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Abstract

On the basis of the gauge principle of field theory, a new variational formulation is presented for flows of an ideal
fluid. The fluid is defined thermodynamically by mass density and entropy density, and its flow fields are characterized
by symmetries of translation and rotation. The rotational transformations are regarded as gauge transformations
as well as the translational ones. In addition to the Lagrangians representing the translation symmetry, a structure
of rotation symmetry is equipped with a Lagrangian 44 including the vorticity and a vector potential bilinearly.
Euler’s equation of motion is derived from variations according to the action principle. In addition, the equations of
continuity and entropy are derived from the variations. Equations of conserved currents are deduced as the Noether
theorem in the space of Lagrangian coordinate «. Without 44, the action principle results in the Clebsch solution with
vanishing helicity. The Lagrangian 44 yields non-vanishing vorticity and provides a source term of non-vanishing
helicity. The vorticity equation is derived as an equation of the gauge field, and the 414 characterizes topology of
the field. The present formulation is comprehensive and provides a consistent basis for a unique transformation
between the Lagrangian « space and the Eulerian x space. In contrast, with translation symmetry alone, there is an
arbitrariness in the transformation between these spaces.
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1. Introduction

A guiding principle in physics is that physical laws should be expressed in a form that is independent
of any particular coordinate system. Fluid mechanics is a field theory of Newtonian mechanics that
has Galilean symmetry: that is to say, it is covariant under transformations of the Galilei group. Two
symmetries (i.e. transformation invariances) are known as subgroups of the Galilei group: translation
(space and time) and space rotation. In the present formulation of flows of an ideal fluid, we seek a
scenario which has a formal equivalence with the gauge theory in physics. The gauge theory provides a
basis for reflection on the similarity between fluid mechanics and other physical fields.

The gauge principle' requires a physical system under investigation to have a symmetry, i.e. a gauge
invariance (an invariance with respect to a certain group of transformations). Following this principle,
an attempt has been made in Kambe (2007) to study a gauge symmetry of flow fields with respect to
translational transformations. The formulation started from a Galilei-invariant Lagrangian of a system
of point masses which is known to have global gauge symmetries with respect to both translation and
rotation.> It was then extended to flows of a fluid, a continuous material characterized with mass density
and entropy density. In addition to the global symmetry, local gauge invariance of a Lagrangian is required
for such a continuous field. Thus, the convective derivative of fluid mechanics (i.e. the Lagrange derivative)
is identified as a covariant derivative, which is a building block in the framework of gauge theory. Based
on this, appropriate Lagrangian functionals are defined for motion of an ideal fluid. Euler’s equation
of motion is derived from the action principle. It is found that a general solution of this formulation is
equivalent to the classical Clebsch solution (Clebsch, 1859; Lamb, 1932), in which the vorticity has a
particular form and the helicity vanishes.

In most traditional formulations, the continuity equation and isentropic condition are taken into account
as constraints for the variations of the action principle by using Lagrange multipliers, where the isentropy
means that each fluid particle of an ideal fluid keeps its entropy value along its trajectory (but the fluid
is not necessarily homentropic®). In the present formulation, however, those equations are derived from
the action principle. The total Lagrangian density consists of kinetic energy and internal energy (with
negative sign), supplemented with additional two terms associated with translation invariances of mass
and entropy (see (22) of Section 3.1). As is interpreted in detail in Section 4.1, it is remarkable that the
Lagrangians associated with the latter two terms are given such forms as can be eliminated from the
action represented with the particle coordinate « (i.e. Lagrangian coordinate), so that the Euler—Lagrange
equations represented by the independent variables a = (a', a?, a®) are uninfluenced by the additional
terms. Such a form of Lagrangian has close analogy to the Chern—Simons term in the gauge theory.

Earlier papers (Kambe, 2003a,b) investigated the rotation symmetry of the velocity field v(x) in a
preliminary way, and found that the vorticity @ =V X v is in fact a gauge field associated with the rotation
symmetry. However, in the previous studies including Kambe (2007), the vorticity and helicity were not
taken into account in satisfactory manner. Present formulation tries to account for the vorticity and helicity
more properly and comprehensively. Thus, the main theme of the present paper is the rotation symmetry.

I'See Appendix, or standard texts such as Weinberg (1995), Frankel (1997) or Aitchison and Hey (1982).

2 These symmetries are interpreted as the homogeneity and isotropy of space in Sections 7 and 9 of Landau and Lifshitz
(1976). See Section 2.1 and Appendix for the definition of global gauge symmetry (i.e. global gauge invariance) and local gauge
symmetry.

3 A fluid is homentropic if its entropy per unit mass is uniform throughout space.
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A new structure of the rotation symmetry is given in Section 6 (after a review of the rotational trans-
formations in Section 5) by the following Lagrangian A 4:

Ap = / (A, Ew[o]) dx,
M

where A is a vector potential and Ew[w] = 0,0 + (v - V)o — (o - V)v + (V - v)o. This is derived from
a Lagrangian form characteristic of a fopological term known in the gauge theory. This new term yields
non-vanishing rotational component of the velocity field, and provides a source term of non-vanishing
helicity. This is also the Chern—Simons term, describing non-trivial topology of vorticity field, i.e. mutual
linking of vorticity lines. The vorticity equation is derived as an equation for the gauge field. These are
described in Section 6 (Lagrangian L 4 associated with rotation symmetry), Section 7 (Corrections to the
variation), and Section 8 (Significance of A4 4).

With regard to the variational formulation of fluid flows, the works of Eckart (1938, 1960) and Herivel
(1955) are among the earliest to have influenced current formulations. Their variations are carried out
in two ways: i.e. a Lagrangian approach and an Eulerian approach. In both approaches, the equation of
continuity and the condition of isentropy are added as constraint conditions on the variations by means of
Lagrange multipliers. The Lagrangian approach is also taken by Soper (1976). In this relativistic formu-
lation those equations are derived from the equations of current conservation. Several action principles
to describe relativistic fluid dynamics have appeared in the past (see Soper, 1976, Section 4.2 for some
list of them), not only that of Taub (1954).

Firstly, in the Lagrangian approach, the Euler—Lagrange equation results in an equation equivalent to
Euler’s equation of motion in which the acceleration term is represented as the second time derivative
of position coordinates of the Lagrangian representation. In this formulation, however, there is a certain
degree of freedom in the relation between the Lagrangian particle coordinates (a!, @, a*) and Eulerian
space coordinates (x!, x2, x3). Namely, the relation between them is determined only up to an unknown
rotation. This point has not been considered seriously in the past, although it is fundamental for the
formulation of flows. This will be discussed more precisely in the Sections 4.2 and 8.2. A common
feature of Herivel (1955) and Eckart (1938, 1960) is that both arrive at the Clebsch solution in the
Eulerian representation (see Appendix A.l and Section 3.2). However, it was remarked by Bretherton
(1970) that the Clebsch representation has only local validity in the neighborhood of a chosen point if
vortex lines are knotted or linked.

In the second approach, referred to as the Eulerian description, the action principle of an ideal fluid
results only in potential flows if the fluid is homentropic, as shown in Kambe (2003a, 2007). However, it is
well-known that, even in such a homentropic fluid, it should be possible to have rotational flows.* This is
along-standing problem (Serrin, 1959; Lin, 1963; Seliger and Whitham, 1968; Bretherton, 1970; Salmon,
1988). Lin (1963) tried to resolve this difficulty by introducing a constraint as a side condition, imposing
invariance of Lagrangian particle labels (a!, a?, a®) along particle trajectories. The constraints for the
variation are defined by using Lagrange multipliers (functions of positions), which are called ‘potentials’.
In addition, the continuity equation and isentropic condition are also taken into account by using Lagrange
multipliers. However, the physical significance of those potentials introduced as the Lagrange multipliers

41In fact, Euler (1755) showed that his equation of motion can describe rotational flows, in the historical paper: L. Euler,
Principes généraux du mouvement des fluides, MASB 11 (1757) 274-315. (MASB: Memoires de I’ Académie Ryale des Sciences,
année 1755. Berlin 1757.)
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is not clear. Mysteriously, the Lagrange multiplier for the continuity equation becomes the velocity
potential for the irrotational part of the velocity. Gauge theory for fluid flows provides a crucial key to
resolve these issues, which is the main target of the present investigation.

