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1. Introduction

Most of the physical systems of interest in physics admit a description in terms of a variational
principle: physical solutions are the extrema of some functional defined on the state of all possible evo-
lutions of the system, called the action. If the action is defined in terms of the integral of a Lagrangian,
then its extrema are precisely the solutions to the Euler-Lagrange equations of the Lagrangian. For
mechanical systems, i.e., systems in which solutions are functions only of time, the phase space can be
equipped with a symplectic structure. From this point of view, time evolution is just the flow generated
by the Hamiltonian of the system, and one has at one’s disposal all of the tools known from symplectic
mechanics: Poisson bracket, Noether’s theorem, etc. The geometric framework can be generalized to
field theories by using, for instance, the multisymplectic formalism.

This description, nevertheless, excludes a large class of systems, namely, dissipative systems. In
some cases, the phase space for such systems is naturally equipped with a contact structure, which can,
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in many ways, be seen as the odd dimensional analogue of a symplectic structure (see [1] for a more
general discussion). What in the symplectic world were once conservation laws, now become dissi-
pation laws [2]. Contact structures have made appearances in various fields in recent years, including
reversible and non-reversible thermodynamics [3-5], quantum mechanics [6], statistical mechanics [7],
cosmology [8,9] and electromagnetism [10]. The contact framework is well understood for mechanical
systems; see [2, 11-16]. The field theory analog, multicontact geometry is under current development,
see [17-20] for recent efforts. One of the main challenges is a successful understanding of singular
and higher-order theories.

In this work we study one such theory, namely a dissipative version of Einstein gravity. To circum-
vent the difficulties coming from the as of now not fully understood contact formalism, we make use
of the fact that contact systems, when seen from the Lagrangian point of view, can also be formulated
in terms of a variational principle, i.e., the Herglotz variational principle. The Lagrangians that fit in
this framework are called action-dependent. We apply variational calculus to derive the analog of the
Euler-Lagrange equations (the Herglotz equations) for this system. This is of relevance since examples
of singular or higher-order dissipative field theories are scarce in the literature.

The result obtained is also relevant to the study of modifications of Einstein’s theory of gravity,
which would explain some observations of cosmological phenomena that do not fit within the current
picture, as well as open avenues toward the successful quantization of gravity. A survey of theories of
this kind is in [21] and [22]. In [8, 23], the same Lagrangian we introduce was studied. We frame it
within the broader context of the Herglotz variational principle and dissipative theories. In this sense
this work is complementary to [8], as it clarifies the geometric nature of the objects at play and presents
a set of equations that is Lorentz invariant, as opposed to the ones originally derived. This issue is also
remedied in [23].

The work is organized as follows. In Section 2, we introduce the Herglotz variational principle and
show how it can be equivalently formulated as a constrained optimization problem. This allows one to
use the calculus of variations to derive the correct Herglotz equations of motion, which is especially
relevant for field theories. In Section 3, we apply this language to a dissipative version of the Einstein-
Hilbert Lagrangian to derive its field equations. In Section 4, we discuss how these equations differ
from the ones originally derived in [8] and why they are a Lorentz-invariant generalization of them.

This article is the result of work done in [24].

2. Herglotz variational problem

This chapter presents the theory of action-dependent Lagrangians. The main appeal of this formal-
ism is that it allows for the description of non-conservative systems in terms of a variational principle,
which is, in general, not possible with standard Lagrangian mechanics. The problem of finding the
stationary paths of the action given by a Lagrangian of this sort is known as the Herglotz problem [25].
The main difficulty of this variational problem is that, as opposed to the standard variational problem
of Lagrangian mechanics, it is an implicit optimization problem.

The phase space of an action-dependent Lagrangian can be equipped with a contact structure.
Hence, from the Hamiltonian point of view, contact geometry is the natural framework to describe
dissipative dynamics. This is well understood for mechanics, but not mature enough for field theories,
and particularly for second-order theories like the Hilbert-Einstein Lagrangian. This work will focus
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on the Lagrangian picture and the variational methods.

There are several ways of deriving the equations of motion of the Herglotz variational principle in
mechanics. The original version defines a functional on trajectories in terms of the solution to a differ-
ential equation determined by the trajectory. We refer to this as the implicit approach. Alternatively,
one can implement the action dependence as a non-holonomic constraint on a standard variational
problem defined on a larger configuration space and use standard variational methods. There are two
distinct ways of implementing non-holonomic constraints, which are referred to as the vakonomic
method and the non-holonomic method. For the Herglotz principle in mechanical systems, they are
shown to be equivalent in [26], in the sense that they lead to the same equations.

The implicit approach to the Herglotz principle for field theories presents a difficulty because the
differential equation that needs to be solved is now a partial differential equation. Nevertheless, this has
been successfully done for a particular class of first-order field theories in [19,27]. Here, we instead
follow [26] and use the constrained approach.

This is, to the best of the authors’ knowledge, the first time that the equations of motion for a
second-order action-dependent field theory have been derived. Hence, although the resulting equations
are physically and geometrically sound, they cannot be compared to other results of this sort. This is
relevant because, in general, the vakonomic and non-holonomic methods are not equivalent, and only
one of them leads to the desired result [28]. This is clarified by the authors who worked in collaboration
with M. Lainz and X. Rivas in [29]. The key result is that, when the action dependence is closed, then
both methods are equivalent.

We now present the Herglotz principle for mechanical systems and first-order field theories, and
show how the Herglotz equations are derived using the vakonomic method.

