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ABSTRACT: The membrane paradigm displays underlying connections between a timelike
stretched horizon and a null boundary (such as a black hole horizon) and bridges the
gravitational dynamics of the horizon with fluid dynamics. In this work, we revisit the
membrane viewpoint of a finite-distance null boundary and present a unified geometrical
treatment of the stretched horizon and the null boundary based on the rigging technique
of hypersurfaces. This allows us to provide a unified geometrical description of null and
timelike hypersurfaces, which resolves the singularity of the null limit appearing in the
conventional stretched horizon description. We also extend the Carrollian fluid picture and
the geometrical Carrollian description of the null horizon, which have been recently argued
to be the correct fluid picture of the null boundary, to the stretched horizon. To this end,
we draw a dictionary between gravitational degrees of freedom on the stretched horizon
and the Carrollian fluid quantities and show that Einstein’s equations projected onto the
horizon are the Carrollian hydrodynamic conservation laws. Lastly, we report that the
gravitational pre-symplectic potential of the stretched horizon can be expressed in terms
of conjugate variables of Carrollian fluids and also derive the Carrollian conservation laws
and the corresponding Noether charges from symmetries.
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1 Introduction

Boundaries, as hypersurfaces embedded in spacetimes at either finite distances or asymptotic
infinities, have been given a special status in present-day theoretical physics. They are no
longer treated merely as the loci where boundary conditions are assigned, but are now perceived
as the locations that give birth to abundant new and fascinating physics. Prime examples
include the influential idea of gauge/gravity duality in asymptotically anti-de Sitter (AdS)
spacetimes [1, 2]. This discovery is related to a deeper understanding of asymptotic structures
and symmetries of AdS spacetimes such as in [3-5]. Studies of asymptotically flat spacetime,



which date back to the celebrated works of Bondi-van der Burg-Metzner-Sachs (BMS) [6, 7]
and Penrose [8], have also found new light in the infrared triangle of gauge theories and
gravity [9], giving birth to a novel program of celestial (codimension-2) holography (see the
lecture notes [10, 11] for reviews and references therein), conjecturing the correspondence
between quantum gravity in nearly flat spacetimes and a codimension-2 celestial conformal
field theory (CFT) living on the celestial sphere (i.e., a cut of null infinity). The analogue of
AdS/CFT (codimension-1) holography for asymptotically flat spacetimes, called Flat space
holography or Carrollian holography, has also gained attention in recent years [12-25]. The
connections between Carrollian and celestial holography are discussed in [26, 27].

At finite distances, the extensive studies of local subsystems of gauge theories and
gravity have unravelled emergent degrees of freedom (usually referred to as edge modes) that
encode new (corner) symmetries at the boundaries [28-35] and in turn providing a quasi-local
holography program for quantizing gravity [36]. This perspective allows for the study of
boundary dynamics as generalized conservation laws [37-39] for the corner symmetries charges.
In this endeavor to unveil the fundamental nature of gauge theories and gravity, different
types of boundaries, either null or timelike, have been studied individually depending on
the problems at hand, and the attempts to seek a unified treatment for them have been
scarce. See [40-42] for earlier attempts at unified treatments at infinity, and [43-45] for recent
developments relating infinity and soft modes to conformally finite boundaries and edge modes.