Symmetries imply conservation laws. According to the relativistic formulation (e.g. Soper, 1976;
Landau and Lifshitz, 1987, Chapter XV), as long as the flow fields obey the Euler—Lagrange equation, an
energy-momentum tensor 7*’ must obey the conservation equation of the form 0,7#" = 0 (considered in
Section 4.2). The energy-momentum tensor 7#" in the present case is given in Section 4. A similar field-
theoretic approach is taken in Jackiw (2002) by applying the ideas of particle physics to fluid mechanics
in terms of Hamiltonian and Poisson brackets, both relativistically and non-relativistically, and extension
to supersymmetry is also considered. In Soper (1976) and Jackiw (2002), the non-relativistic part follows
the traditional approach and no explicit gauge-theoretic consideration is given to fluid mechanics in the
sense of the present formulation.

The appendix describes the background of the present theory: (A) Gauge invariances in two systems
of electromagnetism and Clebsch form of fluid flows, (B) Related aspects in quantum mechanics and
relativistic theory, and (C) Brief scenario of gauge principle.

2. Translation symmetry of flow fields

The formulation of Kambe (2007) started from a Galilei-invariant Lagrangian of a system of point
masses, which is known to have global gauge symmetries with respect to both translation and rotation.
Concept of local transformation is an extension of the global transformation to describe a continuous field.
In order to represent a continuous distribution of mass, the discrete positions of point masses are replaced
by continuous parameters a = (a', a*, a?) of particles in a bounded sub-space M (of consideration) in the
three-dimensional Euclidean space E>. The spatial position of each mass particle labeled by a (Lagrange
parameter) is denoted by x = X, () = X (a, t), a function of a as well as the time 7. An Eulerian space
point isé denoted by x = (x!, x2, x®). The fluid particle occupying the point x at time ¢ is denoted by
a(x,t).

2.1. Global invariance of a fluid

For a continuous distribution of mass (i.e. for a fluid), Lagrangian functional is defined as
A=/L(x,v) dx, (1)

where x and v denote X’; () and v* = a,X’; (t) (k =1,2,3), respectively, and L(x, v) is a Lagrangian
density. Suppose that an infinitesimal transformation is expressed by x — x'=x+dx andv — v'=v+dv,
where ox = ¢(x, 1) and dv = 0,(dx), a component of £ is denoted by &k (x, 1), an arbitrary differentiable
variation field. The resulting variation of the Lagrangian density L(x, v) is

oL °L 5 (L)) s kit OL sk
=|—— — X —ox" .
oxk T\ ok "'\ ovk

3 Here the Lagrangian coordinates a = (a 1 a2, a3) are defined so as to represent the mass coordinate such that d3a= P d3x,
where d3a = da! da? da® and d3x = dx! dx2 dx3. A variable such as X, denotes the one with respect to the particle a.
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This does not vanish in general. In fact, assuming the Euler—Lagrange equation, dL /ox* — o,(0L/ k=0,
we obtain

oL oL\ , oL _
oL =0, (ot ) =0, ( ) &+ o, )

ovk ovk

Global invariance, i.e. 64 = f oL (x,v) d3x =0 for arbitrary constants ék (k =1, 2, 3), requires that the
total momentum defined by f (oL/ Gvk) d3x must be invariant. In the local transformation, however, the
variation field € depends on the time 7 and space point x, and the variation 64 = [sL d3x does not vanish
in general.

2.2. Covariant derivative

According to the gauge principle of Appendix A.3, non-vanishing of 6 is understood as meaning that
a new field G must be taken into account in order to achieve local gauge invariance of the Lagrangian
A. To that end, we try to replace the partial time derivative 0, by a covariant derivative D;, where the
derivative D; is defined by D; := 0, + G. In dynamical systems like the present one, the time derivative is
the primary object to be considered in the analysis of local gauge transformation, as implied by expression
(2). Thus, the time derivatives 0,¢ and 0,¢q are replaced by D;¢ =0,¢ + G¢ and D;g = 0,9 + Gq, where
q is understood to denote x. A free-field Lagrangian Ay is defined by

3 1 3 1 3
Af:fo(U)d X = §f<v’ U)pd X = §/<ththQ>d a, (3)

where pd3x = d3a denotes the mass element in a volume element d3x of the x-space with p the mass-
density, and v = D;q.

2.3. Galilean transformation

2.3.1. Global transformation

Symmetries to be investigated are the translation symmetry and rotation symmetry, which exist in the
discrete system. The Lagrangian Ay defined by (3) for a continuous field has such global symmetries,
inherited from the discrete system. It is a primary concern here to investigate whether the system of fluid
flows satisfies local invariance. We consider the translation symmetry first, and in the second half of the
present analysis we investigate the rotation symmetry.

A translational transformation from one frame F to another F’ moving with a relative velocity U is a
Galilean transformation in Newtonian mechanics. The transformation is defined by

x=x)=>x'={,x)=(t,x—Ut). 4

This is a sequence of global translations with a parameter ¢. Corresponding transformation of velocity
is as follows: v = (1,v) = v = (1,¥') = (1,v — U). From (4), differential operators 0, = d/d¢ and
0, =0/0xy (0}, =0/0x;) are transformed according to 8, =03, —U- V" and V=V’', where V = (3, 9,, 33)
and V' = (8], 0}, 05). There is a transformation invariance of the convective derivative D, = 9, + (v- V):
namely o, + (v - V) =9, + (v - V').
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2.3.2. Local Galilean transformation
The velocity field v(x, t) is defined by the particle velocity, i.e.

d
v(Xg, 1) = aXct(t)- (5
Consider the following infinitesimal transformation:
X, t)=x+&x, 1), t =t. (6)

This may be regarded as a local gauge transformation between non-inertial frames. In fact, transformation
(6) is understood to mean that the coordinate x of a fluid particle at x = X, (¢) in the frame F is transformed
to the new coordinate x" of F’, given by x’ = X (X, 1) = X,(t) + é(X,, t). Therefore, its velocity
v = (d/dr)X,(¢) is transformed by

d d
vV = EX; = E(Xa(t) + {(Xa, 1) =v(Xq) + (d/d1)&a, )

(d/dt)ga = 6,5 + (- V)ax:Xg, ¢ = 6(Xa, t)' (8)

This is interpreted as follows: the origin of a local frame is displaced by —& where its coordinate axes are
moving (without rotation) with the velocity —(d/d¢)¢& in accelerating motion (non-inertial frame). This
implies that the velocity v(x) is transformed according to (7), since the local frame is moving with the
velocity —(d/dr)&. Note that, in this transformation, the points x and x” are the same with respect to the
space F. In view of transformation (6), the time derivative and spatial derivatives are transformed as

8 =8, +@0 -V, V=@, ©)
O =) + 0,50;, 0y =0/0xy. (10)

2.4. Invariance of D; and definition of velocity

In this local transformation too, there is an invariance of the convective derivative D =0, + (v- V) =
0y + (v - V). In fact, from (10) and (7), we obtain

v-V=v-V 4+ V) -V =vQE&) V + (=(d&/dt) +v-VE) -V,

where v =" — dé/dr. The last term is —3,¢ - V/ by (8). Thus, we find the invariance of D¢ by (9). This
invariance (i.e. the transformation symmetry) implies that the covariant derivative D; is in fact given by
the convective derivative D:

D;=0,+(w-V)=0,+( V) (11)

(see Kambe, 2007 for its direct derivation).

For a scalar function f (x, t), we have D; f =0, f +v-V f (Lagrange derivative of f (x, t)). Itis important
torecognize that this derivative D; f has an intrinsic meaning. That is, we have the invariance: D; f =D;, f,
with respect to the local Galilean transformation (6), since a scalar means f' = f'(x',t') = f(x, 7). In
general, vectors or tensors need not have this property.

