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The cuscuton is a scalar field with infinite speed of propagation. It was introduced in the context of
cosmology but it has also been claimed to resemble Hořava gravity in a certain limit. Here we revisit the
cuscuton theory as a Lorentz-violating gravity theory. We clarify its relation with Hořava gravity and
Einstein-æther theory, analyze its causal structure, and consider its initial value formulation. Finally, we
discuss to which extent the cuscuton theory can be used as a proxy for Hořava gravity in the context of
gravitational collapse and formation of universal horizons.
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I. INTRODUCTION

Lorentz symmetry appears to be a fundamental symmetry
of the Standard Model of particle physics and experimental
constraints are impressively tight (see e.g. [1]). Conversely,
gravitational experiments are significantly less sensitive to
Lorentz violations. A way to make this statement quantita-
tive is to consider Lorentz-violating alternatives to general
relativity and confront their predictions with observations.
Einstein-æther theory [2] is perhaps the most well-studied
theory in this category. Its action is

Sæ ¼ M2
pl

2

Z
d4x

ffiffiffiffiffiffi
−g

p ðð4ÞR −Mμν
αβ∇μuα∇νuβÞ; ð1Þ

where ð4ÞR is the four-dimensional Ricci scalar and

Mμν
αβ ¼ c1gμνgαβ þ c2δ

μ
αδνβ þ c3δ

μ
βδ

ν
α − c4uμuνgαβ: ð2Þ

The vector uμ, dubbed the “æther,” is constrained to be unit
timelike, i.e. uμuνgμν ¼ −1when using the metric signature
ð−;þ;þ;þÞ, either by using a Lagrange multiplier or by
constraining theæther’s variation. Due to this constraint, the
æther can never vanish and it always defines preferred
timelike trajectories in spacetime (a preferred “threading”).
This violates local Lorentz invariance as, even in a local
coordinate frame where the metric can be taken as flat in a

neighborhood of some event, the æther will define some
preferred time direction.
Another Lorentz-violating theory that has attracted a

lot of attention recently is Hořava gravity [3]. This is a
theory with a preferred foliation. In a covariant form the
low energy limit of Hořava gravity can be considered
dynamically equivalent to Einstein-æther theory with the
additional restriction

uμ ¼ −
∂μTffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−gμν∂μT∂νT
p ; ð3Þ

where T is a scalar field [4]. In this formulation the level
surfaces of T define the preferred foliation. Once this
foliation has been adopted, the residual symmetries are
diffeomorphisms that preserve it, i.e. t → t̃ðtÞ and
xi → x̃iðt; xiÞ. In the most general version of the theory
[5] the full action contains all additional operators compat-
ible with this symmetry that have up to six spatial derivatives
in the preferred foliation. Including these operators improves
the behavior of the propagators in the ultraviolet and renders
the theory power-counting renormalizable. The possibility of
trading Lorentz-symmetry for improved ultraviolet behavior
has certainly provided new-found motivation for considering
Lorentz-violating theories of gravity. Here however, we will
focus mostly on the low energy limit of the theory, so the
covariant description given by the action (1) together with
the definition (3) that identifies the field content will suffice.1Published by the American Physical Society under the terms of

the Creative Commons Attribution 4.0 International license.
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1For other restricted or extended versions of Hořava gravity,
which will not be considered here, please see Refs. [3,6–17].
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The third theory we will discuss is cuscuton theory [18],
which will be the main focus of this paper. The action of the
theory is

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
M2

pl

2
ð4ÞRþ μ2

ffiffiffiffiffiffi
2X

p
− VðϕÞ

�
; ð4Þ

where ϕ is the cuscuton field,

X ¼ −
1

2
gμν∂μϕ∂νϕ; ð5Þ

and VðϕÞ is the cuscuton’s potential. The presence of the
square root in the kinetic term of the cuscuton straightfor-
wardly implies that X must be non-negative. Variation with
respect to ϕ will actually lead to contributions in the
cuscuton’s field equation that contains 1=

ffiffiffiffi
X

p
. Hence, X

should be strictly positive and the cuscuton is forced to
always have a timelike gradient. Therefore, the level
surfaces of ϕ define a special foliation and the cuscuton
is known to propagate with infinite speed [18].
The cuscuton was initially introduced in the context of

cosmology [18] but the existence of a special foliation
suggests some similarity with Hořava gravity. In fact it has
been claimed that the cuscuton acts as a low energy limit of
Hořava gravity [19]. Our main goal is to revisit this claim
and to establish that this special foliation acts as a preferred
foliation from a perspective of causality (i.e. it determines
the causal structure along the lines discussed in Ref. [20]).2

Our motivation is twofold. Firstly, a quick and naïve
qualitative comparison between the cuscuton and the low
energy limit of Hořava gravity leads to a puzzling obser-
vation. Action (1) with uμ given by Eq. (3) contains more
than two derivatives on T and variation with T leads to a
fourth order differential equation. Choosing T as a time
coordinate reduces the number of time derivatives to 2 [4]
and this is precisely what singles out the foliation defined
by T ¼ constant hypersurfaces as preferred. On the other
hand, the cuscuton’s equations are second order in deriv-
atives in any foliation in the first place. Hence, if the
cuscuton’s foliation is preferred in some way, this should
come about in a more subtle way. We will clarify this fully
below and we will present a first discussion of the initial
value problem in cuscuton theory.
The second piece of motivation comes from the fact that

the cuscuton has been used as a proxy theory to understand
gravitational collapse and the dynamical formation of
universal horizons therein [21]. In theories with infinite
propagation, universal horizons [22,23] play the same role

that event horizons have in general relativity. They act as a
causal boundary for all excitations and hence they are the
defining characteristic of a black hole. Whether and how
they form during gravitational collapse is still an open
problem in Hořava gravity. To which extent the study of
dynamical formation of a universal horizon in cuscuton
theory in Ref. [21] can teach us something about universal
horizon formation in Hořava gravity hinges strongly on the
relation between the two theories and their causal structure.