There exists nonetheless a framework that displays a deep connection between timelike
and null surfaces. It is the black hole membrane paradigm originated by Damour [46] and
subsequently explored by Throne, Price, and Macdonald [47, 48], modeling effectively the
physics of black holes seen from outside observers as membranes located at vanishingly close
distances to the black hole horizon. These fictitious timelike membranes, which are usually
called stretched horizons, can also be viewed as arising from quantum fluctuations of geometry
around the true horizon (null surface) of the black hole and are furnished with physical
quantities such as energy, pressure, heat flux, and viscosity.! The intriguing hallmark of the
membrane paradigm is that the gravitational dynamics of the stretched horizon can be fully
written as the familiar equations of hydrodynamics, in turn allowing us to draw a dictionary
between gravitational degrees of freedom and fluid quantities. This profound correspondence,
while starting off as a tentative analogy, is a clear reflection of the true nature of gravity, and
offers a completely hydrodynamic route to gravitational dynamics, opening unprecedented
windows to explore some open questions in both fields. Let us also mention that many of its
interesting aspects and applications have still been explored in many different contexts; see,
for example [49-53]. The fluid/gravity correspondence has been put forth beyond black hole
physics in the context of AdS/CFT duality [54] (see [55-58] for comprehensive reviews on
this topic) and it has since been generalized and applied in numerous works [59-61]. It is
also worth mentioning other works that uncovered the link between gravitational physics and
fluids. Black holes, in many circumstances, actually exhibit droplet-like behaviors akin to
liquid. For instance, the Gregory-Laflamme instability of higher-dimensional black strings [62]

!The stretched horizon can also be assigned electromechanical properties such as conductance. In this
circumstance, one needs to supplement the hydrodynamic equations with some electromechanical equations,
such as Ohm’s law.



displays similar behavior to the Rayleigh instability of liquid droplets [63]. The work [64]
also showed that the dynamics of a timelike surface (which they called a gravitational screen)
behave like a viscous bubble with surface tension and internal energy. Analog models of black
holes [65] illustrated the converse notion and argued that kinematic aspects of black holes can
be reproduced in hydrodynamical systems and that fluids can admit sonic horizons and even
the analog of Hawking temperature. Lastly, in the context of local holography, the corner
symmetry group of gravity was shown to contain the symmetry group of perfect fluids as its
subgroup [36]. Furthermore, the advantage of treating timelike surfaces and null surfaces in
the same regard stems from the observation that some information about null boundaries,
which are true physical boundaries, are seemingly obtained when considering small deviations
from those boundaries. In other words, that information can only be accessed by considering
timelike surfaces located near the boundaries. This lesson has been demonstrated explicitly
at asymptotic null infinity, at which the radial (1/r) expansion around null infinities encodes
higher-spin symmetries and conservation laws of the null infinities [66-68].

One issue of the stretched horizon description of a null boundary is that the horizon
energy-momentum tensor and its conservation laws, which require a notion of induced metric
and connection, on the stretched horizon are singular when evaluated on the null boundary
due to the infinite redshift. In the original membrane paradigm perspective, the singularities
of the horizon fluids are remedied by considering an ad-hoc renormalized (red-shifted) version
of those quantities [46-48]. This null limit from the stretched horizon to the null boundary
was recently argued by Donnay and Marteau [69] to coincide with the Carrollian limit a la
Lévy-Leblond [70] and that the corresponding membrane fluids are Carrollian [71-74], rather
than relativistic or non-relativistic fluids (see also [75] for an early argument).

This non-smooth null limit obstructs us from uncovering a precise connection between
the hydrodynamic and geometrical picture of the timelike stretched horizon and the null
boundary. Also, the link between various constructions in the null case and the timelike
case has never been fully made precise. This means that the conclusions we reached in the
null case cannot be made in the timelike case, and vice versa. This especially includes the
disparity in the construction of the energy-momentum tensor and its conservation laws. In
the timelike case, the energy momentum tensor and gravitational charges of the surfaces can
be constructed using the Brown-York prescription [76, 77]. Moreover, the conservation laws
are usually written in terms of the Levi-Civita connection on the hypersurface.