By using the covariant derivative D,, we can define the velocity v by D;x. In fact, each component a’
of the particle label a is a scalar, and satisfies D;a’ = a,a" + (v- V)a' =0, since the particle with the label
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a' moves with the velocity v = 0, X (a, t) by definition (5). Setting x = X (a, t) for the particle position,
we have

D;X(a,t)=0,X(a,t) +Dsa-V,X =0,X(a,t)=v, (12)

where (V,X) = (0X¥ /oa'). In addition, applying D to (6) and using D}, =D;, we have v' =D}, x" =D, (x +

&) =v + D;¢& (consistent with (7)). Thus, the particle velocity v can be defined by v(x, t) = D;x.
2.5. Transformation of acceleration

The gauge transformation of Section 2.3.2 defines the transformations: x — ¥ =x+ Eand v(x) -
v (x') =v(x) + D;&. Namely, the variations of x' and v’ are given by

' =& =& (T =0/axb), (13)
vt =Dy =9,& + v T, (14)

where Tjx' = 5;(. Next, let us consider acceleration of a fluid particle. Differentiating (7) with respect to
t again, we obtain

C e o+ e (15)
d27¢ 7 g2 2>

This describes a relation between accelerations in the two frames F and F’. Let us define the covariant
derivative of the velocity v = (v') by D;v =0,v + vK Ty v. Variation of 0,v is given by

3(3,v) = 8,(0v) + (89,)v = 3,(D;&) — (3, Ty)v,

where 60, =0, — 0, = —0, & Ty, from (9) (to the first order of &). Then, using 6v =D, ¢ and 6T} = Tk/ —Tr=
— (T YT from (10), the transformation of D, v is given by 6(D;v) = 6(0,v) + (V) Tev + v¥(6T)v +
VR T (Sv), namely,

5(Dyv) = 9,(D¢) — 8, Tyv 4 (D) Tiv — VM (T ) Thv 4 V¥ T (D, ).
Thus, we obtain
o(Drv) =Dy(Ds), Dy =0, + vak.

It is found that the covariant derivative D,v transforms just like the acceleration .o/ = (d/dt)zXa (1)
according to (15). This implies that D;v represents the particle acceleration </ (x, t):

o =Dy = (0, + v o). (16)
2.6. Galilean-invariant Lagrangian

According to the formulation of Kambe (2007) based on the gauge principle, the total Lagrangian is
defined by

Ar = As + Ay + Ay + Ay, (17)
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as far as the translation symmetry is concerned, where

Ap = / %(v(x),v(x))Pd3x, A=~ / e(p, $)pd’x, (18)
M

— [ D ay=- [ O (19
M M

The variables v, p, ¢ and s are the velocity vector, density, internal energy (per unit mass) and entropy (per
unit mass) of the fluid, ¢(x, ) and Y (x, r) are gauge potentials associated with the mass density p and
entropy density ps, respectively. The velocity is defined by v(x, t) = D;x, where D; =9, + v - V. From
Section 2.4, it is almost obvious that the two Lagrangians 4, and Ay, of (19) are invariant with respect to
the local Galilean transformation (i.e. local gauge transformation).
3. Variational principle: translation symmetry

3.1. Action principle

The action / and the action principle 6/ = 0 are defined by

5]
1_/ Ardt = / / dr &xLrlv, p, s, ¢, ], (20)
1—5/ /dtd3xLT_0 (21)
Lt = 3p(v,v) — pe(p, 5) — pDy — psDyy), (22)

where Lt is the Lagrangian density. There is a certain thermodynamic property that must be taken into
consideration. That is the definition of an ideal fluid. Namely, there is no dissipation of kinetic energy
into heat, i.e. there is no heat production within the ideal fluid. By thermodynamics, if there is no heat
production, we have T os = 0 (7, temperature). Then,

. p Oe p 1
bs=(00) = 50p, () =5, oh=—op, (23)
P /s P p

where p is the fluid pressure, % is the enthalpy defined by ¢+ p/p, and (-), denotes s being fixed. However,
the entropy s may not be uniform and depend on x through the initial condition.

One of the aims of the present analysis is to show that the previous formulation (Kambe, 2007) based on
the symmetry of parallel translation alone is not sufficient to represent rotational flows with non-vanishing
helicity. The rotational symmetry will be considered from Section 5.

3.2. Outcomes of variations

Writing the Lagrangian density (22) as Lt[v, p, s, ¢, /], we take variations of the variables v, p, s and
potentials ¢ and y, where variations are assumed independent. Substituting the varied variables v + v,
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p+dps—+9ds,d+ o¢andy + oy into Lt[v, p, s, ¢, ] and writing its variation as 6L, we obtain

SLt=ov-p(v — Ve — sV) — dsp Dy + dp(3v> — h — Dy¢p — sDyh)
+0¢@,p+ V- (pv)) — 0, (pddp) — V - (pvod)
+ oy (@, (ps) + V - (psv)) — 0,(psoyy) — V - (psvdy), (24)

where (0/0p)(pe) = ¢ + p(0¢/0p), = ¢ + p/p = h is used. The variation fields are assumed to vanish on
the boundary surface enclosing the domain M, as well as at both ends 7y and #; of time integration of
the action I (where M is chosen arbitrarily), as is usually the case. Thus, the action principle 6/ = 0 for
independent variations Jv, dp and ds results in

sv: v=Ve¢+sVy, (25)
op: 2v* —h —D;p — sDy =0, (26)
6s: Dy =0, +v- Vi =0. (27)

Using (25) and (27), we have

Dip=0,p+v-Vop=0,p+v-(v—sVy)=v>+0,¢+ s0,.
Under this relation and (27), Eq. (26) can be rewritten as

T2+ h+0,4+ 50,4 =0. (28)
This is regarded as an integral of motion. From the variations of d¢ and oy,

o¢: 0,p+ V- (pv) =0, 29)

oy: 0,(ps) + V- (psv) =0. 30)
Using (29), the second equation reduces to the adiabatic equation:

0,8 +v-Vs=D;s =0. (31)
Thus, we have obtained the continuity equation (29) and entropy equation (31) from the action principle.

It is shown in Kambe (2007) that the present solution is equivalent to the classical (Clebsch, 1859)

solution. With the velocity (25), the vorticity o is given by

o=V xv=Vs x V. (32)

This implies that the vorticity is connected with non-uniformity of entropy. Using (28), we find that the
following Euler’s equation of motion is satisfied:

oy + o xv=-V(Ev+h). (33)
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In this case, the helicity vanishes (Bretherton, 1970). For a general velocity field, the helicity H
defined by

H[V] E/ o-vdx (34)
1%
is a measure of linkage and knottedness of vortex lines, and does not vanish in general (see Section 8.1).
3.3. Homentropic fluid

For a homentropic fluid in which the entropy s is a uniform constant sqg at all points, we have ¢ = ¢(p),
de= (p/p*)dp and dh = (1/p) d p from (23) since ds = 0. In addition, the motion is irrotational. In fact,
from (25), we have v=V & where &= ¢+ 5oy, and =0 from (32). Integral (28) becomes %vz +h+0,9=0.
The Euler’s equation (33) reduces to

1 1
oy +V (51)2) = —Vh where Vh=-Vp. (35)
P

Note that the left-hand side is the convective time derivative for the irrotational velocity v* = 8, @:
oy + V(v =0y + (v- V)y=Dy. (36)

Thus, as far as the action principle is concerned for a homentropic fluid, Euler’s equation of motion
reduces to that for potential flows of a perfect fluid.

Traditionally, this property is considered to be a defect of the formulation of the Eulerian variation
described in the previous section, because the action principle should yield the equations for rotational
flows as well. In order to remove this (apparent) flaw, Lin (1963) introduced the condition for the conser-
vation of the identity of particles denoted by a = (a¥), which is represented by an additional subsidiary
Lagrangian of the form [ Ay - D;a* d3x. This introduces three potentials Ay (x, 1) as a set of Lagrange
multipliers of conditional variation. Problem is that physical significance of Ay is not clear (Bretherton,
1970; Seliger and Whitham, 1968; Salmon, 1988).

Let us recall that we have been considering the Lagrangian At satisfying the symmetry of parallel
translation. However, the flow field has another symmetry of rotational invariance (Kambe, 2003a,b).
Eq. (31) implies that the entropy s plays the role to identify each fluid particle. Furthermore, local rotation
is captured by expression (32). However, in a homentropic fluid, there is no such machinery to identify
each fluid particle. Gauge invariance with respect to local rotation could be a candidate instead of s.

Insofar as the flow field is characterized by the translation symmetry alone, we have arrived at the above
result, i.e. the flow field should be irrotational if the fluid is homentropic. The fluid motion is driven by
the velocity potential ¢, where @ = ¢ + soy with ¢ and i the gauge potentials.