II. REFORMULATION OF THE CUSCUTON

We start by reviewing a reformulation of the cuscuton as
a scalar-vector-tensor theory following [19]. This reformu-
lation will prove particularly useful for our purposes.
Consider the action

S½ϕ; u; g� ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
M2

pl

2
ð4ÞRþ μ2ðuμ∇μϕÞ

−VðϕÞ þM2
pl

2
σðgμνuμuν þ 1Þ

�
; ð6Þ

where σ is a Lagrange multiplier that enforces the unit-
timelike-norm constraint for the vector field, i.e.

gμνuμuν ¼ −1: ð7Þ

The equations of motion one gets through variation with
respect to gμν, uμ and ϕ respectively are

Eμν ≡Gμν −
Tμν

M2
pl

¼ 0; ð8Þ

Fμ ≡M2
plσuμ þ μ2∇μϕ ¼ 0; ð9Þ

H ≡ −μ2θ −
dVðϕÞ
dϕ

¼ 0; ð10Þ

where we have used the notation, θ≡∇μuμ. In Eq. (8)
above, we defined the stress-energy tensor by Tμν≡
−ð2= ffiffiffiffiffiffi−gp Þδ ffiffiffiffiffiffi−gp

L½ϕ; u�=δgμν, where the Lagrangian
density L½ϕ; u� contains all terms in action (6) apart from
the Einstein-Hilbert term. The stress tensor reads

Tμν ¼ ½μ2uα∇αϕ − VðϕÞ�gμν þM2
plσuμuν: ð11Þ

The vector field uμ can be thought of as an auxiliary field;
i.e. its equation of motion can be solved algebraically for
uμ. Solving the vector’s equation of motion and inserting
the result into the action along with the unit constraint
yields the cuscuton action (4), provided that σ > 0. Note
that the field equations above imply X ¼ M4

plσ
2=ð2μ4Þ so

the positivity of X is guaranteed. The σ < 0 branch
corresponds to an analytic continuation of μ to the

2The term “preferred” frame or foliation is generically used in
the Lorentz symmetry breaking literature in the sense of dis-
tinguishable or detectable. However, there is also the question of
whether a frame or a foliation is preferred in the sense of being the
unique sensible choice to, e.g. discuss causality, set up an
evolution problem or interpret results physically.
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imaginary plane. In simpler words, choosing this branch is
equivalent to flipping the sign of the μ2

ffiffiffiffiffiffi
2X

p
term in action

(4). It is worth emphasizing that there does not seem to be a
particular reason to restrict the sign of this term, or
equivalently μ2, to be positive. We have simply maintained
the notation of Ref. [18] for straightforward comparison.

III. FORMAL EQUIVALENCE TO A
SPECIAL CLASS OF GENERALIZED

EINSTEIN-ÆTHER THEORIES

A. General potential

We have established that the scalar-vector-tensor theory
above is equivalent to cuscuton theory. However, a
straightforward integration by parts on the second term
in action (6) would actually make ϕ, instead of uμ, an
auxiliary field. Indeed, assuming that VðϕÞ is not constant
or linear in ϕ and that it can be formally inverted, one has

θ ¼ −
1

μ2
dVðϕÞ
dϕ

↔ ϕ ¼ M2
pl

2μ2
dΦðθÞ
dθ

: ð12Þ

The particular form of the inversion given above has been
deliberately chosen such that the functions VðϕÞ and ΦðθÞ
are related in the following way:

μ2ϕθ þ VðϕÞ ¼ M2
pl

2
ΦðθÞ: ð13Þ

Hence, once ϕ has been eliminated, the action (6) can be
recast as

S½u; g� ¼ M2
pl

2

Z
d4x

ffiffiffiffiffiffi
−g

p ½ð4ÞR −ΦðθÞ þ σðgμνuμuν þ 1Þ�:

ð14Þ

This is exactly the form of the “generalized Einstein-æther
theory” studied in Ref. [24].
The equation of motion for the vector that one obtains

from this action is

d2Φ
dθ2

∇μθ þ 2σuμ ¼ 0: ð15Þ

From the form of the equation it follows that on shell, uμ is
hypersurface orthogonal provided σ ≠ 0. This is expected,
as cuscuton theory does not propagate any vector modes.
Note that solutions with σ ¼ 0 exist if one takes action (14)
at face value, but they will not be solutions of the cuscuton
theory as the equivalence breaks down when σ ¼ 0.
Nonetheless we will consider these solutions in a bit more
detail below.
It is convenient to project Eq. (15) along uμ and normal

to uμ. Contracting with the æther and the projector
hμν ¼ δμν þ uμuν, one gets

d2Φ
dθ2

uμ∇μθ ¼ 2σ; ð16Þ

d2Φ
dθ2

hμν∇μθ ¼ 0: ð17Þ

As long as σ ≠ 0, uμ is hypersurface orthogonal by virtue of
Eq. (15) and hence the surface to which uμ is normal
defines a foliation. Then Eq. (17) implies that the leaves of
this foliation have constant mean curvature θ and the value
of θ on each leaf will depend on boundary conditions.
Equation (16) can then be used to determine σ from the rate
of change of θ as one moves through the leaves.
If instead σ ¼ 0 then Eq. (15) no longer forces uμ to be

hypersurface orthogonal. Hence there are two types of
solutions. There are solutions of the type where uμ is not
hypersurface orthogonal and Eq. (15) implies that uμ has
constant covariant divergence. This is not enough to fully
determine uμ, even when the constraint uμuνgμν ¼ −1 is
taken into account. Moreover, it does not seem likely that
these solutions are dynamically connected to the σ ≠ 0
solutions. Hence, they are not particularly interesting.
Solutions of the second type are those where uμ is
“accidentally” hypersurface orthogonal. These are solu-
tions where uμ defines a foliation with leaves of constant
mean curvature throughout.
The accidental hypersurface orthogonality might seem

suspicious, but there is at least one case where it might be
justifiable: stationary solutions. Let χμ be a Killing vector
that is timelike in some region and assume that uμ respects
the corresponding symmetry. Then θ ¼ ∇μuμ will also
respect the Killing symmetry, i.e.

