + np,nvhaﬁ'lpal/)[j 5
, ) 1, (110)
A, =A,+P Wy Enuh Yy,

with h*” and n,, invariant. Invariance under Milne transformations is a key requirement used
to construct Galilean invariant theories in a curved background.
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The covariant measure appearing in spacetime integrals is d91x V7, where y = det(y,,,),
which can be shown to be Milne invariant. The derivative that reduces to a boundary term
under the integral is given by the combination

(V,—GVH= %au(\/?vﬂ), (111)
where we have defined
Gy =T = —Fien®, (112)
with
F{1) = g,n,—d,n,. (113)

A covariant derivative V,, can be constructed by requiring compatibility with the Newton-
Cartan data,
v,n,=0, V,h*f=o0, (114)

and restricting the torsion to be timelike, h Ap T:v =0,

T}, =i"d,n, + %hlp (Buhyp + Byhyp — Bphyyy) + %hlp (nuFop +1,Fu,) a1s)
T}, =T}, —T =—i"F{,
where we have defined the field strength
F,,=0,A,—0,A,, (116)
and we used the conventions
VuVg =9,Vg + Ty Vi —Tg VI (117)

Our construction closely follows that of [45]. A more general analysis can be found in [46].
The connection (115) is not Milne invariant. Unfortunately, using only the Newton-Cartan data
it is not possible to construct a connection that is both Milne invariant and gauge invariant,
see [45]. As we will see shortly, when discussing the hydrodynamic theory, one can use the
velocity field as additional data in order to construct Milne and U(1) invariant connections,
see [27].

B.2 Fluids on a Newton-Cartan background

Let us now consider a fluid in a curved Newton-Cartan background geometry. Following [27],
we equip our theory with a Milne-invariant timelike velocity vector field u’é normalized such
that u’é n, = 1. We also define the lower index counterpart of u’é and its norm as

UGy = hyug, ug = g llg, (118)
which transform under Milne boosts as
UG, =ty =Py +n,h " (Y, —ug ),
(ug)? =u+ R, — 20" ug op, .

With these quantities at hand, it is straightforward to construct the Milne invariant combina-
tions

(119)

hy,, = i_lw — (uGunv +ug ,,nu) + u%n“nv,
~ 1
A, =Au+uGu—§nMué, (120)

BU _ pupf 7
p#,=h"h,,=6",—ugn,,
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which satisfy h,,u}, = 0 and P* ,u}, = P* ;n, =0.
Using the velocity field u‘é we can define a Milne and U(1) gauge invariant connection
compatible with the Newton-Cartan data

. 1 - -~ - 1 . -
A A A A
I =ulo,n, + 5h P (8,h,, + 8y, —3,h0) + 5h P(n,F,, +n,F,,),

m o (121)
A _PA A A
TM =T V—FW = —uGFM'L R
where we have defined the field strength
Fu,,=0,A,—0,A,. (122)

The constitutive relations for Galilean fluids at leading order in a derivative expansion for
the Milne-invariant stress-energy tensor 7*”, energy current £ and particle number current
JC“ are

THY — p MY +pu‘éug +0(2),
' =eug+0(9), (123)
JY =pu’é +0(3),
where P is the pressure function, p is the particle number density, and € is the energy den-

sity. All these quantities are generic functions of the (Milne-invariant) temperature, T, and
chemical potential, u, and satisfy the thermodynamic relations

e=Ts+up—P~P, de =Tds+pudp, (124)

where s is the entropy density.
The equations of motion for Galilean fluids in a curved Newton-Cartan background are
captured by the conservation of the stress-energy tensor and currents

(V,—G)TH = —huppggev,

= 5 1. v P 7 v P
(V,—2G,)E" =— 3 (Aou TV Ul + by, THV b)) (125)
V=G =o.
Here,
gu = Taua = _F;%)ug ) (126)

and V , is the covariant derivative defined with the Milne invariant connection (121). See [27].
The leading order equations of motion for Galilean fluids can be obtained by inserting the
expressions (123) in (125). After some massaging, one can rewrite these equations in the
form E, =0, E =0, and E’ = 0, where

E,= ﬁ:aaP —pl:"uaug +(P+ e)Fﬁ’&)ug ,
E=—(V,—G,)sub), (127)
E/ = _(6‘11, - GM)(P ulé) .
By taking the flat spacetime limit

n, =(1,0), h“V=6i16f5j”, ub=(1,v), A, =0, (128)

where V! is the usual fluid velocity in Cartesian coordinates and i = 1,...d label the spatial
coordinates, equations (127) reduce to the conventional Euler equation, continuity equation
and entropy conservation.
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