4. Equations in a-space
4.1. Lagrangian

Let us consider another variational formulation with the Lagrangian represented by the particle
coordinates a = (a', a2, a®) = (a, b, ¢). Independent variables are denoted with a* (u =0, 1, 2, 3) with
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a® being the time variable written as t (=t). The letter t is used instead of ¢ in combination with the
particle coordinates a* (k = 1, 2, 3). The physical-space position of a particle is expressed by X*(a*), or
(X, Y, Z). Its velocity v¥ is given by 0. X k=x ’T‘ The derivative 0, = 0/0r is equivalent to the covariant
derivative D;:

0, =0, + ud, + vd, +wd, =0, +v- V. (37)

Mass density p is defined by the relation, pdx =d3a, where d3x denotes the volume element d X 'd X?d X 3.
Using the Jacobian determinant J of the transformation from a-space to X-space, we obtain

1 oax', X2, x3 oX.,Y,2)
== = 1 .2 3y : %)
J o(a', a*,a) d(a, b, c)
The total Lagrangian (17) with (18) and (19) is rewritten as
1
AT:/EXfo d3a—/8(p, 5) d3a—faf¢d3a—/sarlpd3a. (39)

The action / is defined by integration of AT with respect to the time :

2}
I = / At dr.
7]

In this definition, the third integral /3 = [ dc [0.¢ d3a can be integrated with respect to t, and expressed
as [[4] d3a, where [¢] = ¢lz, — ¢l, is the difference of ¢ at the ends 72 and 71 and is independent of
T € [11, 12]. Likewise, the fourth integral can be expressed as Iy = f [y]s d3a, because the entropy s
is independent of ¢ according to (31). This means that the gauge potentials ¢ and ¥ do not appear in
the variations of the action / for © € [r1, 12]. In other words, the gauge potentials ¢ and  make their
appearance only in the action represented with the physical space coordinates x. The fact that the last
two Lagrangians in (39) do not contribute to the variations (for t € [r1, 72]) implies that local Galilean
symmetry is in fact an internal symmetry.
Thus, by omitting the integrated terms, we have

1
I= / LX) dta, L= X5xh - uxf,ab), (40)

where X;‘ = (’ij/aal, Xk = Xf = ok (k,1 =1,2,3), and d*a = drd3a. In the a-space, the point a is
motion-less, while in the x-space, there is a flow of particles driven by the potentials ¢ and  according
to (25).

4.2. Noether’s conserved currents

The Euler-Lagrange equation can be written as

o (oL oL oL oL
—([=)-==5,(—)-—=0 (41)
oar \oxk | oxk — #\oxk | oxk
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(6, =0/0a"). The energy-momentum tensor 7, is defined by

T’ Xk oL Lo
/l_ axk o 5#’

where k=1, 2, 3. As long as (41) is valid together with 0, L =0, we have a conservation equation 0,7, =0.
In fact, we have

, i [ OL ko (2L , OL 4 OL
Ol =00 axr )+ X0 Gxe ) — %X g ~ ke
v

k[ (2L oL _,
o \exk ) axk | T

This is the Noether theorem (Noether, 1918; Weinberg, 1995).

By using the Lagrangian L of (40), we obtain 0L /0X% = =Xy k = yk_ The internal energy & depends on
the density p which in turn depends on X ;‘ =0X*/aa' by (3 8), where the entropy s depends on a’ only.
Hence, we have

oL Q¢ 0p p@p

— == , 42
oxXf  opoxf  ploxf 2
by using the thermodynamic relation given in (23). In view of (38), we obtain
oL (X% X% oL  ax’, x) oL oax' X% “3)
ox! ey axd T e d oxi T Pt
Thus, the energy-momentum tensor Tl}’ are found as follows (Eckart, 1938, 1960):
T =X an —L=XX—-L= Ev + &= H (energy density), (44)
oL oX,Y, 2)
Ty =X —= | =p—""5 (3/op=p/p?),
0 T <6X’1‘> V4 oz, b, ©) (©e/op=p/p°)
,  AX.Y.Z) 5 XY, Z)
0o =P~ — 0=P————-
d(a, T, c) d(a, b, 1)
Introducing the symbols («, f3, 7) to denote (a, b, ¢) cyclically, another 12 components are
0_ yk[OL kyk _
T, =X, XF =X, X; =X, X+ Y, Y. +2,Z,, =V, (45)
0
oL X, Y, 7z 1 1
rr=xt (L) o, 25D (L N ey, (46)
6X§ o(a, B, 7) 2 2
o xk(©
0X
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The Noether conservation law 9, TH" = 0 reduces to the momentum equations (see below) for u = a:
0, Vu+0,F=0 (fora=a,b,c), 47)

where F=— % v2+h, and other two equations are obtained with cyclic permutation of (a, b, ¢). Integrating
this with respect to ¢ between the limits O and ¢, we find the Weber’s transformation (Lamb, 1932,
Art. 15):

Vi) = Xy Xo + Yo Yo + 2,72, = Vi (0) — aa%? (48)

where y = f(; Fdr= f(; —%vz + h) dz. For u = 0, the conservation law 6vTJ = 0 describes the energy
equation:

a(X,Y,Z)} ab[ a<X,Y,Z>} ac[ M]:o, (49)

o.H +0
o “[p o, b, ©) P 3@, 0 P @, b,

In the Eulerian description with the independent variables (¢, x, y, z) instead of (z, a, b, c), this reduces

to
D; | zv°+h)=-0,p.
2 p
This can be transformed to the following form of conservation of energy:
0,(3v” + &) + 8, [(3v” + W' =0. (50)

Using (45) and (46), Eq. (47) reduces to the equation for the acceleration A,(t, a):
1
Ay =X Xee + Y, Yo + 2,72 = —;aap, (51)

which is known as the Lagrangian form of the equation of motion (Lamb, 1932, Art. 13). This is obtained
by noting that 0,4 = (1/p)0,p and

XoeXe + YarVe + Zye Zo = 0,(30).

In view of (16), Eq. (51) is equivalent to Euler’s equation of motion in the Eulerian description of the
barotropic relation 2(p) = [” dp’/p(p'):

1
o+ -Vy=—-Vp=-Vh. (52)
p

Velocities V,(z, a) in the a-space may be determined by (48) with given initial conditions of V, (0, a)
and h(0, a) ata = (a, b, c) = x. However, in order to transform it to the x-space, there is some freedom.
Eq. (48) is invariant by rotational transformations of a displacement vector AX = (AX, AY, AZ) since
the left-hand side is of the form of a scalar product with respect to AX, so that the vector AX is not
uniquely determined (the density p and enthalpy 4 are not changed by this transformation since it is
volume-preserving). The same freedom applies to the acceleration A, (z, a) of (51) as well. Rotational
transformations are considered in the next section. This formulation helps to eliminate the arbitrariness.
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5. Rotational transformations

Next, in order to equip the action / with an additional mathematical structure of rotational symmetry
(to be considered in Section 6), we summarize the rotational transformations here, and consider the
rotational gauge symmetry. The related gauge group is the rotation group SO(3). An infinitesimal rotation
is described by the Lie algebra so(3) of three dimensions. The basis vectors of so(3) are denoted by
(e, €2, e3), which satisfy the commutation relations:

lej, ex] = ¢€jrier, (53)
where ¢ ji; is the completely skew-symmetric third-order tensor, and
0 0 O 0 0 1 0 -1 0
€1=|:0 0 —1:|, ez=|:0 0 O:|, e3:|:1 0 O:|. (54)
01 O -1 0 0 0 0 0

A rotation operator is defined by 6 = 0ker where 0 (k = 1, 2, 3) are infinitesimal parameters:

0 -0 ¢
0:(0,7)50’%,{:{93 0 —91]

—0* ot 0

Then, an infinitesimal rotation of the displacement vector s = (s', 52, s3) is expressed by 0s. This is also
written as 0 x s, where 0= (01, 0%, 03 ) is an infinitesimal angle vector.

Preliminary studies of the rotational symmetry of fluid flows are given in Kambe (2003a,b). However,
more details are elaborated in Sections 5.1-5.3, and Section 6 proposes a new Lagrangian L 4 to account
for the rotation symmetry.

5.1. Gauge transformation (rotation symmetry)

We consider local rotation of a fluid element about an arbitrary reference point xg within a fluid. The
non-abelian property of the rotational transformation requires infinitesimal analysis. At a neighboring
point xo + s for a small s, we consider its local transformation, s — s + Js.