The null case is, on the other hand, more subtle. One important subtlety is that there is
no notion of a Levi-Civita connection on a null surface. Another one is that the usual definition
of a strong Carrollian connection used in [78-84], which works well for asymptotic null infinity,
is too restrictive to deal with finite distance null surfaces. As a result, a lot of efforts have been
put into the understanding of the phase space, the notion of energy-momentum tensor, and
conserved charges of the null surfaces [85-93]. In addition, there is ample evidence suggesting
a correspondence between geometry and physics at null boundaries and Carrollian theories,
both in finite regions [18, 93] and at infinities [14, 15, 18, 22, 26, 81, 94-99]. What is missing
is a unified geometrical treatment of the null and timelike stretched horizon. One difficulty
is that the connection used in the conservation laws of the hypersurface energy-momentum
tensor is radically different in the timelike and null cases. Resolving these issues by seeking a



unified treatment of these two types of hypersurfaces (or boundaries) that admits a smooth
null limit is the main goal of this work.
The objectives, the outline, and some key results of this article are presented below.

i) Remowal of the singularity of the membrane paradigm. As we have already mentioned,
the main issue hindering the link between various geometrical constructions and the
fluid picture presented at the stretched horizon and the true null horizon is the presence
of the singular limit in the standard Brown-York formalism for timelike surfaces. To
cure this, we extend the construction of Chandrasekaran et al. [93] and utilize the
rigging technique [100, 101] to construct a hypersurface connection on stretched horizons
that admits a non-singular limit to the null boundary. We show in section 2 that the
geometry of the stretched horizon descending from this technique admits a non-singular
limit to the null boundary, therefore providing a unified description for both timelike
and null hypersurfaces. We then construct the energy-momentum tensor 7,°, from the
geometrical data of the surfaces and show that its conservation laws are the Einstein’s
equations projected onto the stretched horizon,

Dy T," = 11,°Gy°n.20, (1.1)

where ng, I1,°, and D, are respectively the normal to the stretched horizon, the rigged
projector, and the rigged connection on the horizon. All of them are regular on the
null boundary, consequently providing a non-singular stretched horizon viewpoint to
the null boundary. Our construction hence generalizes the previous results for the null
case [88, 89, 91, 93, 102]. Furthermore, the tensor T,’ decomposes in the same way
as the Carrollian fluid energy-momentum tensor. The above equation also describes
the Carrollian nature of Einstein’s dynamics imprint on the timelike horizons, thereby
generalizing the result presented in [69]. Precise definitions and details are provided in
section 3.

ii) Carroll structures and Carrollian hydrodynamics on timelike surfaces. While it has
been established that Carroll geometries are natural intrinsic geometries of null surfaces,
both in finite and infinite regions [82, 87, 93], it has never been known how to assign
the notion of Carrollian to the geometry of timelike surfaces. One of the key ideas we
would like to convey in this work is that the rigged structure endowed on the stretched
horizon naturally induces a geometrical Carroll structure on the stretched horizon.
It is important to appreciate that by a geometrical Carroll structure on a stretched
horizon, we follow the definition of Ciambelli et al. [18], meaning the existence of a line
bundle over a 2-sphere equipped with a metric. The vertical lines of the bundle define a
congruence of curves tangent to the Carrollian vector £. The pull-back of the 2-sphere
metric defines a null metric ¢ on the 3-dimensional manifold. This metric can differ
from the stretched horizon induced metric by at most a rank one tensor. The notion of
a geometrical Carroll structure is central to the description of fluids in the Carrollian
limit; see [71, 73, 74].

This notion of a geometrical Carroll structure is weaker than the usual notion of
a strong Carroll structure or what we refer to as a Carroll G-structure. A Carroll



iii)

G-structure consists of a geometrical Carroll structure together with a connection
compatible with the bundle structure and the base metric. The defining condition for
this connection is that its structure group is the Carroll group. Such a connection is
called a strong Carrollian connection. This is the notion used in [78-84]. The notion of
Carroll G-structure is too strong for the description of stretched horizons. However,
stretched horizons can be equipped with a geometrical Carroll structure and a torsionless
connection, which only preserves the base metric even if they are not null.

