Journal of Geometry and Physics 147 (2020) 103525

Contents lists available at ScienceDirect

Journal of Geometry and Physics

journal homepage: www.elsevier.com/locate/geomphys

Check for
updates

Flux-variational formulation of relativistic perfect fluids

RJ. Alonso-Blanco *, J. Mufioz-Diaz

Departamento de Matemadticas, Universidad de Salamanca, Plaza de la Merced 1-4, E-37008 Salamanca, Spain

ARTICLE INFO ABSTRACT

Article history: We give a variational formulation of perfect fluids on a general pseudoriemannian
Received 28 January 2019 manifold by variating tangent fields according the flux produced by them. In fact, in
Received in revised form 4 July 2019 this approach the key point is to consider those variations that preserve the canonical

Accepted 8 October 2019

Available online 12 October 2019 structure of the bundle of fluxes (see below). As a result, Euler and continuity equations

are obtained quite directly.

MSC: © 2019 Elsevier B.V. All rights reserved.
49Sxx

76XX

83-XX

58Zxx

Keywords:
Variations
Relativistic fluid
Flux

Continuity equation

1. Introduction

Different variational approaches to perfect fluids are available for a long time to the present (see, for example,
[3,4,8-11] and the review [2]). Most of them use constraints or potentials. Indeed, in [10] is proven that constraints are
required for (ordinary) variational formulations of perfect fluids. In this paper we offer a formulation that only requires a
natural restriction: to preserve the canonical structure of the bundle of fluxes; the approach thus developed is based on
what we have called flux variations (see below).

A steady fluid on a manifold is, firstly, described by a vector field: the field of its velocities; that includes non steady
fluids if we add a time coordinate by considering a space-time manifold. So, the object we will deal with is a vector
field, this is to say, a section u of the tangent bundle TM — M, where M is a smooth manifold. In order to consider
variations of u, we take prolongations of vector fields on M to the tangent bundle. It is virtually obligatory to perform the
prolongation preserving the so called contact system of TM (roughly speaking, the differential system characterizing the
curves in TM consisting of curves parameterized in M together with the velocity vector in each of its points). However, the
aforementioned preservation is not sufficient to determine a unique prolongation. In fact, the set of such prolongations
has an affine type structure (see Proposition 2.1). To choose a single one, it is necessary to impose some further condition.
As we will see, one of these impositions leads to the well known covariant prolongation or also vertical lift (see, for
instance, [9]). Nevertheless, there are other alternative possibilities at least if we dispose of an appropriate additional
object. Let us see how to obtain a prolongation well adapted to the context of fluid dynamics. When M is orientable
and endowed with a pseudoriemannian metric g, we get the corresponding volume element vol. In some way, the most
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important aspect of u now is the infinitesimal flux that it produces: 1yvol, which is the inner contraction of u with vol.
This is why is natural to consider the variation that a vector field produces on the flux 1;vol, instead of the variation
caused on u itself. These considerations, conveniently carried to term, leads to what we can call flux prolongation (2.3)
and the related concept of flux variation.

On the other hand, the function of “length” p(u,) := +/|g(, uy)| will be interpreted as the “density” of the fluid moved
along u (see, for instance, [6], p. 50). Finally, we will consider a Lagrangian density ®(p)vol, where @ is an arbitrary smooth
function, and will take the infinitesimal variations of its restriction &(p)vol|,, according to how the flux of u varies. The
vanishing of these variations produces simultaneously the equations of the fluid dynamics (Euler equation) along with
the conservation of mass law (continuity equation).

1.1. Notation

Let us fix an n-dimensional smooth manifold M. In local computations we will take coordinates x!, . .., x". Each smooth
function f € Cc*°(M) defines on the tangent bundle TM the function f by the rule

fu) = df (ve) = velf), Vuy € TM.

The set ¥/, X/, gives us a local chart on TM as usual and symbols d; and 9, will denote the respective partial derivatives; in
particular, f d(f ) where, by definition, d := X/ d; (see [5] for an intrinsic analysis of this operator). If u is a tangent vector
field and w a differential form, 1y will denote the inner contraction of w with u. Moreover, when M is endowed with a
pseudoriemannian metric tensor g (symmetric 2-covariant tensor without kernel), with each vector field u, we associate
the differential 1-form u® := 13g.