Rotational gauge transformation of a point s in a frame F (an inertial frame, say) to s’ in a non-inertial
frame F’ is expressed as

s'(s,t) =s+0s(s, 1), t =t, (55)

instead of (6) for the translation. The variation Js is defined by an infinitesimal rotation 0 = 0(t) (skew-
symmetric) applied to the displacement vectors: ds = (s, t)=0s=0xs. The corresponding transformation
of velocity (v = D;s) is obtained from (55) as follows:

v (s') =D;s’ =Dy (s + 0s) = v(s) + D;y, (56)
ov(s) =D = On(s, 1)+ (v-Vo)n(s, t) =0,0s + O, 57)

instead of (7) and (8) where Vy, = (0/ ds'). As before (Section 2.3.2), in this transformation the points s
and s are the same point with respect to the frame F. This means that the coordinate frame F’ is rotated
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by an angle —0 with respect to F with a fixed origin xg. At the origin xo (s = 0), we have the following:
ov(0) = 0v = lekv, (58)

from (56) and (57), where v = v(xp).

5.2. Acceleration

Let us consider the time-derivative 0,v in the Euler equation (35) for a homentropic fluid. It is proposed
that this term be replaced with d;v as

o,v — djv=20,v + Qu, szlekvzfzx v, (59)

where Q is an operator defined by Q = QFe; for scalar fields QF, and @ is an axial vector defined by
(@', @%, @%).5 The tensor Qi = (lek),-j is skew-symmetric (Q;; = —Qj;).
We consider variations at the origin (s = 0). Then, we have v = 0¥e;v from (58). Variation of QF is
defined by’
5K =0,0F + epm0’ Q™. (60)
Using 00, = 0, — 9, = —0,11* Ty, from (9), we obtain the variation of d,v:

5(dyv) =9, (6v) + (60,)v 4 6Q v + Qrersv =8,(0%erv) — 0,(05)* Tyw
+ (6101{ + SklmelQm)ekv + Qmemﬁlelv,

where €y, can be eliminated by using the following equality obtained from (53): & kex =€je — eme;.
Setting s = 0, we obtain

5(d;v) = 0Fex[0,v + Q" epv] + 20,05erv = 0 x dyv + 20,0 x v. (61)

The second term of the last expression denotes the Coriolis term in the rotating system. Thus, it is found
that the covariant derivative d,v behaves like the acceleration in a rotating frame, as far as Q transforms
according to (60).

In the previous analysis for the translation symmetry, it was shown that the left-hand side of (35),
o,y + V(%vz), is in fact equal to the particle acceleration D;v of (36). In the present section taking into
account the rotation symmetry, the partial derivative 0, is replaced with the covariant derivative d; =0, + Q.
Thus, the particle acceleration V,v should be defined by

Vv =0,v + Qv + grad(v?/2) = 8,v + @ x v + grad(v?/2), (62)
where Q is the gauge field with respect to the rotation symmetry.

5.3. Vorticity as a gauge field

It can be verified that the gauge field Q in fact coincides with the vorticity V x v by the requirement of
Galilean invariance of the covariant derivative V,v of (62), as follows. Under a global Galilean transforma-
tion from one frame F : x = (¢, x) to another F : x, = (4, x,) which is moving with a uniform velocity

6A simple font v is used here for brevity instead of bold-face three-vector v.
7 The vector form is 62 = 8,0 + 0 x .
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U relative to F, the position vector x, and velocity vector v, in the frame F, are given by x, =x — Ut and
v, =v — U. Transformation laws of derivatives are 9, =9, — U - V4 and V = V,.. Applying these and
replacing v by v, + U, the covariant derivative of (62) is transformed to

@, —U- V) +U) + 2 x (2 + U) + VijIvic + U
=0, v + @ X vy + Vo (01/2) — (U~ Vi)vs + Q X U+ Vi (v - U),

since U is a constant vector and V,(U?) = 0. We require the covariance, i.e. V,v = (V;v),.. Namely, the
right-hand side should be equal to Op Vi + Qu X vi + Vi (vf /2). Therefore,

0=@Q—Q) xve— (U-Vve + QX U+ Vy(vy - U)
= (Q— Q) X vi + (2~ Vi xv) X U, (63)

on using the following vector identity: U X (Vi X v,) = —(U - Vy)v, + V. (U - v,), for the constant vector
U. Eq. (63) is satisfied identically, if

Q=0,, Q=Vxv=V, xv,=0Q,. (64)

The second relation holds by the Galilean transformation since V =V, and v =v, + U. Thus, the Galilean
invariance of V,v results in

Q=V xv=o. (65)

Namely, the gauge field Q coincides with the vorticity ». Consequently, the covariant derivative Vv
(particle acceleration) is given by

Vv =0+ V(30?) + o x . (66)
Using the vector identity

vx (Vxv) =V =@ V), (67)
the last expression (66) is transformed to the convective derivative of v (i.e. the particle acceleration):

Viv=0v+ (v Vv (68)

Thus, we have V; =0, + (v - V). So far, xo 4+ s was a local position vector around a fixed point xp. In
general, using x in place of xo + s, we arrive at the same definition: v(x, t) = V;x = (0, + (v - V))x.

6. Lagrangian L 4 associated with rotation symmetry

Associated with the rotation symmetry, we try to introduce an additional Lagrangian according to
the gauge principle. The property of /3 and /4 considered below Eq. (39) suggests how to find such a
Lagrangian. It was seen there that the Lagrangians represented with the particle coordinates
a=(a',a% a®) = (a,b,c) can be integrated with respect to the time t and eliminated in the action
to deduce the Euler-Lagrange equation, while they are non-trivial in the physical-space coordinates
x=(x! x2, %% = (x, v, z) because of the non-trivial Jacobian matrix (oxk / 0a') of the transformation.
As a result, the action principle yields the continuity equation and entropy equation. Thus the gauge
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potentials are regarded as mathematical agents with mechanical functions that drive fluid motions in the
physical x-space, whereas they disappear in motionless a-space.

It is important to observe that, in the Lagrangian (39), the integrands of the last two integrals are of
the form 0,(-), because the entropy s and mass element pd3x = d3a are independent of 7. The action
is defined by I = ff [L"+0,()]dt d3a, where L’ denotes the part of the first two terms of (39). This
property is the simplest case of representation of topology in the gauge theory. In the context of rotational
flows, it is known that the helicity (or Hopf invariant, Arnold and Khesin, 1998) defined by (34) describes
non-trivial topology of vorticity field, i.e. mutual linking of vorticity lines. This is closely related with
the Chern—Simons term in the gauge theory. The Chern—Simons term lives in one dimension lower than
the original four-space-time (x*) of the action / because a topological term in the action is expressed in a
form of total divergence (3, F*) and characterizes topologically non-trivial structures of the gauge field
(Chern, 1979; Jackiw, 1985; Desser et al., 1982). Here, we follow the formulation of Section 4.1 and look
for a t-independent field directly.

6.1. Lagrangian in a-space

The t-independent field can be found immediately from Eq. (47). Taking the curl of this equation with
respect to the coordinates (a, b, c), we obtain

Vy X 0,Vy =08,(Vy x Vg) =0, (69)

since V, x V,F =0, where V, = (9,,0,,0,.), and V, = (V,, Vp, V) is defined by (45). It is found
that V, x V, is independent of 7.8 Hence, one may write as V, x V, = Q,(a), where the right-hand
side is a vector depending on a only. It is useful to formulate this property in the framework of exterior
differential forms and Lie derivative. Vector V, is understood as a transformed form of the velocity
v= (X, Y:, Z;) = (u, v, w) into the a-space. This is seen on the basis of a 1-form 7~ defined by

v =V,da+ Vpdb+ V.dc (written as V, - da) (70)
=udx +vdy +wdz, (71)

where V, =ux, + vy, + wz,, x, =0X/0a, u = X, etc. and da = (da, db, dc). Hence V,, is equivalent
to (45). Its differential d7~ gives a two-form Q> = dv:

QP =dy =0,db Adc+ Qpdc Ada + Q.da Adb=9Q, -S>
=y dy Adz +oydz Ady + o dx Ady =0 - 57, (72)

where V, X Vg = (Q4, Qp, Qc) =Qqy, and V X v = (wy, oy, »;) = o is the vorticity. Thus, it is seen that
Q, is the vorticity transformed to the a-space, and the 2-forms s> and S are surface forms defined in the
footnote.” Eq. (69) is transformed to the t-derivative of the 2-form @2, which is understood as the Lie
derivative: 5/@192 = 0. Its representation in the (x, ) space is given as follows.