Interestingly, the difference between a non-null stretched horizon and its null limit can
be seen in the structure of its energy-momentum tensor, T,°. The Carrollian fluid
energy current is given by —¢¢T,? = £¢° + b, where € is the fluid energy density and
J° is the heat flow current tangent to the surface. It turns out that when the stretched
horizon is null, the heat flow has to vanish, while for a general stretched horizon, the
heat current is simply proportional to the fluid momenta. As we will see, these relations
are simply the expression of the boost symmetry, which differs on null and timelike
surfaces [83]. We will also show in section 3 that the Einstein equations on the stretched
horizon can be written exactly as the evolution equations of the energy density and
momentum density of Carrollian hydrodynamics.

Gravitational phase space is Carrollian. Lastly, in section 4, we will evaluate the
pre-symplectic potential, capturing the information of the gravitational covariant phase
space on the stretched horizon, and show that it can be expressed in terms of the
conjugate variables of Carrollian fluids [74],

©%"[9,09] = 6Sauia — /H%p. (1.2)

Here Squiq is the Carrollian fluid action whose variation under the stretched horizon
geometrical structure defines the energy-momentum tensor. The stretched horizon
contains an extra term in addition to the null horizons [103—-105]: p is a scalar that
measures the non-nullness of the stretched horizon, and 6 is its transverse expansion.

Notations and conventions. In this work, we adopt the gravitational unit where 87G = 1.

The notations we will use are listed below.

Small letters a,b,c,... are spacetime indices. They are raised and lowered by the
spacetime metric g, and its inverse g“b .

The capital letters A, B, C, ... are horizontal (or sphere) indices. They are raised and
lowered by the 2-sphere metric g4 and its inverse ¢%.

Spacetime differential forms are denoted with boldface letters such as k,n,w,e, ...
The wedge product between differential forms is denoted by A as usual, while ® is used
to denote a symmetric tensor product, that is, A® B = 3(A® B+ B® A).

The directional derivative of a function f along a vector field V' is written as V|[f] =
Ve, f.

We sometimes adopt index-free notations. For example, the inner product between a
vector X and a vector Y computed with the metric g is written as g(X,Y) = g, X Y.



2 Geometries of stretched horizons and null boundaries

We dedicate this section to laying down relevant geometrical constructions of null and timelike
hypersurfaces, focusing particularly on the case of finite-distance surfaces. The physical
examples of them are the event horizons of black holes (null boundaries) and fictitious stretched
horizons (timelike surfaces) located at small distances outside the black hole horizons.
The geometrical construction of hypersurfaces usually depends on the type of hypersur-
faces and problems under consideration. For instance, the Arnowitt-Deser-Misner (ADM)
formalism, centered around the (3+1)-decomposition of spacetime, has become a go-to tool to
deal with spacelike Cauchy surfaces and timelike boundaries. This (3+1)-splitting approach
relies on the existence of the apparent notion of time (through the spacelike foliations of
spacetime) and is thus useful when one wants to tackle initial-value problems of general
relativity or study Hamiltonian formulations of general relativity (see, for instance, [106]
and references therein). The analogy of this formalism for null hypersurfaces has been
considered in [107]. This “time-first” formalism instinctively imprints Galilean nature on
the considerations rather than Carrollian nature, which is a “space-first” construction. In
this regard, we thus refrain from adopting the ADM formalism in our study. In the case
of a null hypersurface, the spacetime geometry in close vicinity to the surface has been
extensively studied using the Gaussian null formalism, which utilizes null geodesics to ex-
tend the intrinsic coordinates on the null surface to the surrounding spacetime, and it has
been used to describe the near-horizon geometry of black holes [69, 85, 86] and also the
geometry of general null surfaces located at finite distances [88, 91, 92, 105]. Another type
of framework suitable for studying the geometry of null hypersurfaces is the double null
foliation technique [108], which is a spacial (gauge fixed) case of a more general formalism, the
(2+2)-splitting formalism. The (2+42)-splitting of spacetime has been proven to be the most
apt formalism for describing the geometry around codimension-2 corner spheres, regardless
of the nature of codimension-1 boundaries, and has been tremendously utilized in the arena
of the local holography program [28, 36, 105]. In the context of asymptotic null infinity, the
Bondi-Metzner-Sachs (BMS) formalism, the Bondi gauge and its extensions [6, 7, 66, 67, 109]
as well as the Newman-Unti gauge [110] (see also [42] for the enlarged gauge choice) have
been widely adopted. Intrinsically, the geometry of null surfaces can also be understood from
the perspective of Carroll geometries [14, 15, 18, 111]. Here, we seek the kind of general geo-
metrical construction that works for all types of hypersurfaces. To this end, we will adopt the
rigging technique [100, 101, 112] and show that it delivers a unified geometrical construction
that treats timelike and null surfaces on an equal footing, which admits a smooth null limit.
To set a stage, we consider a region of a 4-dimensional spacetime M, endowed with a
Lorentzian metric g, and a Levi-Civita connection Vg, that is bounded by a null boundary
N located at a finite distance. It is then foliated into a family of 3-dimensional timelike
hypersurfaces, stretched horizons H, situated at constant values of a foliation function
r(x) = constant > 0. Situated at r(x) = 0 is the null boundary N. In this setup, the null
limit from the stretched horizon H to the null boundary N corresponds to the limit » — 0.
In practice, another foliation function is introduced to further provide a time-slicing
structure to the spacetime M, and together with the radial function r(x), it establishes
the (2 + 2)-decomposition of spacetime [28, 36, 88, 105], in turn rendering a notion of time