2.1. Herglotz variational problem as constrained optimization

An action-dependent Lagrangian is defined on the configuration space of a non-dissipative system
expanded with an extra degree of freedom. This additional degree of freedom is interpreted on-shell as
the action.

In detail, consider Q X R, where Q is the configuration space which is enlarged by an extra dimen-
sion. The Lagrangian is defined as a function L: 7(Q X R) that is only zeroth-order on z, that is, if
(¢',z) is a local chart of QxR and (¢', z, ¢', 2) is the corresponding local trivialization of T(Q X R), then
L does not depend on z (or ,equivalently, dL annihilates the vertical vector field a%)' The constraint one
imposes is

= L. q\2); @1

thus, for trajectories that satisfy the constraint, we have

2(t) = z(0) + fo L(g(1), 4(n), z(n)) dt, (2.2)

and, indeed, z tracks the action along the path, as claimed.
Let Q(1, q., q», s,) be the set of curves (¢q,z) : I = [a,b] X R such that g(a) = q,, g(b) = g, and
z(a) = s,. The Herglotz problem is to determine the extrema of the functional

S :Q,q4, 9, 5.) — R
(q,2) — z(a) — z(b),
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subject to Equation (2.1). For trajectories that satisy the constraint, we have

b
S(q,2) = 2(b) — z(a) = f L(g(1), g(1), z(r)) dt, (2.3)

which resembles the classical expression of the action.
This optimization problem can be formulated equivalently by using the method of Lagrange multi-
pliers [26]. Consider the Lagrangian

L(g,2,¢,2) =2- Az - L(q,2,9)),

where A is the Lagrange multiplier. Then, the extrema of S subject to Equation (2.1) will be the
unconstrained extrema of

S : Q(I, 4a>49b Sa) — R

b (2.4)
(g,2) ¥— f Lg(D), (1), z(1), 2(1)) dt .

Because we are looking for unconstrained extrema, they will be the solutions of the Euler-Lagrange
equations for L. The equation for z is

oL doL oL .
dz dr oz 6z+ ’

or, equivalently,
. oL

A= —-A—. 2.5
0z 2.5)

The Euler-Lagrange equations for the other coordinates are

_8Z daz‘_/la_L_/}a_L_/lia_L
0q dtog Toqt Togt Tdtog’

and, after incorporating Equation (2.5) and dividing through by A, one obtains

0L doL  OLOL

o8 _do8, 0non 2.6
o dioq 0z oq 2.6)

These are the Herglotz equations.

2.2. Action-dependent field theory

We now introduce the Herglotz problem for field theories and derive the corresponding Herglotz
equations.

2.2.1. Classical field theory and Lagrangian densities

The passage from mechanics to field theory requires some care. The given data are usually some
smooth fiber bundle E over a base M of dimension n, which we assume to be orientable and hence
endowed with at least a volume form. The base M is usually, but not always, taken to represent
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spacetime. Field configurations are sections of this bundle, and the values that the field takes are
modeled by the fiber of E. The basic problem is to identify the configurations that are extrema of a
given action functional S : I'(E) — R. The action is usually written as the integral of a Lagrangian
over aregion D C M of the base, i.e., a Lagrangian is some sort of map from field configurations to
top forms of M, i.e., L: I'(E) — Q"(M), such that

S@:fam @7
D

One of the fundamental constraints on L is that it must be local, i.e., £(¢), should only depend on the
value of the field ¢ at p and a finite number of its derivatives at p. In other words, £ is to be a bundle
map from the k-th jet bundle of E, J*E, to the bundle of top forms A" T*M such that if j*¢ € ['(J*E) is
the prolongation of some field configuration ¢ € I'(E), then

S(¢) = fD Lo jo. (2.8)

The integer k is called the order of the Lagrangian. Volume forms are one-dimensional, which means
that, for a given choice of coordinates of the base, x*, then there exists a unique L: J'E — R such that,
on the coordinate domain,

Loj'¢=(Loj'¢)d"x, (2.9)

where d"x is the local volume form of M induced by the coordinates.
Using the calculus of variations, one can show that the stationary configurations of an action func-
tional defined by a first-order Lagrangian satisfy the Euler-Lagrange equations of field theory:

oL oL
— —§,— =0.
age M age

This expression makes sense given the choice of a local trivialization of E, i.e., (x*, ¢“), which gives
rise to a local trivialization of J'E, i.e., (x*, ¢°, ¢z). Note that the Einstein summation convention is
assumed from this point on, unless otherwise stated.

2.2.2. Action flux

We now wish to generalize this description to account for action-dependent Lagrangians. A cursory
look at the Herglotz equations would suggest a field theory analog of the form

oL oL AL OL
S P (2.10)
age~ Mogs " oge dz

These equations have also been proposed in the literature [18,20,27]. The question then becomes
what should be the geometric nature of z. In the language of bundles that we have just introduced, the
constraint in Equation (2.1) becomes

2b) — z(a) = Lo j*q. (2.11)
[a,b]
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fzszOjkqf), (2.12)
oD D

where D C M is an n-dimensional submanifold of M over which we wish to extremize the action. It is
now clear that z must be a form of degree n—1 so that it can be integrated over submanifolds of the base
M of codimension 1. In other words, 7 is the action flux. The differential version of Equation (2.11) is
then