It is useful to define two tangent vectors W and V (tangent to the flow generated by v):

W=08+V, V=ud +vd,+wd,=0=vV, (73)

8 This property can be related to the invariance of the Lagrangian with respect to the relabeling transformation a — o/,
satisfying the mass invariance d3d’ = da.
92 = (d)c2 Adx3, dxd Adx! dxl A dxz) and §2 = (da2 Adad,da’ Adal, da! A daz).
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where V' is regarded as a tangent vector dual to the 1-form ¥~ of (71). The Lie derivative ¥5_can be
defined by

Lo =Lw=Lo+v=0+ZLv, (74)

according to the symbols of differential calculus and tangent vector, where V = v¥ 0y, 1s also a differential
operator along a streamline generated by the flow (u, v, w). By applying the Lie derivative #5_on the

2-form Q? (Frankel, 1997, Chapter 4.2), we obtain
0= Q" =02+ ZvQ* =0,0-5° + v, 0] - s> + (V- v)o - s>
= 2w = Eylo] - s%, (75)
where [v, o] is the Lie bracket defined by (v - V)o — (o - V)v, and
Eylol =00+ [v,0]l + (V- vo=0,0+V x (0 x V), (76)
where V - @ = 0 is used. Thus, we obtain the vorticity equation from (75):
0,0+ V x (0 xv)=0. 7

Next, let us introduce a gauge vector-potential A, = (A4, Ap, Ac) in the a-space, and define its 1-form
Al by

A'=A,da + Apdb + A.dc  (written as A, - da)
=Aydx+ Aydy + A dz. (78)

The exterior product of Al and Q2 results in a volume form d3a = da A (db A de) = db A (de A da) =
dc A (da A db) multiplied by a scalar (4., Q,):

AYA QP = (A, - da) A (Q, - $%) = (Ag, Q) da, (79)

where (A,, Q) = Ay Qq + ApQp + AcQ. is a scalar product of A, and Q.
In the x = (x, y, z) space, the same exterior product is given by

AN =4, 0)d®, dx=dxAadyAdz (80)

It is obvious that the scalar product (A, w) is invariant under local rotational transformations in the x
space.
Thus, it is proposed that a possible type of Lagrangian is of the form,

AA:—/ (arAa,Qa)d3a:—/ L3 [(Aa, Q) dal,
M M

where the time derivative 0, was taken out of the inner-product since €, is independent of 7. It follows
that A4 can be dropped in the action / expressed with the coordinate @ except the integrated terms
depending on the initial and final times of z-integration. However, this Lagrangian becomes non-trivial
when transformed to the physical-space coordinate x because of the non-trivial Jacobian of transformation.
It is shown later that A, may be understood as a kind of vector potential associated with the gauge
field Q.
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6.2. Eulerian coordinates

From the equality of (79) and (80), we have (4., Q) da = (A, o) d3x. Using definition (74),
Lo [(Aa, Qo) Pal = Lw[A' A Q)= [LwA' I A Q,

where (75) was used. With the same calculus as in (80), the right-hand side is given by [.% wAllA Q2 =
(WA, o) d3x, where the Lie derivative of a 1-form A! is defined by

LAl = (0,A; + 50, A; + A0, vF) dx' =, dx', 81)
P, = (LwA); =0,A; + 50, A; + AoV (82)

(e.g. Frankel, 1997, Section 4.2¢).!® Thus, the Lagrangian A4 in the x variables is
Ap = —/ (ZwA, o) &x = —/ (¥, 0)d’x, ¥=2yA. (83)
M M
Integrating this by parts and using the relation w =V x v, we have
Ap = —/ (V x ¥, v) dx + Intg = —/ p(b,v) dx + Intg, (84)
M M

where Intg denotes the integral over the surface S bounding M. This is the proposed Lagrangian A4 in
the physical space x, where

pb=V X ¥ =V x (LwA). (85)

The Lagrangian A4 of (83) is an integral of (#wA, o) = ZwA![w]. Given a vector field Y, the value
ZwA'[Y] taken on the vector Y measures the derivative of A! (as one moves along the trajectory of W,
i.e. the particle path) evaluated on a vector field Y frozen to the flow generated by W.

Using (82) in (83) and carrying out integration by parts, we obtain

Ay = / 4, Eylol) d, (86)
M

with Ew[w] defined in (76), where the integrated terms are dropped. Here, we redefine A 4 by this equation
instead of (83). Hence, expressions (83) and (84) must be modified by additional terms of surface integral
over S, which are to be expressed symbolically with Intg. This Lagrangian (86) provides a source term
of non-vanishing helicity. An example of such a flow will be given in Section 8.3.

7. Corrections to the previous variation

The Lagrangian A4 of (84) should be included in the total Lagrangian to describe rotational flows of
an ideal fluid. Accordingly, the Lagrangian density of the total Lagrangian (excluding surface terms) is
defined by

LT = LT[V, P, S, (]59 lp’ b] = %p<vv V>—,08(,0, s)—p(@z—i—v : V)d)_PS(a;‘f‘V ' V)lp_p<b7 V). (87)

10 Note that, if f(t,x) is a scalar function, Ly f =0, f + Vf =D; f.
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As before (Section 3.2), we take variations of the field variables v, p, s and potentials ¢ and . In addition,
we must now include the variation of the new variable A. Independent variations are taken for those
variables. Substituting the varied variables v 4 dv, p + dp, s + s, ¢ + dp, ¥ + oy and A + 0A into
Lt[v, p, s, ¢, ¥, A] and writing its variation as LT, we obtain

oLt =0v-p(v—V¢ —sVy —w)— ospD;y
+0p(3u* —h — Dy — sDyy — v - b) + (04, Ey o)
+ -, (88)

where remaining terms denoted by - - - are omitted since they are the same as (24). The new term w is
defined by

oA
ﬁévk = —p(w, ov), (89)
w=(w;), w;=(@®/),b). (90)

Thus, the variational principle, 6/ = 0 for independent variations of dv, dp, A, etc. results in

ov:v—V¢o—sVy—w=0, o1
op: Sv2 —h—D;p—sDyy—v-b=0, (92)
5A: Ewo =0, 93)
where the omitted terms - - - are the same as before. Thus, the continuity equation (29) and entropy

equation (30) are obtained as before. Eq. (91) gives an expression for the velocity v:

y=Ve+ sV +w. ©4)
The vorticity @ = V X v is represented by

o=Vs X Viy +V xw. 95)
The second term V x w is a new term leading to non-vanishing vorticity in a homentropic fluid of uniform
s. Eq. (93) is the same as (77) by (76).

7.1. Potential part and rotational part

The potential part of the present problem is described by (92), and the rotational part by (77). In order
to show that this is consistent with the traditional formulation, suppose that the vorticity equation (93) is
solved and a velocity field v(x, ¢) is found. In view of the relation @ =V x v, the velocity v should satisfy
the following:

0v+oxv=VH, (96)

for a scalar function H'(x, t). Obviously, taking the curl of this equation reduces to (77).
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On the other hand, according to Section 4.2, we have the Euler’s equation of motion (52), because the
new Lagrangian A4 has no effect in the total Lagrangian of @ space owing to its construction, and hence
generates no new term. Using the identity (67), this reduces to the following:

O+ o xv=—VGv'+h). 97)
Defining H by H' =9,¢ + s0,y +v - (b —w), Eq. (92) is
0:%vz_h_Dt¢_SDﬂp_V‘b:%U2—h—at¢

_satlﬁ—v-(qu+st//+b)=_%U2 —h—H, o8

by using (94). In fact, it can be shown that both expressions (96) and (97) are equivalent with this H’, as
follows. First we note the following identities:

(Vxw)xv=-Viw+w Ve -V w), (99)
w Vo — (v V)V = V(32 — (v V)§) — 50, Vb, (100)
The second is an identity with v given by (94). Using these, one can verify the following:
ow+(Vxw)yxv+Vy-(w—>0b)]=0v+ - -V)y+ Vh.
The right-hand side vanishes by Eq. (52). Therefore, we obtain
ow+ (Vxw)xv=—=V[y-(w—>b)]. (101)

It is not difficult to show that Eq. (96) reduces to this equation for the above H' and the total velocity
v of (94), where the total vorticity w is given by (95). Eq. (101) is a new equation to be satisfied by the
rotational component w.