Lχθ ¼ χμ∇μθ ¼ 0: ð18Þ

Equation (15) projected along χμ then reads

2σχμuμ ¼ 0: ð19Þ

Since uμ is timelike everywhere, in a region where χμ is also
timelike σ must be zero. Hence, stationary solutions are
σ ¼ 0 solutions. If such solutions arise as end points in the
evolution of σ ≠ 0 solutions, then continuity is enough to
guarantee that uμ will be hypersurface orthogonal.
The above discussion raises doubts about whether the

cuscuton admits stationary solutions, as when σ ¼ 0 the
equivalence with the cuscuton fails. However, one can
resort directly to the cuscuton’s equation of motion

∇μ

�∇μϕffiffiffiffiffiffi
2X

p
�

¼ 1

μ2
dVðϕÞ
dϕ

; ð20Þ

in order to answer this question. The presence of X in the
denominator and under a square root implies that the
cuscuton’s gradient has to be timelike. Hence, χμ∇μϕ≠0
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in a region where χμ is timelike. Therefore, ϕ cannot
respect stationarity. Since ϕ appears without derivatives in
the action and field equations due to the potential term,
stationary solutions cannot exist in general. An exception
might be the case where VðϕÞ ¼ constant and one is
willing to restrict stationarity to the metric only, but allow
the cuscuton to have, say, linear dependence on Killing
time.

B. Quadratic potential

The case of a quadratic potential, VðϕÞ ¼ αϕ2, is not
qualitatively different from the general case. However, it is
formally equivalent to a corner of Einstein-æ ther theory,
albeit a highly unrepresentative one. Direct substitution into
Eq. (12) yields ϕ ¼ −μ2θ=ð2αÞ, and hence action (14) can
be rewritten as

S½u; g� ¼ M2
pl

2

Z
d4x

ffiffiffiffiffiffi
−g

p ½ð4ÞR − c2θ2 þ σðgμνuμuν þ 1Þ�;

ð21Þ

where c2 ≡ −μ4=ð2αM2
plÞ. This is the action of Einstein-

æther theory with c1 ¼ c3 ¼ c4 ¼ 0.
The reason that this choice of parameters is special and

nonrepresentative of generic Einstein-æther theory should
already be clear from the discussion after Eq. (17): the
vector field is either hypersurface orthogonal or under-
determined. In the former case, the æther equation can
actually be split into two parts, one of which requires
boundary conditions in order to be solved. This is an
indication that there is an instantaneous (elliptic) mode.3

Another way to see that this corner of the parameter space
is special is to recall that the speeds of the various modes in
Einstein-æther theory are [25]

c2sð2Þ ¼
1

1 − c13
; c2sð1Þ ¼

c1 − 1
2
c13c̄13

c14ð1 − c13Þ
;

c2sð0Þ ¼
c123ð2 − c14Þ

c14ð1 − c13Þð2þ c13 þ 3c2Þ
; ð22Þ

where csðiÞ is the speed of the spin-i mode, cij… ¼
ci þ cj þ � � �. and c̄13 ¼ c1 − c3. Notice that when the
only ci that is nonzero is c2, the spin-1 mode has an
indeterminate speed and the spin-0 mode’s speed diverges.

C. Linear potential

Unlike the quadratic potential, the linear potential is
qualitatively different than a general potential. In this case
ϕ is not an auxiliary field in action (6), but a Lagrange

multiplier, and the equivalence with action (14) breaks
down. However, the equivalence between action (6) and the
cuscuton action (4) still holds. A generic linear potential
can be written as

VðϕÞ ¼ −μ2K0ϕþM2
plΛ; ð23Þ

where K0 and Λ are constants. Using this form action (6)
can be written as

S½ϕ;u;g� ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
M2

pl

2
ðð4ÞR−2ΛÞ−μ2ϕð∇μuμ−K0Þ

þM2
pl

2
σðgμνuμuνþ1Þ

�
; ð24Þ

after an obvious integration by parts. Variation with respect
to ϕ yields the constraint θ ¼ ∇μuμ ¼ K0, while variation
with respect to uμ yields

−μ2∇μϕ ¼ M2
plσuμ: ð25Þ

This equation implies that uμ is hypersurface orthogonal
when σ ≠ 0, i.e. when the equivalence with the cuscuton is
valid. Taking into account hypersurface orthogonality and
the unit constraint, ∇μuμ ¼ K0 fully determines uμ, while
Eq. (25) can be seen as determining ϕ. The stress-energy
tensor for uμ is

Tμν ¼ M2
plσðgμν þ uμuνÞ þ μ2K0ϕgμν; ð26Þ

the contracted Bianchi identity implies ∇μTμν ¼ 0 and,
after some manipulations, this yields

hμν∇μσ þ σuμ∇μuν ¼ 0: ð27Þ

Equation (27) can be seen as determining σ and rendering the
system closed. This condition is also a straightforward
consequence of the fact that uμ is hypersurface orthogonal
by virtue of Eq. (25). Its geometric interpretation is the
following:uμ is the unit normal to a set of spacelike, constant
mean curvature (CMC) hypersurfaces labeled by a time
coordinate T. Equation (27) implies that the acceleration of
uμ is also hypersurface orthogonal within each hypersurface
of the T-foliation and hence σ ¼ constant surfaces provide a
natural foliation of the T ¼ constant surfaces.