The field theory version should then be

dz = Lo j¢. (2.13)
This is analogous to Equation (2.1).
There is, by way of contraction with a volume form, an isomorphism between (n—1)-forms and vec-
tor fields such that the exterior derivative becomes the divergence. In particular, a choice of coordinates
x* on the base induces a trivialization (x*, z”) on /\”‘1 T*M, such that, for @ € A\ T M,

d
@, = )z d', (2.14)

where the symbol . denotes the contraction of a tangent vector with a form. Then, for a differential
form z of degree n — 1 whose components in these coordinates are z”, it holds that

dz=9,7’d"x. (2.15)
This means that the coordinate expression of Equation (2.13) is
9,2 = L(¢", ¢),). (2.16)

For some bundle £ — M, the corresponding Herglotz problem is formulated in the enlarged
bundle E ® \"'T*M — M, where @ is the Whitney sum. Consider a Lagrangian of the form
L:JEe N"'T*M — N\"T*M (so that, crucially, £ does not depend on any of the derivatives of the
action flux). The Herglotz problem for field theory is then to find the sections (¢, z) that extremize the
functional S (¢, z) = fa D% which is subject to the constraint dz = L. If (¢, z) is one such section, then

S(¢,Z)=f Z=fdz=f£0(j"¢,z),
oD D D

and we can interpret S as the action.

2.2.3. Constrained optimization in field theory

Just like before, we turn this constrained optimization problem into an unconstrained one by using
Lagrange multipliers. The expanded action for a first-order Lagrangian, similar to Equation (2.6), is

$(¢.2) = f (A= Ddz+ Lo (j'¢.2)] = f d"xd{(1 = D9, + AL($", 0,",2")]. (2.17)
D D
Let us write down the integrand of Equation (2.17) as an expanded Lagrangian:
Lo(j'¢,j'2) = L(¢% 8,¢°,2",8,2) d"x = [(1 = D)3, 2" + AL(¢*, 0,9, 2)] d"x. (2.18)
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Note that £ is now the Lagrangian for a theory defined on the expanded bundle J'E® J' A" T*M —
M, so z is a dynamical degree of freedom.

Given that the Lagrangian is of first order, extrema of this action functional will be solutions to the
Euler-Lagrange equations for this Lagrangian, which become the Herglotz equations upon imposing
the constraint. We present them in the next section. Nevertheless, there is nothing preventing one from
calculating the explicit variation of the action, which leads to the equations of motion for a theory of
any order. This is the approach we follow in the next chapter.

2.2.4. Herglotz equations for field theory

Finally, we derive the Herglotz equations for field theory from the expanded Lagrangian in Equa-
tion (2.18). The equations for the action flux are
oL oL  OL oL
0=——-0,7— =1—+0,(48) = 1— + 0,4,
azr Moz, oz " (15,) 07"

where (x,,z", z,) is the trivialization of J '(A\"' T*M) induced by the choice of coordinates on the base,
as defined by Equation (2.14). Rearranging, one obtains
oL
9z
This equation actually constrains the type of action dependence that is allowed in L. We will see later

that, in the context of relativity, it forces the dissipation form to be closed.
The equations for the field are

oL oL oL oL oL

— =0y =A— - (0, D) — - 10,—,

llug ops g og:: ops

and, after substituting in Equation (2.19) and dividing through by A, we arrive at the field theory
Herglotz equations

8,4 = -2 (2.19)

0=

OL 4 9L OLOL _
age Mogr 0z dgs

(2.20)

3. Action-dependent Einstein gravity

In this chapter, we apply the language and tools developed in the previous chapter to the specific
case of Einstein gravity. We first describe the Lagrangian from which the Einstein field equations arise.
Then, introduce an action-dependent version of it and we derive its field equations.

3.1. Einstein-Hilbert Lagrangian

As is well known, the Einstein field equations can be obtained from a variational principle. The
classical Lagrangian that gives rise to these equations is the Einstein-Hilbert Lagrangian. We formulate
it in the language of Section 2.2.1. The field of interest in relativity is the metric on the given spacetime
M, which we take to be of dimension 4 and orientable. Hence, the bundle of interest to us is a subbundle
of the second symmetric power of the cotangent bundle of M,

S*T*M — M. (3.1)
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Specifically, it is the subbundle determined by the condition of non-degeneracy. We denote it by
G(M) —> M.

As advertised, the theory of general relativity is a second-order theory, which means that the
Einstein-Hilbert Lagrangian must be a bundle map from J>’G(M) to \" T*M. Specifically, given a
metric g € I'(G(M)),

Lew o /g = RQw,. (3.2)

Here, we use w, to denote the volume form determined by g, which, in a choice of coordinates x*,
becomes

Ved'x, (3.3)

where /g is the square root of the absolute value of the determinant of the expression of the metric in
the coordinates x*. The other factor, R(g), is the scalar curvature of g, which is defined as the trace of
the Ricci tensor:

R(g) = tr(g™' Ric(g)). (3.4)

The Ricci tensor is of type (0, 2); so by contracting with g™!, i.e., the metric induced on T* M, we obtain
a (1, 1) tensor, whose trace is well defined. The coordinate expression of the components of the Ricci
tensor, R, 1S

Rab = 6mrmab - aul—‘mmb + menrnab - 1—v/l/lanl—‘nmb’ (35)

where I'?, are the Christoffel symbols of the Levi-Civita connection determined by g. These contain
the first derivatives of the metric, so R, and, hence, R contain the second derivatives of the metric, and
the Einstein-Hilbert Lagrangian is indeed of second order.