2. Infinitesimal variations on the bundle of fluxes
2.1. Prolongations of vector fields to the tangent bundle

Let M be an n-dimensional manifold. Its tangent bundle TM is endowed with the so called contact system §2 which is
comprised by the differential 1-forms vanishing on the prolongation of parameterized curves: given a differentiable curve
t — y(t) € M, we can consider its prolongation y:t > (d;y)(d/dt); € T,)M. In local coordinates, if y is described by
X = yi(t), then ¥ is

. . ; ; dy!
o = 0.8 = @osa) = T,

and so, the contact system £2 is generated by the 1-forms
Xdd —#Hdxt, j,e=1,...,n

On TM there is defined the infinitesimal generator of the homotheties (along fibres) which is the vector field W that
have the local expression

W = Xla,d

For a given tangent field £ on M, a little computation shows that we can “prolongate” it to the tangent bundle in
several ways by imposing the invariance of the contact system:

Proposition 2.1 (See [1]). Let W be the infinitesimal generator of the homotheties along fibres of TM. The set of vector fields
on TM that project onto & = &/9;, and preserve the contact system by Lie derivative, is

Eo+ &9, + oW
where ¢ is an arbitrary function on TM.
Therefore, it is necessary to impose some additional condition in order to determine a prolongation. For example, we
can consider the class of time compnsed by the horizontal forms, @ = o/(x, x)d¥/, such that if we define d:= xfa (the
“generic velocity”), then 1« = od(x, X)¥ = 1 (the 1-forms df /f f € C¢*°(M), generate the class of time module contact
forms; see [5] for details). If now we impose on the possible prolongations of a field £ the condition of preserving the
class of time we get the usual prolongation
§ =80 > prVs = 8o + 8.
This is called covariant prolongation of &, or vertical lift of & in [9]. However, as we will see (Section 2.3), another
prolongations are also natural and useful depending on the context.
On the other hand, each vector tangent to M at a point x, say ey, defines a tangent vector (ex)’* € T, (TyM), for any
vy € TyM due to the linear structure of such a fibre by using the directional derivative:

(e)f == % r:of(vx + tex) (2.1)

for each function f € ¢*(TM).
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In local coordinates, when e, = efc(aj)x we have (e,)% = ef((a,-(-)vx.
If, instead, we have a vector field e on M we get a vertical vector field E on TM, that we call the vertical representative
of e (see [5]); in local coordinates,

e=edjr>E=¢ei,. (2.2)

If now we have two vector fields e and v on M, we can get a tangent field eV defined on the submanifold v(M) =
{vy | x € M} C TM by the rule:

eV: vy > ()’ € T, M.

In other words, eV is the restriction of the vertical representative E to the submanifold v(M).
2.2. Lifting of tangent fields to the bundle of fluxes

When we have a vector field u and a volume form vol, the integral of the (n — 1)-form 1yvol on the hypersurface
enclosing an open region, measures the flux of u through that hypersurface. This is why we call bundle of fluxes the
bundle A"'M — M, where A"~'M denotes the space of differential (n — 1)-forms on M. A coordinate system ¥ on M
and the choice of a (local) volume form, say vol, induces a local chart ¥, w/, on A"~'M by the rule

oy = u)’(ox)lajvol, for each local section oy of A" 'M — M.