apparent. Doing so would inevitably bring to the surfaces H and N the Galilean picture.
However, we will not adopt this technique. Instead, we seek the Carrollian viewpoint by
considering the surface H (and also the boundary N as a limit) as a fiber bundle, p: H — S,
where the space S is chosen to be a 2-sphere with local coordinates {O’A} and a sphere metric
gapdo? ©® doP. The surface H then admits a Carroll structure [18, 74, 111].

Carroll structures. A (weak) Carroll structure is given by a triplet (H,¢,q) where a
vector field ¢, called the Carrollian vector field, points along a fiber, meaning that ¢ € ker(dp),
and a null Carrollian metric ¢ is a pullback of the sphere metric, ¢ = p*(¢apdo? ® do?)
satisfying the condition ¢(¢,-) = 0.

While the stretched horizon H does not have the temporal-spatial split, its tangent space
TH does admit, as inherited from the fiber bundle structure, the vertical-horizontal split,
which is determined by an Ehresmann connection 1-form k dual to the Carrollian vector /, i.e.,
tyk = 1. The Ehresmann connection allows us to select a horizontal distribution whose basis
vectors are denoted e, and satisfy ¢.,k = 0. We will elaborate more about Carroll structures
later. Let us mention here that the structure constants of the Carroll structure are given by
the acceleration ¢4 and the vorticity w4p which enter the vector fields commutation relations

[lea] = pal,  [ea,en] = wapt. (2.1)

The key concept we would like to demonstrate in this section is that a Carroll structure
is a natural intrinsic structure of the stretched horizon H, and is inherited from a rigged
structure, a type of extrinsic structure to H which we will discuss shortly, and together, they
fully describe the complete geometry of H. Let us highlight again here that our construction
holds for both timelike and null hypersurfaces, and the null limit is non-singular, which
therefore provides a unified treatment of these hypersurfaces. Let us finally describe in detail
our geometric construction of the stretched horizon.

2.1 Rigged structures

We begin with the introduction of a rigged structure [100, 101, 112], which provides an
extrinsic structure of the stretched horizon H. Recalling that H is embedded in the spacetime
at the location r = constant, it is then equipped with a normal form n = n,dz®. This means
any vector field X tangent to the surface H is such that txmn = 0. We consider the normal
form that defines a foliation of the ambient spacetime M, meaning that dn = a A n for a
1-form a on M. In this setup, the normal form is given by

n = e“dr, (2.2)

for a function @ on M, and correspondingly, we have that a = da as desired.