The Einstein-Hilbert action is therefore

Sen(g) = fLE-H o jfg = fR\/§d4x (3.6)
D D

for some domain D on which the integral is finite. A variation of this action leads one to the Einstein
field equations
Ray = 38uR = 0. (3.7)

More precisely, these are the Einstein field equations in a vacuum, since one can add various matter
terms to the Einstein-Hilbert Lagrangian which lead to the Einstein equations in the presence of matter;

Rap — 38R = Tap. (3.8)

The object T, is the energy-momentum tensor, and it collects all of the terms coming from the presence
of matter. See §4 of [30] for a detailed derivation.

3.2. An action dependent Einstein-Hilbert Lagrangian

What kind of action dependence can we incorporate into the Einstein-Hilbert Lagrangian? The
simplest one is a linear dissipation term:

Leno(j°8,2) =Rw, —0 Az (3.9)

Now, Lgy is defined on the expanded bundle, G(M) & /\3 T*M — M. Hence, § must be a 1-form on
M, which we will refer to as the dissipation form.
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The coordinate expression of this dissipation term is

O Az =(6,dx") A (Zyi4d4x) = 0,7 dx" A (%J d4x) = 0,7" d*x,

ox” X
where, once again, we use the coordinates defined in Equation (2.14). Then, Equation (3.9) becomes
Leno (/8,2 = (Ryg - 6,2) d*x. (3.10)

This Lagrangian does not exactly match the one proposed in Equation (9) of [8]. The discrepancy is
down to a different choice of coordinates. Indeed, in the previous computation, we used the isomor-
phism between Q*(M) and I'(T M) induced by contracting with d*x. Instead, we may contract with
the volume form induced by the metric, w,. Let {* be the components of z in this new choice of
coordinates, i.e.,

0 0
Z = {”@Jwg = gﬂ \/E%J d4x,
which implies that % = 4/g¢*. Given these new coordinates, Equation (3.10) looks like
Leno (/°8,2) = (RVE 6,8 Vo) d'x = (R - ,{"w,. (3.11)

This is the Lagrangian proposed in Equation (9) of [8].
We now write down the constraint in Equation (2.13) for this Lagrangian. In the original coordinates
for the action flux, we have
dz = 8,7 d*x,
SO
0,2 = R+/g —0,7". (3.12)

In the other set of coordinates, induced by contracting with w,, one sees
dz = 0,(Vgl") d*x = V0" g d'x = V, ' w,,

where V is the covariant derivative induced by g. We have made use of a useful identity about the
divergence:

v, XH = %ay(\/g)(#). (3.13)

This is the statement that the divergence induced by the volume form of a metric coincides with the
trace of the covariant derivative.
Given the new coordinates, the constraint becomes

V" = R - 6,0, (3.14)

which is the same form that appears in Equation (8) of [8].

3.3. Derivation of the field equations

We now apply the method of Lagrange multipliers, as described in the previous chapter, to derive a
modified version of Einstein’s equations. The expanded Lagrangian is

Lrno(°g.j'2) = [(1 - DB, + ARE - 6,2)] d*x.
We will compute the variation of the corresponding expanded action, S (g,2) = fD Lol j2g, j'z), with

respect to the two dynamical degrees of freedom, z and g.
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3.3.1. Variation of the action flux

The variation with respect to the action flux is
65(g,2) = fD [(1 = )60, + AS(R~g) — 6,67)] d*x
= fD (1 = D3,07" — 20,67 d*x + fD A6(R+/g)d*x
= fD 3,((1 = )57)d*x + fD (0,4 — 260,)67" d*x + fD AS(R \/g) d*x. (3.15)

The first integral is a boundary term coming from an integration by parts. It vanishes if we assume that
the variations vanish at the boundary of D. If the action is stationary, then its variation must vanish for
any variation of the fields. This means that the second term of Equation (3.15) must vanish, since, in
particular, we may choose not to vary the metric. Hence, the quantity inside the brackets must vanish
since it vanishes when integrated against any variation. Therefore,

8, = 16, (3.16)

In other words, dA4 = 16. As we had advertised before, this forces the dissipation form 6 to be closed,
because

d(10) = dAANO+A1dO =10 A0+ AdO = A1d6,;

hence,
Ado = d(19) = d*a =0,

and we conclude that df = 0 provided that A does not vanish.

3.3.2. Variation of the metric

We continue the calculation from Equation (3.15). We may now only consider the last integral, as
we can vary g and z independently. We will follow the derivation in [30] for as long as we can. In
particular, we take the spacetime M to be closed, and hence avoid consideration of Gibbons-Hawking-
York-type boundary terms. Since R /g = g"’Ry;, /g, from the product rule, its variation results in three
terms as follows:

f A5(R+fg)d*x = f A58 Ry \Jg d*x + f A8 6R 4 \Jg d*x + f AR5 g d*x (3.17)
D D D D

The first term is already in the form required to apply the fundamental theorem of the calculus of
variations. The third one uses the standard result:

6\/_ = _% \/ggabégab-

The first and third terms of Equation (3.17) can be combined into
f ARz — 1Rgu)58" /g d*x. (3.18)
D
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In the standard derivation of Einstein’s equations, one shows that the middle integral of Equation (3.17)
actually vanishes; thus, if Equation (3.18) is to vanish for any variation 6g,,, or, equivalently ,for
any variation of the inverse metric 6g°°, the integrand of Equation (3.18) itself must vanish. This
gives Einstein’s equations. In the presence of A, however, the middle integral does not vanish and it
contributes additional terms to the equations.