IV. CONSTRAINTS AND EVOLUTION
EQUATIONS

We will now turn to determining the nature of the
cuscuton’s foliation. As discussed in the Introduction, in
Hořava gravity the equations become second order in time
derivatives only if one uses a specific foliation, and this
singles out this foliation as being preferred. However, in the

3We call elliptic a mode that satisfies an elliptic equation that is
not a constraint; i.e. it is not preserved by time evolution and it
does not relate only initial data.
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case of the cuscuton the equations are second order even
covariantly. Therefore any preferred foliation would have to
be singled out more subtly. This is what we plan to clarify
in this section.
The existence of a preferred foliation can be demon-

strated easily and clearly at perturbative level. It is
instructive to inspect the kinetic term of the cuscuton in
action (4) at quadratic order in field perturbations around a
given background:

ffiffiffiffiffiffiffiffiffiffiffi
2Xð2Þ

q
¼ −

1

2
ð2Xð0ÞÞ−1=2P00

ð0Þð∂tδϕÞ2 þ � � � ð28Þ

The ellipsis denotes terms other than the kinetic term
of δϕ, while P00

ð0Þ is the 00 component of Pμν ≡ gμν þ
ð2XÞ−1∇μϕ∇νϕ calculated for the background solution.
XðnÞ corresponds to X expanded at nth order in perturba-
tions δϕ. In the cuscuton foliation the time coordinate is
taken to be x0 ¼ fðϕÞ. P00

ð0Þ is zero in this foliation and
positive in any other foliation. Hence, the cuscuton per-
turbation is a ghost around every background in any other
foliation, and it becomes an elliptic mode in the cuscuton
foliation, making the latter the preferred foliation. To
clarify this point further a toy theory with two scalar fields,
one of which exhibits the same behavior as the cuscuton, is
discussed in detail in the Appendix. Note that the existence
of an elliptic, instantaneous mode is expected in cuscuton
theory, since the cuscuton perturbation is known to have
infinite speed.
Here we have to make two clarifications. First of all this

analysis has assumed that μ2 > 0, as this is the standard
cuscuton case and thus the focus of this paper. For μ2 < 0
the Hamiltonian remains unbound from below but this
comes from the gradient terms which cannot be removed by
choice of foliation. The second clarification is that, from the
perspective of effective field theory, one could choose to
treat the cuscuton as a spurious degree of freedom coming
from the truncation of a UV complete theory, provided that
its mass would be sufficiently high. The mass would then
act as a cutoff and this would resolve the ghost problem.
Though this is a possibility, it would effectively remove the
cuscuton entirely as a degree of freedom within the range of
validity of the effective field theory. This would go against
the spirit of the original proposal. To summarize, if one
wishes to treat the cuscuton as a true degree of freedom then
the theory only has a Hamiltonian which is bounded from
below when studied in the cuscuton’s foliation.4

Next we turn our attention to the initial value formulation
and consider a full, nonperturbative treatment. Constraint
equations can be obtained by exploiting the generalized
contracted Bianchi identity [22,27]. Hence, we start with
the derivation of this identity for this theory, by first
considering the variation of the action generated by a
diffeomorphism. Under infinitesimal transformations
xμ → xμ þ ξμ, the fields transform by

δgμν ≡ Lξgμν ¼ −2∇ðμξνÞ;

δuμ ≡ Lξuμ ¼ ξν∇νuμ − uν∇νξ
μ;

δϕ≡ Lξϕ ¼ ξν∇νϕ; ð29Þ
where ξμ is a vector field which vanishes at infinity. As the
action (6) is diffeomorphism invariant, it will remain
unchanged under the above variations, i.e.

0 ¼
Z

d4x
ffiffiffiffiffiffi
−g

p ½−ðM2
plE

μ
ν þ uμFνÞ∇μξ

ν

þfð∇νuμÞFμ þHð∇νϕÞgξν�; ð30Þ
where Eμν, Fμ and H were defined in Eqs. (8)–(10), and all
fields are taken to be off shell at this stage. Integrating the
first term by parts we are led to the contracted Bianchi
identity,

∇μðM2
plE

μ
ν þ uμFνÞ þ ð∇νuμÞFμ þH∇νϕ ¼ 0; ð31Þ

where we observe that, recalling ϕ ≠ constant, the diffeo-
morphism invariance renders the scalar equation of motion
H ¼ 0 redundant. By choosing a set of coordinates xi with
i ¼ 1, 2, 3 denoting the spacelike surfaces defined by
constant x0, we can expand the covariant derivatives in (31)
to give

∂0ðM2
plE

0
ν þ u0FνÞ þ � � � ¼ 0; ð32Þ

where the ellipsis denotes terms that do not involve more
than two time derivatives of the fields. This expression
implies that for the identity (31) to hold, the combination
ðM2

plE
0
μ þ u0FμÞ cannot contain more than one time

derivative and thus constitutes the four constraint equations
of the theory. Moreover, once the fields on a given x0 ¼
constant slice are considered on shell, the contracted
Bianchi identities ensure that

∂0ðM2
plE

0
ν þ u0FνÞ ¼ 0; ð33Þ

i.e. the constraints are preserved by time evolution in all
subsequent constant x0 slices. In covariant form, the four
constraints can be written as

n̂μðM2
plE

μ
ν þ uμFνÞ ¼ 0; ð34Þ

where n̂μ is the unit normal to the foliation, with n̂μ ∝ δ0μ.

4Recently, Ref. [26] appeared, where a Hamiltonian analysis of
the cuscuton is performed. We note that, provided that
the cuscuton has a timelike gradient, one can always choose a
foliation that renders it “homogeneous” in the terminology of
Ref. [26]. Taking this into account, the technical results of
Ref. [26] agree with ours wherever there is overlap, even
though there seem to be important differences in the physical
interpretation.
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Motivated by our perturbative considerations above, we
will now choose the unit normal as uμ; i.e. we will work in a
foliation defined by the cuscuton. The vector equation of
motion (9) gets trivially satisfied and the constraint equa-
tions can be written in this foliation as

uμEμ
ν ¼ 0: ð35Þ

Further projecting this along the unit normal uμ and onto
the leaves with hμν ¼ δμν þ uμuν yields the energy and
momentum constraints, respectively. Recalling the form of
the stress-energy tensor from Eq. (11), and using the Gauss-
Codazzi relations (see e.g. [28]), one finds that the
Hamiltonian constraint is