In the same way in which Liouville form is defined on the cotangent bundle, it is defined on A" 'M the tautological
(n — 1)-form 7": given an (n — 1)-form oy at the point x, and tangent vectors D’{‘,x €T, A" M, k=1,...,n— 1, we set

Yo (D}, ... .Di") = olm.D} ..., Do),

where 7, is the tangent map corresponding to the projection 7: A" '!M — M. In local coordinates, it is described by
T =u lajvol = lw,-ajvol,

where we assume that n-form vol of M is pull-backed to A" 'M by means of 7. A computation shows the following

Lemma 2.2. Each vector field & on M determines another one, E on A""'M which is the unique one which projects onto &
and preserves the tautological form T'; that is to say,
LY =0
§

( Dg denotes de Lie derivative operator).
Proof. Let & = £/9; in local coordinates; so, £ = &/9; + B'd,; for some B/ to be determined. We have,
Cz; T = E’g(lw,-ajvol)
= lﬁg(u)iaj)VOl + leajcg vol
= l{Biaj _ whah(%_j)aj _ 8h(B")8w,-}V01 + leajdlv(g)vol
= HB — whan(e) + div(e) woy)

where we have used that L ; vol = 0 and we denote by div(&¢) the divergence of & with respect to vol: Lg vol = div(&)vol.
Thus, E’gT vanishes if and only if B = w"d,(&/) — (div(&))w’. As a consequence, each B’ is completely determined and the

vol

uniquely defined E is, in local coordinates,

E =89+ (w'on(&) — divig)w') 9,5, O
2.3. Transfer to the tangent bundle

Let us assume that M is oriented by a global volume form vol. For instance, if M is orientable and endowed with a
pseudoriemannian metric g we can take the volume form vol associated with g; locally, vol := _/ dx' A --- A dx", where

denotes the squared root of |detg].

In this case, we get the isomorphism

¢:TM — A" M, uy > P(ux) := Iy, vol,
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which in the above introduced coordinates can be written simply as w/ = #. In this way, E defined on the bundle of
fluxes is transferred to the tangent bundle as the vector field (we keep notation)

E =&+ (X&) — div(e W) 0y = &9 + &9y — div(5) W,
and then we get the prolongation
&> & =priVs —div(EW, (2.3)

which belongs to the set of contact preserving prolongations of & according to Proposition 2.1. We will call £ the flux
prolongation of & with respect to the pseudometric g. This prolongation is the most appropriate if what we want is to
look at the flux as the main property of a vector field.

Remark 2.3. Some points of contact of this concept with others approaches should be indicated. In the convective approach
of Carter [4] (see the review [2] and references therein, of Andersson and Comer who have also applied the theory in
different topics) is already the idea of using the space of 3-forms (case n = 4) and similar type of variations are considered.
However, the conservation condition is pre-fixed from the beginning. Also a prolongation of this type is used in [7] to
formulate fluids in the context of a constrained variational approach.

3. Flux variational problems

We keep the previous notation and hypotheses. We will consider variational problems defined on the tangent bundle
with respect to variations defined according the flux prolongations. For a given L € C*°(TM) let us define the functional:

U I(u) := / A,
u(M)

where u: M — TM is a tangent vector field and A = Lvol is a lagrangian density on TM. N
Now, we apply the variations of I at u associated with compact supported vector fields & by means of & (see (2.3)):

Sgl(u) = /U(M)Lgszlwu*ﬂgx. (3.1)

The pull-back u*ﬁgk depends only on the values of E when restricted to the section u(M) C TM; these values are

B = (€10 + 8y — dive)W), = E(x)3)u, + u&)y, — divE)
where uy" is defined as in (2.1). In addition, taking into account that, for each point x € M,
(U ) = (&0, + £ )0 )y
we arrive to
Eup = Wb — (€, uly + divy(£) up) ™ (3.2)

where, for each tangent vector vy, € T,M, vf" is defined as in (2.1).
Let us put by definition

SSu = [&, u] + div(§)u,

in such a way that (3.2) is written as

gux = Uy — ((Séu)yx

In this notation we state the following
Proposition 3.1. For each vector field & with compact support, the (flux) variation of I at the section u is
Sel(u) = — f (Szw)*(L) vol,
3 s

where (Sgu = &, u] 4+ div(§)u, and, by its very definition (2.1), the derivative in above integrand is

(8§u)u(L) = (;r Lu + tégu)). (3.3)

t=0
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Proof. Let Jq (respectively, y,) a tangent field on TM which coincides on u(M) with the field uy — u,& (respectively,
uy > (8zu) ), defined only for the points u, € u(M). Further, we can assume that y, is vertical with respect to TM — M.
Then,

u*LEk =U'Ly A — ULy, (3.4)
because E and y; — y, are equal on u(M). Now, by the Cartan formula and that fact of u*dA = du*A = 0 (since an
(n + 1)-differential form on the n-dimensional manifold M must vanish), it holds