If s = 5o (uniform), thenv = V& +w (® = ¢ + so¥), and o = V x w. Subtracting (101) from (97), we
obtain V[%v2 +h+0,9+v-(b—w)] =0, which is equivalent to (98).

Thus there is no contradiction between the traditional formulation and the present one. New aspects
of the present formulation are described in the next section, in addition to the expression (101) for the
rotational component w.

8. Significance of A 4

We consider here the significance of the Lagrangian A4 associated with rotation symmetry and its
outcome derived from the variational principle.

8.1. Source of helicity

Let us recall that pb is defined by (85). Using (82), the expression of ¥ is rewritten as
Y =0,A+ 00, A+ A VuE =0,A 4+ (V x A) x v+ V(A0h).
Therefore, defining a vector B with B=V x A, we have

pb=V x ¥ =0,B+V x (B xv)=Ey[BI. (102)
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Variation of A4 of (84) with respect to a variation Jv is given by
SA = —/ [(V x W, &v) + (V x 6%, v)]d>x,
M

where V x 0¥ =V x (B x ov) from (102) for the variation v on keeping A (hence B) fixed. Therefore,
we have

5/1A=—/ (V X ¥+ o x B), o) d’x.
M

This leads to the following expression for w defined by (89):
mw=VXx¥+wxB=Ey[B]+ v X B, (103)

where Ew([B] = 0,B 4+ V x (B x v) from (76).
For flows of a homentropic fluid with constant entropy s, the velocity is given by (94): v = V& +w
(@ = ¢ + soy). Therefore, the helicity is

H=/w-vd3x=/ w-wd3x=/ p 'o- Ew[B]d>x, (104)
1% 1% 1%

since V - o = 0. Thus it is found that the term Ey[B] generates the helicity.

8.2. Uniqueness of transformation

Transformation from the Lagrangian a space to Eulerian x(a) space is determined locally by nine
components of the matrix 9x* /da’. However, in the previous solution considered in Section 4.2, we had
three relations (48) between the x-velocity v = (X, Y¢, Z;) and the a-velocity (V,, Vp, V), and another
three relations (51) between the x-acceleration .« = (X, Y:;, Z;;) and the a-acceleration (A,, Ap, A.).
These six relations are not sufficient to determine the nine matrix elements dx* /da’. But now, we are
equipped with a new structure of rotational symmetry which is expected to resolve this indefiniteness.

In fact, the remaining three conditions are found from Eq. (72) connecting the x-vorticity o = (w,,
oy, »;) and the a-vorticity Q,(a) = (Q4, Qp, Q). From (72), these are

Qu = 0, (0,y0,2 — 0,0,2) + w,(0,20,x — 0,20,X) + w;(0,x0,y — 0.Xx0pY), (105)

with other two equations for Q; and Q. determined cyclically.

There are three vectors (velocity, acceleration and vorticity) determined by evolution equations subject
to initial conditions in each space of x and a coordinates. Transformation relations of the three vectors
suffice to determine the nine matrix elements 9x¥/da’ locally. Thus, the transformation between the
Lagrangian a space and Eulerian x(a) space is determined uniquely. In this sense, the equation of the vor-
ticity is essential for the uniqueness of the transformation between Lagrangian and Eulerian coordinates.

8.3. Two linking vortices (an example)
As an example of flows of non-zero helicity, we consider a particular flow field induced by tangling of

two vortices, i.e. a rectilinear line-vortex L linked with a vortex ring R of infinitesimal vortex-cores, whose
cross-sections are both circular and strengths are y; and yg, respectively. The helicity H is immediately
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found as 2y; yr (see below), hence it is non-zero. Therefore, this flow field cannot be given a representation
of a Clebsch-type form.

We consider a flow of an incompressible fluid of density p in a cylindrical coordinate frame (x, r, ¢).
Suppose that we have a rectilinear line-vortex L of strength y; (> 0) coinciding with the x-axis (axis of
cylindrical symmetry) and a vortex ring R of strength yr (> 0) which coincides temporarily with a circle
of radius R in the plane x =0 centered at the origin. By symmetry consideration, it is readily seen for this
initial configuration that the vortex ring R simply translates parallel to the x axis with a constant velocity
U (say) without change of its form and its radius (apart from rotational motion around the x axis without
changing its form), while the rectilinear vortex L stays at the same position without change. With respect
to this coordinate frame, the velocity field (at the initial instant) of the rectilinear vortex L is represented
by a vector potential ¥ = (F(r), 0, 0), while that of the vortex ring R is given by Yr = (0, 0, G(x, r)).
Explicit expressions of velocity are v, =V x ¥L and vyg = V x PR, respectively, and

v =(0,0,—0.F), F=—"Llogr,
2

v = (r18,(rG), =0, G, 0),

L cos ¢ g
4 Jo Jx2+rZ—2rRcos¢ + R2

Their vorticities are
oL = (y.6(y)(2),0,0), or =(0,0,yré(r — R)é(x)), (106)

where ¢ is the delta function, and (y, z) denotes the cartesian coordinates in the plane perpendicular to
the x-axis. Hence, the helicity is given by

Gx,r)=

H:/ [VL-wR+vR-wL]d3x.
%3

By elementary calculus, we find that the integral of each term gives the same value y; yg. Thus we obtain
non-zero helicity H = 2y yg (Moffatt, 1969).

The potential B=V x A can be determined in the following way. In reference to the coordinate frame
moving with the vortex ring R, the velocity field is steady (and the vorticity too). In this frame, a uniform
velocity (—U, 0, 0) is added, and total velocity is given by

w=vp +vr+ (-U,0,0)=V X y =vx) = (u, v, w), (107)

where y = (F(r) — %Ur, 0, G(x, r)) = y(x), independent of 7. In Eq. (103): pgv = Ew[B] + o X B, the
vorticity w is non-zero only on the rectilinear line L and the circular curve R, and vanishes (o = 0) at all
other points. At points neither on L nor on R, we have the equation:

pov =Ew[B], Ew[B]=0,B+V X (B X ). (108)

Let us seek a general solution to this equation for a given velocity field v(x). Suppose that we have a
particle-path solution x = X(a, t) satisfying 0,X(a, t) =v(X), where D;a=0fora=a(x, t) and a(x, 0) =x.
Next, we introduce a particular field B, (a, t) defined by

B.a,1) = (B*(a, 0).- %) X@, ),
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which satisfies the equation: Ew|[By] = 0,Bx + V X (B4 x v) = 0 (Cauchy’s solution) for an arbitrary
initial field B, (x, 0). A general solution to Eq. (108) is given by

B(x9 t):B*(av t)+BO(x)’ (109)

where Bo(x) is a time-independent field and a particular solution to (108). In fact, substituting (109) into
(108), we have pgV x y =V x (Bg x v), in view of (107) and Ew[B,] = 0. Thus, we obtain

By xv=Vy + poy(= 0),

where y is a scalar function satisfying v - Q@ = (v - V) + pgv - x = 0. Then, the solution By is given by

By =(0,=0Qy¢, 0r)/u, Q= (Qx,Qr,Q¢)-

9. Summary and discussion

Following the scenario of the gauge principle of field theory, it is found that the variational principle
of fluid motions can be reformulated successfully in terms of a covariant derivative and Lagrangians
defined appropriately. The Lagrangians are determined such that a gauge invariance is satisfied under
local Galilean transformations including the rotational symmetry. The fluid material is characterized
thermodynamically in terms of mass density and entropy density. In addition, local rotation (i.e. vorticity)
of the material is also taken into account by a newly introduced Lagrangian A44. A gauge-covariant
derivative V; was defined in the present formulation including the rotational symmetry (it was D; up to
Section 5 for the translation symmetry alone). Galilean invariance requires that the covariant derivative
should be the convective time derivative following the motion of the background material, i.e. the so-
called Lagrange derivative. The covariant derivative is an essential building block of the gauge theory.
Applying V; to the position coordinate x(a, ¢) of a fluid particle a, we obtain the particle velocity v. It
is found that the vorticity o is in fact a gauge field associated with the rotational symmetry. Lastly, an
example of flow with non-vanishing helicity is presented together with a general solution of the vector
potential for the rotational part.