1

2
ðR − KijKij þ K2Þ − VðϕÞ

M2
pl

¼ 0; ð36Þ

where R is the scalar curvature corresponding to the
induced 3-metric on the leaves, while

Kij ≡ 1

2
£uhij ð37Þ

is the extrinsic curvature. Similarly, the momentum con-
straint is obtained as

∇⃗iKi
j − ∇⃗jK ¼ 0; ð38Þ

where ∇⃗ is the covariant derivative on each slice associated
with the induced metric hij. As we use the foliation defined
by the scalar field, we have θ ¼ K, and the scalar equation
of motion (10) implies that K is a function of the scalar
field, or the time coordinate in this setting. As a result, the
momentum constraint can be simplified to

∇⃗iKi
j ¼ 0: ð39Þ

As we have now fully specified the constraint equations, all
that remains is to give the complete projection of the
Einstein equations onto the leaves of the foliation. Once
more recalling the form of the stress-energy tensor (11) and
using the standard Gauss-Codazzi relations one obtains

£uKij ¼ −KKij þ 2Kk
i Kkj þ

1

M2
pl

�
VðϕÞ − μ2

ffiffiffiffiffiffi
2X

p

2

�
hij

þ aiaj þ ∇⃗iaj − Rij; ð40Þ
where ai ≡ hμi u

ν∇νuμ is the acceleration of uμ.
Picking a suitable gauge, Eq. (40) can then be interpreted

as a first order time-evolution equation for the extrinsic
curvature Kij and the definition in Eq. (37) then provides a
first order time-evolution equation for the 3-metric. Since
our foliation and gauge choice has rendered the scalar and
the vector equation redundant or trivially satisfied, it is clear
that the cuscuton has the same dynamical degrees of

freedom as general relativity. However, things are slightly
more subtle. X, which is present in the dynamical equa-
tions, is neither determined by them nor fixed by our gauge
choices. In fact, the trace of Eq. (40) is an elliptic equation
for X. Making the substitution ρ ¼ 1=

ffiffiffiffi
X

p
, the trace of

Eq. (40) becomes

∇⃗2
ρ ¼

ffiffiffi
2

p

μ2

�
3μ4

2M2
pl

−
d2V
dϕ2

�
−

ρV
M2

pl

þ ρKijKij: ð41Þ

This equation is not a constraint and needs to be solved on
each slice of the foliation. Hence, X is an elliptic mode,
which could be related to the lapseN in this foliation and in
a suitable gauge. The existence of the elliptic mode was
already apparent in Sec. III A, where Eq. (17) can be solved
by using boundary conditions, and it is in full agreement
with the perturbative analysis we presented above.
Before closing this discussion, it is important to clarify

the following: an elliptic equation that is not a constraint
can be found in the initial value formulation of vacuum
general relativity when imposing a globally CMC foliation.
In that case the trace of the dynamical equations becomes

∇⃗2N ¼ NðK2 þ RÞ ¼ NKijKij; ð42Þ
where the second equality is obtained via the Hamiltonian
constraint. The interpretation in this case is that the
existence of a CMC foliation is stronger than a gauge
condition and, hence, Eq. (42) arises as an existence
condition for this foliation. This foliation is in no sense
preferred and the elliptic mode is not physical, as in a
different foliation the lapse function could be fully deter-
mined via a gauge choice. The interpretation in the case of
the cuscuton above is very different because the foliation
we have chosen above is actually a preferred foliation; i.e.
the theory is not sensible in any other foliation, as has been
shown in the beginning of this section.

V. COMMENTS ON SPHERICAL COLLAPSE

So far, we have demonstrated that even though cuscuton
theory is not equivalent to Hořava gravity, the theories do
share some qualitative similarities; namely, there exists an
instantaneous mode and a preferred foliation in both
theories. In particular, this means that the definition of a
black hole in the two theories is the same, and it requires the
existence of a universal horizon [20]. One interesting
question in such theories is whether these horizons actually
form dynamically. In the case of Hořava gravity there is
some indication that they can; see, e.g. [29] as well as [30]
for a recent reinterpretation of some of the results.
Reference [21] has instead studied the dynamical formation
of universal horizons in cuscuton theory, under certain
simplifying approximations.
In particular, Ref. [21] worked in the decoupling limit of

the theory, where the cuscuton’s backreaction on the
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spacetime geometry is considered to be negligible. One then
has to solve the cuscuton’s equation of motion on a spacetime
that solves Einstein’s equations. The authors of Ref. [21]
focused on a simplified collapse scenario, that of a freely
falling, spherical, thin shell of dust. In this approximation, as a
consequence of Birkhoff’s theorem, the spacetime exterior
and interior of the shell are Schwarzschild and Minkowski
spacetimes respectively. Solving Eq. (10) [equivalently (20)]
for the cuscuton in the decoupling limit then amounts to
finding the appropriate CMC foliation of this background, i.e.
a CMC foliation that covers both the interior and the exterior
of the shell and that is suitably matched at the shell radius. In
Ref. [21] this routewas taken by constructing the correspond-
ing unit timelike vector respecting spherical symmetry (play-
ing the role of the unit normal to the cuscuton foliation).
As a further approximation, the cuscuton potential was

assumed to be constant. Within this approximation a
universal horizon is shown to eventually form. This result
is certainly an indication that universal horizons can form
from gravitational collapse in cuscuton theory. Some
degree of caution is warranted though, due to the large
number of approximations employed.
For instance, the decoupling limit allows for asymptoti-

cally flat solutions which do not actually exist in full
cuscuton theory, as discussed previously. As also argued in
Ref. [21], one does not expect the asymptotic behavior of
the metric to be important at small scales, where the
universal horizon eventually appears because of separation
of scales. However, this statement does need to be taken
with a pinch of salt, both because of the global nature of the
causal structure and the fact that the theory has infinitely
fast propagation.
The use of a constant potential is also quite restrictive. As

we have shown in Sec. III, the theory with a linear or
constant potential differs significantly—at least generically
—from the theory with a more general potential. Moreover,
the assumption of constant VðϕÞ implies that ϕ appears in
Eq. (20) in the combination ∇μϕ=