To describe the geometry of the stretched horizon, we adopt the rigging technique of a
general hypersurface [100, 101] and endow on H a rigged structure given by a pair (n, k),
where n is the aforementioned normal form and a rigging vector k = k%0, is transverse to
H and is dual to the normal form,

LTy = 1. (23)



With this, we next define the rigged projection tensor, Il : TM — T H, whose components
are given in terms of the rigged structure by

b = 52 — ngk?, such that kTL, = 0 = I,%n,. (2.4)

This rigged projector is designed in a way that, for a given vector field X on M, the vector
X .= X°I1,> € TH is tangent to H with X“n, = 0. Similarly, for a given 1-form w € T*M,
the 1-form @, := %, € T*H is such that k%, = 0.

2.2 Null rigged structures and induced Carroll structures

Equipping the spacetime M with a Lorentzian metric ¢ = ggpdaz® ® da® and its inverse
g ! = g%, ® Oy let us define the 1-form k = g(k,-) and the vector n = g~ '(n,-). We
can also define the transverse 1-form k, = IT,%k; such that &,k = 0. There are different
types of rigged structures depending on the nature of the rigging vector k. For timelike
surfaces, one usually adopts the choice where k, = 0. This choice corresponds to a normal
rigged structure such that k, = ng/|n|?> where the norm |n|? := n,n® = 0 vanishes on the
null boundary. This rigged structure is obviously singular when the surface is null and is
the source of all singularities encountered when considering the null limit of the induced
connection and the induced energy-momentum tensor in the membrane paradigm framework.
Another choice, which we will adopt in this work and which is regular for both timelike
and null cases, is a null rigged structure. It is the case where k, = k, which also infers
that the rigging vector k is null. Denoting by 2p the norm-square of the normal 1-form,
we overall have the following conditions,

g(k,k) =0, g H(n,m) = nen® = 2p. (2.5)

It is always possible to adjust the factor @ defined in (2.2) to ensure that the norm p stays
constant on the stretched horizons H, i.e., I1,’0pp = 0. As we will see later, this is going to
be important for the construction of the surface energy-momentum tensor.

We define a tangential vector field ¢ = ¢*0, € T'H whose components are given by the
projection of the vector n® onto the surface H, i.e., £¢ := n’II,%. Using the definition of the
projector (2.4), one can check that this tangential vector is related to the vectors n and k by

n® = 2pk® + 0. (2.6)

Furthermore, one can easily verify that the vector ¢ and the 1-form k obey the following
properties,

tym =0, and wk =1. (2.7)

While the first property stems from the definition that ¢ is tangent to the surface H,
the second property vk = 1 readily suggests that we can treat the tangential vector ¢ as an
element of a Carroll structure on H, and the 1-form k plays a role of an Ehresmann connection
that defines the vertical-horizontal decomposition of the tangent space TH (see the detailed
explanation in [18, 74]). Other objects that belong to the Carroll geometry, including the



horizontal basis e4 and the co-frame field e4, follow naturally from this construction. To see
this, one uses the fact that the projector can be further decomposed as

Hab — qab _|_ kagb, Wlth qabk‘b — 0 — faqab, (28)

The tensor ¢,° = e?qe4? is the horizontal projector from the tangent space TH to its

horizontal subspace. The last element of the Carroll structure, the null Carrollian metric
on H, is given by ¢ap = ¢a°qp%geq. We will also make an additional assumption that the
projection map, p : H — S, stays the same for all H, inferring that the co-frame e on H
is closed, de? = 0, throughout the spacetime M.

It is important to appreciate the result we have just developed: a Carroll structure on
the space H is fully determined from the rigged structure and the spacetime metric. Let us
summarize again all the important bits in the box below (see appendix A for relevant details).