We compute the variation of the middle integral in Equation (3.17). The variation of the Ricci
curvature can be shown to be

g6R ., = g (V0T 4y — VT ) = V, (8001 3y — 06T ) (3.19)

SO
f Ag°6R g d*x = f AV, (gP0T" 4y — g™ 6T™ ) Vg d*x;
D D

and, if A were not there, this integral would vanish because of the divergence theorem and the fact that
the variations vanish on the boundary of D. In the presence of A, we perform an integration by parts:

f Ag6R g d*x =
D
= f AV, (86T oy — 6T ) Vg d*x
D
= fD Y, (Ag™ 6T — g"6T™,p)) g d*x — fD (VD™ 6T" yy — 6T ,) Vg d*x.
The first integral vanishes because it is the integral of a divergence and the variations vanish on the

boundary of D. The second integral is the source of the additional terms. We split it into two terms.
The variation of the Christoffel symbols can be shown to be

6rabc = %gum(vcagbm + Vb6gmc - Vmégbc) (320)
Using this and Equation (3.16) (since V,1 = 9,1), we compute the following for the first integral:

- f (V, )80l gy g d*x = =1 f 20,8 "™ (V08 u + Vadgiy — Vidga) Vg d*x. (3.21)
D D

The presence of g%’ means that the indices a and b are symmetrized, so
ab _ oab
8Vp08a = 8 VaO8ip-

This means that Equation (3.21) simplifies to
- f (V, )6 4y Afg d*x =
D
=— f 26,8 ¢"V 684 Vg d*x + % f 26,8 ¢V 58 g d*x
D D

- _ f 20,V(g g™ 6gu) Vg d*x + 1 f A0,V (g g™ Sgw) g d*x. (3.22)
D D
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Let us perform an integration by parts for the first integral. Introducing the shorthand X*" = g ¢"*5g,,,
we compute
V(20,X") = V. (A6,)X"" + 26,V .X"",

SO
—~ f A6,V,(g" g™ 6g.u) Vg d'x = — f A6,V, X" \Jg d*x
D D
= - f V,(16,X") g d*x + f V,(16,)X" g d*x.
D D

The first integral is the integral of a divergence, so it vanishes. We are left with the second which we
can expand into

f Vy(20,)X"" \Jgd*x = f (6n0pAd + AV,0,)(8 g™ 68u) Vg d*x
D D
= f AOpB, + V10,)(8” 8" 68u) Vg d'x.
D

As a last step, we use the identity
6gab — _gamgbnégmn

to write our integral as a variation with respect to the inverse metric.

f 00, + V,0,) (g " 0gm) Vg d'x = — f (0,6, + V,0,)58™ /g d*x.
D D

Without going through the details again, the other integral in Equation (3.22) can be brought to the
form

! f 20,9,(87 8" 5gu) VEd'x = f V(160,088 Sguy VE d'x
D D
1 ab nk ml 4
-3 f /l(gken + ngn)g 8 gmaglbég \/gd X
D
=1 fD A8 (00, + Vi0,)gmog™ /g d*x.

There is still another integral we need to evaluate, and it is the second term in the variation of R,
namely

f (0,8 6Ty Vg d*x = 1 f 20,8" 8" (V08 + Viudgis — Vidgms) Ve d*x. (3.23)
D D

Because m and k are symmetrised, the second and third terms cancel, leaving us with

! f 20,8 8" V68 \gdx = -1 f V(10,)8" 8" 6 m g d*x (3.24)
D D

=1 f AOp0, + V0,08 8" gamgug™ \g d*x (3.25)
D
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=3 f 18" (046, + Vi0,)ga08" Vg d*x. (3.26)

D
We have calculated all of the integrals that we need. Before we put them all together, let us make
the following observation:

Vagb = 611917 - I_chll79m = abga - I_mbaem = nga,

which uses the fact that 6 must be closed. We may therefore define the following (0,2) symmetric
tensor:
K=60®60+V6, (3.27)

whose components are
1
K, =06,0,+ 5 (Vaeb + Vbea) =6,0, + V(aeb) =6,0,+ V,ﬂb, (328)

where parentheses surrounding indices indicate symmetrization. All three expressions are equal be-
cause V.6, = V,0,. Nevertheless, we will use the second one to make the symmetry of the indices
explicit. So, after liberal relabeling of the indices, we find that Equation (3.15) becomes

68 [gups 2] = f (0,4 — 26,)67" d*x + f ARy — 1Rgus — Kap + Kgap)38™ g d*x, (3.29)
D D

with K, defined as in Equation (3.27) and K = g™ K,,, as its trace.

Applying the fundamental theorem of the calculus of variations, the action will be stationary if and
only if the integrands of both terms vanish. From the first integral, we get Equation (3.16), which we
have already used. And, from the second one, we get the modified Einstein field equations

Rab - %Rgab - Kab + Kgab =0. (330)

These equations coincide with the ones derived in [23].
4. Significance of the equations

In this chapter, we discuss the equations that we have obtained and how they compare to those
appearing in existing publications. We also make the case that the version we have derived is a more
adequate version.

4.1. Dissipation tensor

Let us recap what we did in the previous chapter. We have shown, by computing the variation of the
corresponding action, that the field equations of an Einstein-Hilbert Lagrangian with linear dissipation,
namely,

L(gab, a,ugab’ ayavgab’ Zﬂ) = R(gaba augab’ a,uavgab) \/é_’ - 6/11#’ (4 1)

are
Rup, — %Rgab - Ky + Kgab =0, (42)
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where K, represents the components of the (0, 2) symmetric tensor
K=Vi+0®6. (4.3)

We will call K the dissipation tensor. Since the first two terms of Equation (4.2) have zero divergence
(i.e., they are the components of the Einstein tensor), it must be the case that, on-shell, the diver-
gence of the second two terms also vanishes. This imposes a constraint on the space of solutions to
Equation (3.30), which depends on the dissipation form #. Namely,

V(8K - n6K) = 0. (4.4)

This means that, if we were to couple a matter term to Equation (3.9), its energy-momentum tensor
need not, in general, have zero divergence. Specifically, what must have zero divergence will be a
combination of the energy-momentum tensors of the matter fields and terms containing the dissipa-
tion 1-form. Nevertheless, further investigation is required to determine the precise way in which the
dissipation tensor governs the non-conservation of other quantities.