ULy A = dizu™a. (3.5)
Similar arguments, but now taking into account the verticality of y, and the horizontality of A, imply that

U*Lyyh = U*ly,dA = u*yy(L) vol = (8u)"(L) vol. (3.6)
From (3.4), (3.5), (3.6),

u*ﬁgk = digu* A — (8su)"(L) vol.

If, besides that, & is compact supported, the term di;u*A disappears when is integrated. Thus the proof is finished. O

3.1. Variation of mass density

In this section we assume that M is orientable and endowed with a pseudoriemannian metric g and vol is associated
with g; so that vol = _/dx! A --- A dx" locally.
Physical considerations (see [6], p. 50) lead to treat the “density” function in the tangent bundle:

piTM = R,  p(ux) = /I8y, u)l;

that is to say, p is the length function. If L = &(p) (for a certain function @), then
g(u, dgu)

(Bguie(p) = £'(pn) === = £&(p,)8(v, ¢ ), (37)
g (u, u)|
where, p, = +/Ig(u, u)|, v := u/p,, the sign + is that of g(u, u) and we have applied (3.3) and
1 1 d
Seu)t =8uuzz< 2u—l—t6u>
(Sgu)"p Zﬂﬁ(g)p N dt[:op( gu)
U (28 gt esonn b esen) = +250 %Y Lo s
= —_— , = —_— = U7 .
200 \7 e[, B TS § 200 B %
As a consequence,
Sel(u) = :F/ qﬁ’(pu)g(v,S%-u)vol. (3.8)
M

Next, we need the following

Lemma 3.2. For each couple of vector fields p, q on M, if we define p® := Ipg, it holds
P’ A lgvol = p’(q) vol = g(p, q) vol.

Proof. By taking the inner product of q by the null (n 4 1)-form p® A vol we get
0 = 1g(p" A vol) = (1gp”vol — p* A 1gvol.

Since 1gp” = p’(q) = g(p. q), the proof is finished. O

By the above lemma and the identity

laguvol = l[g’_-’ ul + (divé)uvol = Lé(luvol),

we arrive to
g(v, sgu)vol = WA ’Sgu vol = 0" A Lg (tyvol).

With this expression, the integrand of (3.8) becomes

@' (pu) V" A Lg (tyvol) = Lg (D'(pu) v A (1yvol)) — Le(@'(pu) V") A 1yvol. (3.9)
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The first summand on the right hand side of (3.9) is an exact differential form because is the Lie derivative of a differential
n-form on the n-dimensional manifold M; so, we can discard it if we integrate when the field & has compact support. Let
us denote with the symbol = the equality up to terms of the above type (those that can be discarded in the integration):

®'(pu) V" A Lg(uvol) = —Lg(P'(pu) V") A lyvol
that, by the Cartan formula, is (minus) the sum of
a = d1g®'(pu) Vw)Alyvol and B = lgd(qf"(pu)vb) A lyvol,
but
a=d (ls@'(pu)v" A luvol) — (1 ®'(ou )" Mdtyvol = —(1¢ ®'(p,)0" div(u)vol.
In addition, for any 1-form o and vector field ¢ we have (similarly to Lemma 3.2)
0 = 14(0 Avol) = (140 )vol — o A 1gvol
so that
B = lulgd(®'(py)v")vol,
and then,
@' (pu) V" A Lg(lyvol) = 1g {®'(pu) div(u)v” + 1yd(D'(pu)v")} vol. (3.10)

We derive the

Proposition 3.3. In the above notation
Sgl(u) =0, forall & with compact support,
if and only if
@' (py) diviu)® + 1yd(®'(p)v°) = 0 (3.11)

where u = pyv.

Proof. According to the result established in Eq. (3.10) it holds that

Sel(u) = q:/Mzg {2 (pu) div(u)® + 1yd(®'(pu)v")} vol.