ffiffiffiffiffiffi
2X

p
only. When one

further employs the decoupling limit, ϕ drops out of
Einstein’s equations and the theory acquires an accidental
invariance under ϕ → ϕ̃ðϕÞ. This symmetry is clearly not
present in general. Since ϕ plays the role of time in the
preferred foliation, absence of this symmetry means that the
foliation defined by ϕ is uniquely labeled (for a general
potential ϕ is not even shift symmetric) and, hence, needs to
satisfy stricter regularity requirements.
Before closing this section we would like to clarify one

more subtle point. The solution found in Ref. [21] for
VðϕÞ ¼ constant seems to be converging asymptotically in
time to the static solutions of Einstein-æther theory with
only c2 nonzero [31,32], for which the universal horizon is
located at r ¼ 1.5M. As discussed in Sec. III C, the
cuscuton with linear or constant potential is not equivalent
to some corner of Einstein-æther theory. The explanation
for this apparent coincidence is the following. With

only c2 ≠ 0 the stress-energy tensor of Einstein-æther
theory is

Tμν ¼
�
c2∇α½Kuα� − c2

K2

2

�
gμν þ σuμuν: ð43Þ

As we have argued in Sec. III A, static solutions have
σ ¼ 0. The solutions found in Refs. [31,32] are static and
have K ¼ 0, so they have a vanishing stress-energy tensor.
Additionally, they are spherically symmetric and hence the
æther is hypersurface orthogonal. In summary, the metric is
a static, spherically symmetric solution to vacuum Einstein
equations and the æther in a hypersurface orthogonal vector
that has zero divergence. These are precisely the same
assumptions and equations that are used in Ref. [21].

VI. DISCUSSION

Hořava gravity is a prototypical example of a theory with
a preferred foliation and an elliptic, instantaneous mode
that persists even at low energies. What makes a certain
foliation preferred in this theory is that the field equations
have higher order than second time derivatives in every
other foliation. In this work, cuscuton theory was used as an
explicit example of a theory where the field equations are
second order in every foliation and yet there is both an
elliptic mode and a preferred foliation. Therefore, one of
the takeaway messages of this work is that preferred
foliation may arise in diverse and even subtle manners
in different theories.
Towards establishing the above, we started out by

reviewing a known reformulation of cuscuton theory as
a scalar-vector-tensor theory. In this reformulation either
the vector or the scalar can be seen as an auxiliary field.
Depending on whether one solves for the scalar or for the
vector, and under certain mild assumptions, one ends up
with either a special case of (generalized) Einstein-æther
theory or cuscuton theory. This demonstrates dynamical
equivalence between the latter two. Interestingly, in this
special corner of Einstein-æther theory the æther is hyper-
surface orthogonal simply by virtue of the equations of
motion. Needless to say, this behavior is not generic for
Einstein-æther theory. The equivalence between cuscuton
theory and this special case of Einstein-æther theory is
somewhat delicate. In particular, it is quite sensitive to the
form of the cuscuton potential and theories with generic
potentials can be mapped to a generalized version of
Einstein-æther theory. Additionally, the equivalence
appears to break down if stationarity is assumed.
Our analysis has clearly shown that cuscuton theory is

not equivalent to (a special corner of) Hořava gravity, as has
been claimed in the literature. The fact that the cuscuton
always has second order equations of motion is perhaps
sufficient to convince oneself that such a claim could not
have been true; nevertheless our demonstration hopefully
settles the issue explicitly.
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Nonetheless, this is not to say that cuscuton theory does
not bear qualitative similarities to Hořava gravity. We have
performed a preliminary analysis of the initial value
formulation in cuscuton theory. This allowed us to group
the field equations as constraints and evolution equations.
In the process, we have shown that in the cuscuton’s
foliation there exists also an elliptic equation that is not a
constraint, much like Hořava gravity. This is a nonpertur-
bative manifestation of an instantaneous mode and is in
agreement with the fact that the cuscuton appears to have
infinite speed at the perturbative level. It was further shown
that the cuscuton’s foliation is singled out as preferred by
the fact that a cuscuton perturbation becomes a ghost in any
other foliation.
Our results show that the causal structure of cuscuton

theory is quite similar to that of Hořava gravity but there are
also crucial differences in their dynamics. In the context of
black hole physics, this implies that both theories are
expected to have universal horizons but the dynamical
formation of such horizons does not have to take place in
the same fashion.

ACKNOWLEDGMENTS

The work of A. E. G. is supported by the Science and
Technologies Facilities Council Grant No. ST/L00044X/1.
The research leading to these results has received funding
from the European Research Council under the European
Union’s Seventh Framework Programme (FP7/2007-
2013)/ERC Grant No. 306425 “Challenging General
Relativity.” A. E. G. would like to thank University of
Nottingham for their warm hospitality during the course of
this work. T. P. S. would also like to acknowledge network-
ing support by the COST Action GWverse CA16104.

APPENDIX: A SIMPLER SECOND ORDER
THEORY WITH PREFERRED FOLIATION

The goal of this appendix is to present an example of a
toy theory of a pair of scalar fields, where the equations of
motion are second order in any foliation, but there still
exists a preferred foliation.
Consider the theory

L ¼ 1

2
ðuμ∇μϕÞ2 −

1

2
hμνð∇μψÞð∇νψÞ − λϕψ ; ðA1Þ

where ϕ and ψ are a pair of scalar fields, uμ is unit timelike
and hypersurface orthogonal, hμν ¼ gμν þ uμuν, and λ is a
coupling between the fields. For the purposes of this
discussion, we disregard the dynamics of uμ and the metric
and we treat them as background field. For simplicity we
will further assume that the metric is flat and that uμ is
constant. However, rendering uμ and the metric dynamical
would not affect our conclusion provided that uμ is
restricted to be unit timelike and hypersurface orthogonal.