4.2. Non-covariance of existing equations

These equations are not the ones obtained in [8]. For the same Lagrangian, the equations derived
are
Rub + kab - %gab(R + k) = O’ (45)

where K = g”K,, and K, is
Kah = ermab - % (Qarmmh + Qhrmam) . (46)

These cannot possibly represent the components of a tensor. Very explicitly, for the flat Minkowski
metric, their expression in Cartesian coordinates is 0. If they represented the components of a tensor,
then they would also vanish for any other choice of coordinates for the flat metric. Nevertheless, in
spherical coordinates, one computes

1 1
Mgy = -1, I = 7 F¢r¢ = P
[Mys = —rsin 6 I, =—sinfcosd I, = —1
oo > [ > ¢ tan @
This means that, for example,
- 0
_ 1 m _ t
Ktr =0- E(Htr mr + O) - _Z,

which is certainly non-zero if 6, does not vanish. Hence, the object derived in [8] is not coordinate-
independent, so it cannot possibly represent meaningful physics.

There is another fact that points to the equations in [8] not being what one would expect as the
Herglotz equations coming from a second-order action-dependent Lagrangian. The Herglotz equations
for the harmonic oscillator with linear dissipation lead to equations that are linear in the dissipation co-
efficient ( [2]). However, the Lagrangian for this system is first-order, whereas, as we had already dis-
cussed, the Einstein-Hilbert Lagrangian is actually second-order. There is a second-order Lagrangian
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with linear dissipation, called the damped Pais-Uhlenbeck oscillator, whose equations of motion are
derived in [15]. These are, in fact, not linear in the dissipation coefficient, but, rather, quadratic. In our
case, the dissipation form plays the role of the dissipation coefficient and, indeed, K is quadratic in it.
The equations in [8] instead lack a quadratic term.

One can pinpoint the exact reason for the problems with Equation (4.5). One of the simplifying
assumptions made in their derivation is to only consider certain terms of the Ricci curvature. Specif-
ically, the Ricci curvature consists of four terms. Two of them are contractions of the Christoffel
symbols with themselves, and the other two are derivatives of the Christoffel symbols. In the clas-
sical case, without dissipation, one can show that the second two terms are actually a divergence, so
they do not contribute to the variation of the Einstein-Hilbert action; and the resulting equations re-
main unchanged (see [31,32]). For an action-dependent theory, however, adding a divergence to the
unexpanded Lagrangian does not lead, in general, to the same equations [23,33].

5. Conclusions

The are three main ideas presented in this article.

First, we showed how the Herglotz problem can be turned from a constrained optimization problem
to an unconstrained one by promoting the action dependence to a dynamic degree of freedom and using
Lagrange multipliers to implement the non-holonomic constraint.

Second, we described how the Einstein-Hilbert Lagrangian can be modified with an action depen-
dence in a coordinate-independent manner. This allows one to derive a correct, Lorentz-invariant set
of field equations that remedy the issues present in previous derivations.

Finally, the computation performed constitutes an important example for the ongoing development
of contact geometry and its applications, since it is a singular second-order field theory. Having a
concrete example at hand will aid in understanding these systems.

There are various avenues for future follow-up work. One can consider more general dissipation
terms to add to the Einstein-Hilbert Lagrangian, as well as study their phenomenology. It will also be
interesting to consider the boundary effects in the case of manifolds with a boundary (the appropriate
Gibbons-Hawking-York term).

General relativity has several equivalent formulations [34,35]. It would be interesting to add dissi-
pation to these formalisms and study their properties and relations.

Finally, the current tools in contact geometry fall short of completely describing this kind of La-
grangians. A more general geometric structure, akin to multisymplectic geometry, needs to be devel-
oped for more general action-dependent Lagrangians in order to describe relevant theories. In this line,
the multicontact structure recently presented in [20] could be the adequate geometric framework for
action-dependent gravity.

Acknowledgments

The authors wish to thank the reviewers for their constructive suggestions which improved the final
version of the paper.

Jordi Gaset also acknowledges financial support from the Ministerio de Economia y Competitividad.

(Spain), project MTM2014-54855-P, and from the Ministerio de Ciencia, Innovacién y Universidades

Journal of Geometric Mechanics Volume 15, Issue 1, 357-374.



372

(Spain), projects PGC2018-098265-B-C33 and D2021-125515NB-21.

References

1.

10.

1.

12.

13.

14.