If we assume that (Sg I(u) vanishes for arbitrary & of compact support we get the statement. O
3.2. The fluid equations

Let us see subsequently, the simplest non trivial case and then, the general one.
Case ®(p) = p: Now @’ = 1 and thus (3.11) becomes

div(u)v® + 1ydv® = 0. (3.12)

By contracting with u and taking into account that 1y1ydv® = 0 and 1yv® = g(u, v) = +p, (according to the sign of
g(u, u)); it follows that

div(iu)o, =0 = div(u) =0;

that is to say, u is conservative. By substituting into (3.12), we see that 13dv® = 0. But u = p,v, and then, that is equivalent
to

lpd” =0 (3.13)

(at least where p, # 0).
Next, we will need to apply the following

Lemma 3.4. For each vector field w, it holds the identity

lpdw® = (w¥w) — %d(g(w, w))

(where V denotes the Levi-Civita connection associated with g)
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Proof ([5], Remark 1.6, [1], Section 0). Let z be another vector field. Then

(Lodw’)(2) = dw’(w, 2) 2 w(w’(2)) — 2(w"(w)) — w*([w. 2])

c

w(g(w7 Z)) - Z(g('l.l), w)) - g(wa [wv Z])

w

gw¥w, z)+ g(w, w¥z) — z(g(w, w)) — g(w, [w, 2])

where we have used: (1) the definition of exterior differential, (2) the definition of w” and (3) one of the characterizing
properties of the Levi-Civita connection. Moreover, this connection is symmetric so that, [w, z] = wVz —z¥w, and then

(L, dw’)(2) = g(w"w, 2) + g(w, 2" w) — 2(g(w, w));

If, in addition, we take into account that

glw, z2%w) = %Z(g(w, w)) = d(g(w, w)/2)(2)
and substitute, we arrive to
(L, dw’)(2) = g(w"w, 2) — d(g(w, w)/2)(z) = (w"w)’ — d(g(w, w)/2)) (2),
as required. O
From Lemma 3.4 and Eq. (3.13), by taking into account that g(v, v) = £1, we arrive to
vV =0. (3.14)
Putting all together,

Proposition 3.5. The critical sections for the functional

I(u):/pvol

under flux variations are the conservative fields u such that v = u/p, (the unitary field associated with u) is a geodesic field.

General case @(p): Exactly as in the above case, by inner contraction of (3.11) with u it is derived that u is conservative:
div(u) = 0 (at least in the open set where ®'(p,)p, # 0). Then, by substituting into (3.11),

1d(®'(p, V") = 0.
being u = p, v with /|g(v, v)| = 1, we have

0 = 1,d(® (P )V°) = 1,(dD’ A V° + @'dv®) = v(@' W Fdd' + @' (vVVv), (3.15)
where we have applied that 1,v* = g(v, v) = £1 and, then, that by Lemma 3.4, i,dv® = (vVv).

Now, by passing to the dual using de metric we have d®’ +— grad @', v” — v, etc., in such a way that Eq. (3.15)
becomes

0=v(®WwFgradd + & vVv (3.16)
In order to put Eq. (3.16) in a more usual form we take the following definitions. Firstly, let € the function such that

®(p) = p(1+€(p)). Since &’ =1+ € + pe’ = <1>+sze’ it results, by denoting P := p%¢’, that @' = (® + P)/p and that

L (@ 4P —(®+P) (PHP)+Pp—(P+P) P
¢ J— — J—
N p? B P2 T o

In this way, v(®@') = @"v(p) = (P'/p)v(p) = v(P)/p and analogously grad(®’) = grad(P)/p. Therefore,

Proposition 3.6. The critical sections for the functional

I(u) = /q)(,o)vol
u
under flux variations are the conservative fields u (divu = 0, continuity equation) such that
0=(® +Pw v+ v(P)vFgradP,
where @ = p, (1+ €(pu)), P := pie'(pu), U= pyv, g(v, v) = 1.