Upon extremizing the action (A1), the equations of
motion for the fields are

∇μ½uμuν∇νϕ� ¼ −λψ ; ∇μ½hμν∇νψ � ¼ λϕ: ðA2Þ

Adapting to the foliation defined by the vector field such
that uμ ¼ −∇μt where t is some choice of Minkowski time,
the equations of motion (A2) simplify to

ϕ̈ ¼ −λψ ; ∇⃗2
ψ ¼ λϕ; ðA3Þ

where an overdot denotes a partial derivative with respect to

t and ∇⃗2 is the standard Laplacian on each such leaf.
For λ ¼ 0, the equations of motion for ϕ and ψ (A3)

decouple. Integrating the ϕ equation, one has ϕðt; xÞ ¼
ϖðxÞtþ ϕ0ðxÞ, where x denotes a set of spatial coordinates
on each t ¼ constant leaf, and the functions ϕ0ðxÞ and
ϖðxÞ are the initial values of the field ϕ and its first time
derivative respectively. On the other hand, ψ becomes
manifestly elliptic and its profile is determined by solving a
Laplace equation subject to suitable boundary conditions.
For λ ≠ 0, the time evolution can be described qualita-

tively. Upon introducing a function π ¼ ϕ̇, Eqs. (A3) can
be cast in a first order form as follows:

π̇ ¼ −λψ ; ϕ̇ ¼ π; ∇⃗2
ψ ¼ λϕ: ðA4Þ

Given initial data consisting of the profiles of π, ϕ and ψ on
some initial slice at t ¼ t0, one may in principle integrate
the first two equations of (A4) in time, e.g. over a time step
ϵ, to construct the π and ϕ profiles on the t ¼ t0 þ ϵ slice.
However, to carry the process out for subsequent times, one
also needs to solve the elliptic equation for ψ on the
t ¼ t0 þ ϵ slice, whose profile would then feed the evolu-
tion of π and so on. In other words, the elliptic equation for
ψ needs to be solved on every time slice and it ultimately
describes the proper evolution of a physical degree of
freedom. Hence, the system contains an elliptic equation
that is not preserved by time evolution. One may contrast
the situation here with the more familiar context of general
relativity where elliptic constraint equations do arise but are
only needed to be solved on the initial time slice.
In the discussion above we have adopted a specific

foliation, so one might have a reasonable concern that our
conclusions might be affected by this choice. We will
now show that this is the only sensible foliation, and hence
it is a preferred foliation. To this end, consider another
inertial frame which is everywhere constantly boosted with
respect to uμ. If η denotes the boost parameter, then uμ ¼
fcosh η; sinh ηΩig3i¼1 in the new frame, where Ωi are
constants constrained by

P
3
i¼1ðΩiÞ2 ¼ 1. If we use an

overdot to denote a time derivative in this new frame and a
subscript i to denote the spatial derivative with respect to xi,
then the Lagrangian (A1) in this new frame reads
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L ¼ 1

2
cosh2ηϕ̇2 −

1

2
sinh2ηψ̇2 þ 1

2
sinh2ηðΩiϕiÞ2

þ sinh η cosh ηðϕ̇ϕi − ψ̇ψ iÞΩi

−
1

2
ðδij þ sinh2ηΩiΩjÞψ iψ j − λϕψ :

The momenta conjugate to ϕ and ψ are then

πϕ ¼ cosh ηðcosh ηϕ̇þ sinh ηΩiϕiÞ;
πψ ¼ − sinh ηðsinh ηψ̇ þ cosh ηΩiψ iÞ; ðA5Þ

leading to the following expression for the Hamiltonian,

H ¼ 1

2
cosh2ηϕ̇2 −

1

2
sinh2ηψ̇2 −

1

2
sinh2ηðΩiϕiÞ2

þ 1

2
ðδij þ sinh2ηΩiΩjÞψ iψ j þ λϕψ ;

where ϕ̇ and ψ̇ are implicitly given in terms of ðπϕ;ϕiÞ and
ðπψ ;ψ iÞ respectively, according to (A5). The Hamiltonian
in the above form is written in terms of sums and
differences of perfect squares (modulo the interaction
term). H is bound from below only for η ¼ 0. Hence,
the choice η ¼ 0 is the only sensible one and this singles
out the foliation defined by uμ, in which ψ behaves like an
elliptic mode (note that the ψ momenta vanishes for η ¼ 0).
In this foliation time evolution can be consistently formu-
lated (albeit in a nonrelativistic manner), whereas in any
other foliation it straightforwardly follows that ψ would be
a ghost. It should also be noted that choosing the opposite
sign for the hμν∇μψ∇νψ term would be analogous to the
μ2 < 0 case in the beginning of Sec. IV. There would still
be an instability, but it would be a gradient instability rather
than a ghostlike instability.

[1] D. Mattingly, Living Rev. Relativity 8, 5 (2005).
[2] T. Jacobson and D. Mattingly, Phys. Rev. D 64, 024028

(2001).
[3] P. Horava, Phys. Rev. D 79, 084008 (2009).
[4] T. Jacobson, Phys. Rev. D 81, 101502 (2010); 82,

129901(E) (2010).
[5] D. Blas, O. Pujolas, and S. Sibiryakov, Phys. Rev. Lett. 104,

181302 (2010).
[6] T. P. Sotiriou, M. Visser, and S. Weinfurtner, Phys. Rev.

Lett. 102, 251601 (2009).
[7] T. P. Sotiriou, M. Visser, and S. Weinfurtner, J. High Energy

Phys. 10 (2009) 033.
[8] S. Weinfurtner, T. P. Sotiriou, and M. Visser, J. Phys. Conf.

Ser. 222, 012054 (2010).
[9] S. Mukohyama, Classical Quantum Gravity 27, 223101

(2010).
[10] T. P. Sotiriou, J. Phys. Conf. Ser. 283, 012034 (2011).
[11] P. Horava and C. M. Melby-Thompson, Phys. Rev. D 82,

064027 (2010).
[12] T. P. Sotiriou, M. Visser, and S. Weinfurtner, Phys. Rev. D

83, 124021 (2011).
[13] D. Vernieri and T. P. Sotiriou, Phys. Rev. D 85, 064003

(2012).
[14] D. Vernieri and T. P. Sotiriou, J. Phys. Conf. Ser. 453,

012022 (2013).
[15] M. Colombo, A. E. Gumrukcuoglu, and T. P. Sotiriou, Phys.