Induced Carroll structure. Given a null rigged structure (k, ) on a hypersurface H, with
the rigged vector field k& being null and the spacetime metric g, the Carroll structure (H, ¢, q)
is naturally induced on the hypersurface. The vertical vector field £ and the Ehresmann
connection k are related to the rigged structure by

0% = ng®I,?, and ko = gapk®. (2.9)
The null Carrollian metric is ¢op = o qp%ged, where b = I1,° — kof? is a horizontal projector.

The vectors (£, k,e4) and their dual 1-forms (k,n, e?) thus span the tangent space TM
and the cotangent space T M, respectively (see figure 1). The ambient spacetime metric
decomposes in this basis as

9ab = qab + kalp + nakyp

(2.10)
= qab + 2n( k) — 2pkakp.

Let us also observe that, in general, the Carrollian vector field ¢ is not null and its norm is
(0% = —2p. (2.11)

This expresses the fact that the Carroll structure is null strictly on the null boundary N.
Note that the metric expression is regular when p = 0, and we have on the null boundary
that n, = /,.

Armed with the induced Carroll structure on H, almost all analyses done in the previous
literature can be applied. One, however, has to keep in mind that, rather than considering the
space H on its own, viewing H as a surface embedded in the higher-dimensional spacetime
equips us with richer geometry. In our consideration, this additional geometry arises from
the transverse direction, captured by the rigged structure (k,n).

To simplify our computations, let us make another assumption that the null transverse
vector k generates null geodesics on the spacetime M, meaning that Vik = ®k.2 This

2We do not impose that the geodesic is affinely parameterized because we want to keep the rescaling
symmetry (£,k) — (Q¢,Q7 k) alive. Under this symmetry, we have that

7 — Q'R - k[Q)]).

Using the rescaling symmetry, we can always achieve that & = 0 which restricts the rescaling symmetry to be
such that k[Q] = 0.



stretched horizon H

Figure 1. Stretched horizons H are chosen to be hypersurfaces at r = constant, and the null
boundary N is the limit » — 0 of the sequence of stretched horizons. The surface H is endowed with
the rigging vector k and its dual form m. The Carroll structure with the vertical vector £ and the
horizontal vector e 4 is induced from the rigged structure, and together with k, they form a complete
basis for the tangent space T M.

particularly infers that the curvature of the Ehresmann connection admits the following

decomposition,?

1
dk = En/\k—gpA(k/\eA)—§wAB(eA/\eB), (2.12)

where the components 4 and wap are Carrollian acceleration and the Carrollian vorticity,
respectively. Let us also recall that we have chosen earlier the null normal n = e“dr to define
a foliation of the spacetime M. The curvature of the normal form is

dn = ([alk An — eaaln A e, (2.13)

The components ¢[@] and e4[a], as we will see momentarily, are related to the surface gravity
and the Hajicek 1-form field of the surface. Let us also mention again that the curvature
de” = 0 by construction.

The curvatures of the basis 1-forms determine the commutators of their dual vector
fields.* In this case, it follows from (2.12) and (2.13) that the non-trivial commutators of

the basis vector fields are
[0, eq] = @al, lea, el = wapt, [k, 0] = L@k — R, [k,ea]l = eala]k. (2.14)
The first two terms again are the Carrollian commutation relations (2.1).
2.3 Local boost and rescaling symmetries
Let us emphasize that the rigged structure II,° is invariant under a rescaling symmetry,

L — e, k— e “k, Qab = Yab- (2.15)

3This is also equivalent to the condition txdk = Lk = %k, and one can check, following from the null-ness
property of k, that k°(dk)as = Vika.
4The relation is txtydw = tx,yiw + Ly (txw) — Lx (tyw) for a 1-form w and vector X and Y.