In the particular case of a couple (M, g) being a Lorentzian manifold, these are the continuity and the Euler equations
for a relativistic perfect fluid.
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4. Conclusions

Based on physical reasons, we have considered the natural variational problem consisting of functionals of the length
of vector fields. With no other restriction than to preserve the canonical structure of the bundle of fluxes, we get the well
known equations of a relativistic perfect fluid consisting of the Euler equations joint with the conservation of mass law
(indeed, more than that is obtained because we get analogous equations on any pseudoriemannian oriented manifold).
Thereby, the only price to pay is to take variations according the flux produced by vector fields. On the other hand, we
think this is a quite natural and justified procedure.

References

(1

(2]

RJ. Alonso-Blanco, ]J. Mufioz Diaz, Una nota sobre los fundamentos de la mecdnica (spanish), in: A. Campillo, D. Hernandez-Ruipérez (Eds.),
El legado matematico de Juan Bautista Sancho Guimerd, Ediciones Universidad de Salamanca and Real Sociedad Matemadtica Espafiola, 2015,
pp. 111-138, see also arXiv:1404.1321 [math-ph].

N. Andersson, G.L. Comer, Relativistic fluid dynamics: Physics for many different scales, Living Rev. Relativ. 10 (2007) 1, http://dx.doi.org/10.
12942/Irr-2007-1.

[3] J.D. Brown, Action functionals for relativistic perfect fluids, Classical Quantum Gravity 8 (1993).

(4]

B. Carter, Convective variational approach to relativistic thermodynamics of dissipative fluids, Proc. R. Soc. Lond. Ser. A Math. Phys. Eng. Sci.
433 (1991) 45.

[5] J. Mufioz Diaz, The structure of time and inertial forces in Lagrangian mechanics, Contemp. Math. 549 (2011) 65-94.

(6]
(7]
(8]
[9]
[10]
(11]

P.AM. Dirac, General Theory of Relativity, Princeton Landmarks in Mathematics and Physics, New-York, 1996.

A. Fernandez, P.L. Garcia, Variational theory of non-perfect relativistic fluids, Extracta Math. 14 (2) (1999) 163-179.

S.W. Hawking, G.F.R. Ellis, The Large Scale Structure of Space-Time, Cambridge University Press, Cambridge, 1973.

T. Ootsuka, M. Ishida, E. Tanaka, R. Yahagi, Variational principle of relativistic perfect fluids, Classical Quantum Gravity 33 (24) (2016) 245007.
S. Schutz, R. Sorkin, Variational aspects of relativistic field theories, with applications to perfect fluids, Ann. Phys. 107 (1977) 1-43.

A.H. Taub, General relativistic principle for perfect fluids, Phys. Rev. 94 (1954) 1468-1470.


http://arxiv.org/abs/1404.1321
http://dx.doi.org/10.12942/lrr-2007-1
http://dx.doi.org/10.12942/lrr-2007-1
http://dx.doi.org/10.12942/lrr-2007-1
http://refhub.elsevier.com/S0393-0440(19)30206-2/sb3
http://refhub.elsevier.com/S0393-0440(19)30206-2/sb4
http://refhub.elsevier.com/S0393-0440(19)30206-2/sb4
http://refhub.elsevier.com/S0393-0440(19)30206-2/sb4
http://refhub.elsevier.com/S0393-0440(19)30206-2/sb5
http://refhub.elsevier.com/S0393-0440(19)30206-2/sb6
http://refhub.elsevier.com/S0393-0440(19)30206-2/sb7
http://refhub.elsevier.com/S0393-0440(19)30206-2/sb8
http://refhub.elsevier.com/S0393-0440(19)30206-2/sb9
http://refhub.elsevier.com/S0393-0440(19)30206-2/sb10
http://refhub.elsevier.com/S0393-0440(19)30206-2/sb11

	Flux-variational formulation of relativistic perfect fluids
	Introduction
	Notation

	Infinitesimal variations on the bundle of fluxes
	Prolongations of vector fields to the tangent bundle
	Lifting of tangent fields to the bundle of fluxes
	Transfer to the tangent bundle

	Flux variational problems
	Variation of mass density
	The fluid equations

	Conclusions
	References