The variational principle (i.e. the action principle) in the space of particle coordinate a results in
the Euler—Lagrange equation. This yields the Noether theorem, i.e. conservation equations of energy-
momentum. The equations thus obtained are the Lagrangian form of the equation of motion and energy
equation, which are transformed to Euler’s equation of motion and the conservation equation of total
energy %vz + ¢ in Eulerian space.

The variational principle with respect to Eulerian space coordinate x results in (i) the expression of
velocity v in terms of gauge potentials, (ii) an integral describing a potential part of the velocity, (iii) the
equation of continuity, (iv) the entropy equation. In addition to these results obtained in the previous case
of translation symmetry alone, new results in the present formulation are as follows. (v) The velocity v
includes a new rotational term w, (vi) the vorticity equation (93) is deduced from the variational principle
and (vii) Eq. (101) is derived for the rotational component w. It is noteworthy that the new Lagrangian
A4 of (86) yields a source term for the helicity defined by (104).

Transformation from the Lagrangian a space to Eulerian x is determined locally by nine compo-
nents of the matrix dx* /da’. However, in the solution obtained previously (Kambe, 2007) without taking
account of rotational symmetry, we had only six relations for the velocity (48) and acceleration (51)



T. Kambe / Fluid Dynamics Research 40 (2008) 399—426 423

including the matrix element 9x*/da’. Both of the equations are invariant under rotational transfor-
mations of a displacement vector AX = (AX, AY, AZ), so that the vector AX is not uniquely deter-
mined. In the improved formulation taking account of the rotational symmetry with three additional
equations from (72), there are three vectors (velocity, acceleration and vorticity) determined by evo-
lution equations subject to initial conditions in each space of x and a. Transformation relations of the
three vectors suffice to determine the nine matrix elements dx*/da’ locally. Thus, the transformation
between the Lagrangian a space and Eulerian x(a) space is determined uniquely. In this sense, Eq. (105)
for the vorticity is essential to the uniqueness of the transformation between Lagrangian and Eulerian
coordinates.

Accordingly, the present variational formulation is self-consistent and comprehensively describes flows
of an ideal fluid.
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Appendix A. Background of the theory

This appendix reviews the background of the theory and describes the scenario of the gauge principle
in a physical system.

A.l. Gauge invariances

In the theory of electromagnetism, it is well-known that there is an invariance under a gauge trans-
formation of electromagnetic potentials consisting of a scalar potential ¢ and a vector potential A. The
electric field E and magnetic field B are represented as E= —V¢ — (1/¢)(0A/0t), and B=V x A, where
c is the light velocity. The idea is that the fields E and B are unchanged by the following transformation:
($,A) — (¢',A"), where ¢/ = ¢ — c10, f,A' =A + V f with f(x, t) being an arbitrary differentiable
scalar function of position x and time ¢.

Gauge invariance is also known in certain rotational flows of the Clebsch representation (Eckart, 1938,
1960). Its velocity field is represented as (Section 3.2):

v=V¢+sVy,

where ¢, ¥ and s are scalar functions, and  satisfies the equation D,y = 0. Let ¢/, ¢’ and s’ be a second
set giving the same velocity field v, which implies the following: s Vyy — s’ V' =V (¢’ — ¢). This relation
will hold true by the relation ¢’ — ¢ = F(y, ¢/'), if s =0F /oy and s’ = —0F /Oy/. Therefore, s and y are
determined only up to such a contact transformation, and ¢ transforms by the addition of the generating
function F (¢, y/). It can be shown that the two sets of triplet give the identical flow field. Thus, there
exist some freedom in the expressions of physical fields in terms of potentials.
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A.2. Related aspects in quantum mechanics and relativity theory

In quantum mechanics, Schrédinger’s equation for a charged particle of mass m and electromag-
netic fields are invariant with respect to a gauge transformation. This is as follows. In the absence of
electromagnetic fields, Schrodinger’s equation for a wave function s of a free particle m is written as
S[y] = ihd,y — (1/2m)p,%xp =0, where py =—ih0, is the momentum operator (0, =0/oxk fork=1, 2, 3).
In the presence of electromagnetic fields, Schrédinger’s equation for a particle with an electric charge e
is obtained by the transformation:

9, > 0, + (e/ih)Ag, 8, — O + (e/ihc)Ar  (k=1,2,3), (B.1)

where (A,) = (Ao, A1, Az, A3) = (Ap,A) = (—¢,A) is a four-vector potential, actually a covector
denoted with lower indices. A point in space—time is denoted by a four vector with upper indices,
(x*) = (x0, x!, x2, x3) with x° = ¢z. Thus, we obtain the equation with electromagnetic fields:

) 1 . e 2
Saly] =0,y — edyy — - | (—in) (o, + —Ac ) | v =0.
2m ific
From the four potential A, = (—¢, A), we obtain E and B.
Suppose that a wave function y(x*) satisfies the equation S4[y] =0, and consider the following set of
transformations of (x*) and A:

W () = explic(xM) [y (x*),
Ac— A=A+ o — ¢ =d—c 0,8,

where a=(e/hc)p. Then, it is shown readily that the transformed function /' (x*) satisfies the Schrodinger
equation S4/[y'] = 0. This is the gauge invariance of the system of an electric charge in electromagnetic
fields. The system is said to have a gauge symmetry.

A relativistic Lagrangian (i.e. Lorentz-invariant) is defined for fluid flows by Soper (1976), and the
energy-momentum tensor 7#" is derived from it, where u, v =0, 1, 2, 3 with 0 denoting the time com-
ponent. In this relativistic formulation, the continuity equation and an energy equation of fluid flows are
derived from the conservation of particle numbers and an equation of energy conservation 3,7% = 0.
Expanding the energy density 7% and energy flux 7% with respect to an infinitesimal ratio f = v/c
(k =1, 2,3, where c is the light velocity and v a representative fluid velocity), the continuity equation
is obtained from the lowest order terms (equivalent to the conservation of particle number), while non-
relativistic energy conservation is obtained from the next order terms proportional to %. The entropy
equation is another form of the energy conservation.

A.3. Brief scenario of gauge principle

In the gauge theory of particle physics (Weinberg, 1995; Frankel, 1997), a free-particle Lagrangian
Agree[Y] is defined first for the wave function y(x*) of a particle with an electric charge. Let us consider
the following gauge transformation:  — ei“w. If Agree 1S invariant under the transformation when o is a
constant, it is said that Agee has a global gauge invariance. In spite of this, it often happens that A is
not invariant for a function o« = a(x), i.e. Afee 1S NOt gauge-invariant locally. In this circumstance, it is
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instrumental to introduce a new field in order to acquire local gauge invariance. If the new field (a gauge
field) is chosen appropriately, local gauge invariance can be recovered.
In Appendix A.2, the local gauge invariance was acquired by replacing 0, with

Dy =20, +

(see (B.1)), where .«/, = (e/ihic) A, and A, (x) is the electromagnetic potential (and termed a connection
Jform in mathematics). The operator D,, is called the covariant derivative.

Thus, when the original Lagrangian is not locally gauge invariant, the principle of local gauge in-
variance requires a new gauge field to be introduced in order to acquire local gauge invariance, and the
Lagrangian is to be altered by replacing the partial derivative with the covariant derivative including the
gauge field. This is the Weyl’s gauge principle.

In mathematical terms, suppose that we have a group ¢ of transformations and an element g(x) € ¥
(for x € M with M a space where  is defined) and that the wave function (x) is transformed as
¥/ = g(x)y. In the previous example, g(x) = ¢*™) and the group is ¥ = U(1). Introducing the gauge
field A allows us to define a covariant derivative D = 0 + A as a generalization of the partial derivative
0 that transforms as gD = g(@ + A) = (0’ + A’)g. If we operates the right-hand side on , we obtain
@ + A)gy =@ + A )W =Dy where D’ =0 + A’. Thus, we obtain D'y’ = gDy, showing that Dy
transforms in the same way as y itself.

In dynamical systems which evolve with the time ¢, such as the present case of fluid flows, replacement
is to be made only for the ¢ derivative: 0, — D; =0, + A(x).
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