K. Grabowska, J. Grabowski, A geometric approach to contact Hamiltonians and contact Hamil-
ton—Jacobi theory, J. Phys. A-Math. Theor., 55 (2022), 435204. https://doi.org/10.1088/1751-
8121/ac9adb

J. Gaset, X. Gracia, M. Muhoz-Lecanda, X. Rivas, N. Romaén-Roy, New contri-
butions to the Hamiltonian and Lagrangian contact formalisms for dissipative mechan-
ical systems and their symmetries, Int. J. Geom. Methods. M., 17 (2020), 2050090.
https://doi.org/10.1142/S0219887820500905

. A. Bravetti, Contact geometry and thermodynamics, Int. J. Geom. Methods. M., 16 (2019),

1940003. https://doi.org/10.1142/s0219887819400036

R. Mrugala, J. D. Nulton, J. C. Schon, P. Salamon, Contact structure in thermodynamic theory,
Rep. Math. Phys., 29 (1991), 109—-121. https://doi.org/10.1016/0034-4877(91)90017-H

. A. A. Simoes, M. de Le6n, M. L. Valcdzar, D. M. de Diego, Contact geometry for sim-

ple thermodynamical systems with friction, P. Roy. Soc. A-Math. Phy., 476 (2020), 20200244.
https://doi.org/10.1098/rspa.2020.0244

F. M. Ciaglia, H. Cruz, G. Marmo, Contact manifolds and dissipation, classical and quantum,
Ann. Phys-New. York., 398 (2018), 159-179. https://doi.org/10.1016/j.a0p.2018.09.012

S. I. Goto, Contact geometric descriptions of vector fields on dually flat spaces and their ap-
plications in electric circuit models and nonequilibrium statistical mechanics, J. Math. Phys., 57
(2016). https://doi.org/10.1063/1.4964751

. M. J. Lazo, J. Paiva, J. T. S. Amaral, G. S. F. Frederico, Action principle for action-dependent

Lagrangians toward nonconservative gravity: Accelerating universe without dark energy, Phys.
Rev. D., 95 (2017), 101501. https://doi.org/10.1103/PhysRevD.95.101501

D. Sloan, New action for cosmology, Phys. Rev. D., 102 (2021), 043524. 10.1103/Phys-
RevD.103.043524

J. Gaset, A. Marin-Salvador, = Application of Herglotz’s variational principle to elec-
tromagnetic systems with dissipation, Int. J. Geom. Methods. M., 19 (2022), 2250156.
https://doi.org/10.1142/S0219887822501560

H. Geiges, An Introduction to Contact Topology,  Cambridge University Press, 2008.
https://doi.org/10.1017/CB0O9780511611438

M. Lainz, M. de Leén, Contact Hamiltonian Systems, J. Math. Phys., 60 (2019), 102902.
https://doi.org/10.1063/1.5096475

M. de Le6n, M. Lainz, A review on contact Hamiltonian and Lagrangian systems, arXiv:
2011.05579 [math-ph].

M. de Ledn, M. Lainz, Singular Lagrangians and precontact Hamiltonian systems, Int. J. Geom.
Methods. M., 16 (2019), 1950158. https://doi.org/10.1142/S0219887819501585

Journal of Geometric Mechanics Volume 15, Issue 1, 357-374.


http://dx.doi.org/https://doi.org/10.1088/1751-8121/ac9adb
http://dx.doi.org/https://doi.org/10.1088/1751-8121/ac9adb
http://dx.doi.org/https://doi.org/10.1142/S0219887820500905
http://dx.doi.org/https://doi.org/10.1142/s0219887819400036
http://dx.doi.org/https://doi.org/10.1016/0034-4877(91)90017-H
http://dx.doi.org/https://doi.org/10.1098/rspa.2020.0244
http://dx.doi.org/https://doi.org/10.1016/j.aop.2018.09.012
http://dx.doi.org/https://doi.org/10.1063/1.4964751
http://dx.doi.org/https://doi.org/10.1103/PhysRevD.95.101501
http://dx.doi.org/10.1103/PhysRevD.103.043524
http://dx.doi.org/10.1103/PhysRevD.103.043524
http://dx.doi.org/https://doi.org/10.1142/S0219887822501560
http://dx.doi.org/https://doi.org/10.1017/CBO9780511611438
http://dx.doi.org/https://doi.org/10.1063/1.5096475
http://dx.doi.org/https://doi.org/10.1142/S0219887819501585

373

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

M. de Le6n, J. Gaset, M. Lainz, M. C. Muifioz-Lecanda, N. Roman-Roy, Higher-order contact me-
chanics, Ann. Phys-New. York., 425 (2021), 168396. https://doi.org/10.1016/j.a0p.2021.168396

M. de Le6n, J. Gaset, X. Gracia, M. C. Muioz-Lecanda, X. Rivas, Time-dependent contact
mechanics, Monatsh. Math., (2022). https://doi.org/10.1007/s00605-022-01767-1

J. Gaset, X. Gracia, M. C. Mufioz-Lecanda, X. Rivas, N. Roman-Roy, A contact geome-
try framework for field theories with dissipation, Ann. Phys-New. York., 414 (2020), 168092.
https://doi.org/10.1016/j.a0p.2020.168092

J. Gaset, X. Gracia, M. C. Munoz-Lecanda, X. Rivas, N. Romdn-Roy, A K-contact La-
grangian formulation for nonconservative field theories, Rep. Math. Phys., 87 (2021), 347-368.
https://doi.org/10.1016/S0034-4877(21)00041-02

B. Georgieva, R. Guenther, T. Bodurov, Generalized variational principle of Herglotz for sev-
eral independent variables. First Noether-type theorem, J. Math. Phys., 44 (2003), 3911-3927.
https://doi.org/10.1063/1.1597419

M. de Leon, J. Gaset, M. C. Mufioz-Lecanda, X. Rivas, N. Romén-Roy, Multicontact formulation
for non-conservative field theories, J. Phys. A-Math. Theor., (2023).