Rev. D 91, 044021 (2015).
[16] M. Colombo, A. E. Gumrukcuoglu, and T. P. Sotiriou, Phys.

Rev. D 92, 064037 (2015).

[17] A. Coates, M. Colombo, A. E. Gumrukcuoglu, and T. P.
Sotiriou, Phys. Rev. D 94, 084014 (2016).

[18] N. Afshordi, D. J. H. Chung, and G. Geshnizjani, Phys. Rev.
D 75, 083513 (2007).

[19] N. Afshordi, Phys. Rev. D 80, 081502 (2009).
[20] J. Bhattacharyya, M. Colombo, and T. P. Sotiriou, Classical

Quantum Gravity 33, 235003 (2016).
[21] M. Saravani, N. Afshordi, and R. B. Mann, Phys. Rev. D 89,

084029 (2014).
[22] E. Barausse, T. Jacobson, and T. P. Sotiriou, Phys. Rev. D

83, 124043 (2011).
[23] D. Blas and S. Sibiryakov, Phys. Rev. D 84, 124043

(2011).
[24] T. G. Zlosni, P. G. Ferreira, and G. D. Starkman, Phys. Rev.

D 75, 044017 (2007).
[25] T. Jacobson and D. Mattingly, Phys. Rev. D 70, 024003

(2004).
[26] H. Gomes and D. C. Guariento, Phys. Rev. D 95, 104049

(2017).
[27] T. Jacobson, Classical Quantum Gravity 28, 245011 (2011).
[28] R. M. Wald, General Relativity (The University of Chicago

Press, Chicago, 1984).
[29] D. Garfinkle, C. Eling, and T. Jacobson, Phys. Rev. D 76,

024003 (2007).
[30] J. Bhattacharyya, A. Coates, M. Colombo, and T. P.

Sotiriou, Phys. Rev. D 93, 064056 (2016).
[31] P. Berglund, J. Bhattacharyya, and D. Mattingly, Phys. Rev.

D 85, 124019 (2012).
[32] J. Bhattacharyya and D. Mattingly, Int. J. Mod. Phys. D 23,

1443005 (2014).

REVISITING THE CUSCUTON AS A LORENTZ- … PHYS. REV. D 97, 064020 (2018)

064020-9

https://doi.org/10.12942/lrr-2005-5
https://doi.org/10.1103/PhysRevD.64.024028
https://doi.org/10.1103/PhysRevD.64.024028
https://doi.org/10.1103/PhysRevD.79.084008
https://doi.org/10.1103/PhysRevD.81.101502
https://doi.org/10.1103/PhysRevD.82.129901
https://doi.org/10.1103/PhysRevD.82.129901
https://doi.org/10.1103/PhysRevLett.104.181302
https://doi.org/10.1103/PhysRevLett.104.181302
https://doi.org/10.1103/PhysRevLett.102.251601
https://doi.org/10.1103/PhysRevLett.102.251601
https://doi.org/10.1088/1126-6708/2009/10/033
https://doi.org/10.1088/1126-6708/2009/10/033
https://doi.org/10.1088/1742-6596/222/1/012054
https://doi.org/10.1088/1742-6596/222/1/012054
https://doi.org/10.1088/0264-9381/27/22/223101
https://doi.org/10.1088/0264-9381/27/22/223101
https://doi.org/10.1088/1742-6596/283/1/012034
https://doi.org/10.1103/PhysRevD.82.064027
https://doi.org/10.1103/PhysRevD.82.064027
https://doi.org/10.1103/PhysRevD.83.124021
https://doi.org/10.1103/PhysRevD.83.124021
https://doi.org/10.1103/PhysRevD.85.064003
https://doi.org/10.1103/PhysRevD.85.064003
https://doi.org/10.1088/1742-6596/453/1/012022
https://doi.org/10.1088/1742-6596/453/1/012022
https://doi.org/10.1103/PhysRevD.91.044021
https://doi.org/10.1103/PhysRevD.91.044021
https://doi.org/10.1103/PhysRevD.92.064037
https://doi.org/10.1103/PhysRevD.92.064037
https://doi.org/10.1103/PhysRevD.94.084014
https://doi.org/10.1103/PhysRevD.75.083513
https://doi.org/10.1103/PhysRevD.75.083513
https://doi.org/10.1103/PhysRevD.80.081502
https://doi.org/10.1088/0264-9381/33/23/235003
https://doi.org/10.1088/0264-9381/33/23/235003
https://doi.org/10.1103/PhysRevD.89.084029
https://doi.org/10.1103/PhysRevD.89.084029
https://doi.org/10.1103/PhysRevD.83.124043
https://doi.org/10.1103/PhysRevD.83.124043
https://doi.org/10.1103/PhysRevD.84.124043
https://doi.org/10.1103/PhysRevD.84.124043
https://doi.org/10.1103/PhysRevD.75.044017
https://doi.org/10.1103/PhysRevD.75.044017
https://doi.org/10.1103/PhysRevD.70.024003
https://doi.org/10.1103/PhysRevD.70.024003
https://doi.org/10.1103/PhysRevD.95.104049
https://doi.org/10.1103/PhysRevD.95.104049
https://doi.org/10.1088/0264-9381/28/24/245011
https://doi.org/10.1103/PhysRevD.76.024003
https://doi.org/10.1103/PhysRevD.76.024003
https://doi.org/10.1103/PhysRevD.93.064056
https://doi.org/10.1103/PhysRevD.85.124019
https://doi.org/10.1103/PhysRevD.85.124019
https://doi.org/10.1142/S0218271814430056
https://doi.org/10.1142/S0218271814430056