G. J. Olmo, D. Rubiera-Garcia, A. Wojnar, Stellar structure models in mod-
ified theories of gravity: lessons and challenges, Phys. Rep., 876 (2020), 1-75.
https://doi.org/10.1016/j.physrep.2020.07.001

T. Baker, E. Bellini, P. G. Ferreira, M. Lagos, J. Noller, I. Sawicki, Strong Constraints on
Cosmological Gravity from GW170817 and GRB 170817A, Phys. Rev. Lett., 119 (2017), 1-6.
https://doi.org/10.1103/PhysRevLett.119.251301

J. A. P Paiva, M. J. Lazo, V. T. Zanchin, Generalized nonconservative gravita-
tional field equations from Herglotz action principle, Phys. Rev. D., 105 (2022), 124023.
https://doi.org/10.1103/PhysRevD.105.124023

A. Mas Dorca, A variational derivation of the field equations of an action-dependent Einstein-
Hilbert Lagrangian, Universitat Autonoma de Barcelona.

G. Herglotz, Beriihrungstransformationen,Lectures at the University of Gottingen, 1930.

M. Le6n de, M. Lainz, M. C. Mufioz-Lecanda, The Herglotz Principle and Vakonomic Dynamics,

In: Geometric Science of Information, 12829 (2021), 183—-190. https://doi.org/10.1007/978-3-
030-80209-7-21

M. J. Lazo, J. Paiva, J. T. S. Amaral, G. S. F. Frederico, An action principle for action-dependent
Lagrangians: Toward an action principle to non-conservative systems, J. Math. Phys., 59 (2018),
032902. https://doi.org/10.1063/1.5019936

G. Xavier, J. Marin-Solano, M. C. Mufioz-Lecanda, Some geometric aspects of variational cal-
culus in constrained systems, Rep. Math. Phys., 51 (2003), 127-148.

J. Gaset, M. Lainz, A. Mas, X. Rivas, The Herglotz variational principle for dissipative field
theories, arXiv:2211.17058 [math-ph].

S. M. Carroll, Lecture Notes on General Relativity, arXiv: gr-qc/9712019.

J. Gaset, N. Roman-Roy, Multisymplectic unified formalism for Einstein-Hilbert gravity, J.
Math. Phys., 59 (2018). https://doi.org/10.1063/1.4998526

Journal of Geometric Mechanics Volume 15, Issue 1, 357-374.


http://dx.doi.org/https://doi.org/10.1016/j.aop.2021.168396
http://dx.doi.org/https://doi.org/10.1007/s00605-022-01767-1
http://dx.doi.org/https://doi.org/10.1016/j.aop.2020.168092
http://dx.doi.org/https://doi.org/10.1016/S0034-4877(21)00041-02
http://dx.doi.org/https://doi.org/10.1063/1.1597419
http://dx.doi.org/https://doi.org/10.1016/j.physrep.2020.07.001
http://dx.doi.org/https://doi.org/10.1103/PhysRevLett.119.251301
http://dx.doi.org/https://doi.org/10.1103/PhysRevD.105.124023
http://dx.doi.org/https://doi.org/10.1007/978-3-030-80209-7-21
http://dx.doi.org/https://doi.org/10.1007/978-3-030-80209-7-21
http://dx.doi.org/https://doi.org/10.1063/1.5019936
http://dx.doi.org/https://doi.org/10.1063/1.4998526

374

32. M. E. Rosado, M. J. Mufoz, Second-order Lagrangians admitting a first-order Hamiltonian for-
malism, Ann. Mat. Pur. Appl., 197 (2018), 357-397. https://doi.org/10.1007/s10231-017-0683-y

33. M. de Le6n, J. Gaset, M. Lainz, Inverse problem and equivalent contact systems, J. Geom. Phys.,
176 (2022), 104500. https://doi.org/10.1016/j.geomphys.2022.104500

34. G.Jordi R. Narciso, New symplectic approach to the Metric-Affine (Einstein-Palatini) action for
gravity, J. Geom. Phys., 11 (2019), 361-396. https://doi.org/10.3934/jgm.2019019

35. D. Vey, Multisymplectic formulation of vielbein gravity: I. De Donder—Weyl formulation, Hamil-
tonian (n-1)-forms, Classical. Quant. Grav., 32 (2015), 095005. https://doi.org/10.1088/0264-

9381/32/9/095005

@ AIMS Press

Journal of Geometric Mechanics

©2023 the Author(s), licensee AIMS Press. This
is an open access article distributed under the
terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0)

Volume 15, Issue 1, 357-374.


http://dx.doi.org/https://doi.org/10.1007/s10231-017-0683-y
http://dx.doi.org/https://doi.org/10.1016/j.geomphys.2022.104500
http://dx.doi.org/https://doi.org/10.3934/jgm.2019019
http://dx.doi.org/https://doi.org/10.1088/0264-9381/32/9/095005
http://dx.doi.org/https://doi.org/10.1088/0264-9381/32/9/095005
http://creativecommons.org/licenses/by/4.0

	Introduction
	Herglotz variational problem
	Herglotz variational problem as constrained optimization
	Action-dependent field theory
	Classical field theory and Lagrangian densities
	Action flux
	Constrained optimization in field theory
	Herglotz equations for field theory


	Action-dependent Einstein gravity
	Einstein-Hilbert Lagrangian
	An action dependent Einstein-Hilbert Lagrangian
	Derivation of the field equations
	Variation of the action flux
	Variation of the metric


	Significance of the equations
	Dissipation tensor
	Non-covariance of existing equations

	Conclusions