,10,



Under this symmetry, we have
a—a+te, p — e*p, ©A — pa —eale, and K —e (R—k[g). (2.16)

On one hand, the transverse dependence of this symmetry can be fixed by imposing that the
geodesics are affinely parameterized. On the other hand, the tangential dependence of this
symmetry can be fixed by demanding that p is constant on a given surface H. As we will see
later, the second condition will play a crucial role when imposed on all stretched horizons.
For the moment, we leave this symmetry unfixed, as this provides a nice and consistent check
on the conservation equations satisfied by the rigged geometry.

Besides the rescaling symmetry, the decomposition of the bulk geometry g, in terms
of the geometry of stretched horizon (gup, £, kq,np) possesses another local symmetry, the
boost symmetry, that preserves the spacetime metric g,;. While the rescaling symmetry
preserves the rigged structure, the boost symmetry does not. The rescaling symmetry labelled
by a parameter € is simply given by

0 = €Ng, Ockq = —€kg, 0% = €l®,  beqqp = 0. (2.17)

It preserves the rigged structure. The boost symmetry is labelled by a vector A® that is
horizontal, meaning that A\*n, = A%k, = 0. The infinitesimal boost transformation acts as

Oang =0,  Oxka=Xa, 0= =20\, 6yg = (NP +7N0).  (2.18)

This transforms the rigged projector as 0xII,* = —n A\ while preserving gq;. When p = 0
on the null boundary N, the boost symmetry leaves the Carrollian vector ¢ invariant (see,
for instance, [83]).

2.4 Coordinates

We now supplement our geometrical construction of the intrinsic structure of stretched
horizons with the introduction of coordinates. As we have set up that the stretched horizons
H are defined to be hypersurfaces labelled by a parameter r > 0, we can choose r to serve
as a radial coordinate. Furthermore, let us use (u,y*) as general coordinates on H and
they are chosen so that a cut at constant u is identified with a sphere S. The coordinates
(u,y?) are then extended throughout the spacetime M by keeping their values fixed along
null geodesics generated by the transverse vector k. Overall, we adapt z* = (u,r, yA) as
the coordinates on the spacetime M.

In this coordinate system, the basis vector fields are expressed as follows (we follow the
parameterization for the tangential basis from our precursory work [74])

(=¢°D,, k=¢°0, es= (I YHsP0p+BaD, (2.19)
where we defined D,, = 8, + VA94. The corresponding dual basis 1-forms are given by
k=e%(du— 5A6A), n = ¢%dr, et = (dy® — VBdu)JBA. (2.20)

The components (84, V4, J4P) that are parts of the Carroll geometry are functions of
the coordinates (u, yA) on the stretched horizon H. We note again that e is given as the
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A are local coordinates on the base

pullback of do* by the bundle map p : H — S, where ¢
space S. Their independence of the radial coordinate r stems from our construction that the
Carroll projection p : H — S is independent of the foliation defined by the function r(z),
and that k is tangent to null geodesics. One can indeed be more general by relaxing the
r-independent conditions. Doing so would inevitably introduce more variables, i.e., radial
derivatives of these components, to the consideration, which thereby renders the computations
more complicated. We refrain from doing so and keep our analysis simple in this article.

Let us also remark that, even though the frame e?

is set to be independent of the radial
direction, the null Carrollian metric g, can still depend on r due to the possible r-dependence
of the sphere metric ¢4p. The remaining metric components, which are the norm p and
the scales o and @, are in general functions of (u,r,y?). We will however impose in the
following section that p only depends on 7, that is D,p = 0 for the reason we will justify

momentarily. The metric in coordinates is given by
ds? = 2k © (e%dr — pk) + Gap(dy” — VAdu) © (dy® — VEBdu), (2.21)

where Guag = Ja¢JgPqgep. It assumes the Bondi form [6, 7] if we impose that 4 = 0
which means that k = e“du. It assumes the Carrollian form [18] if we choose co-moving
coordinates y* = o for which V4 = 0. Let us note that the induced metric on the stretched
horizon takes the Zermelo form when 54 = 0 and it takes the Randers-Papapetrou form
when V4 = 0 [71, 113].

2.5 Rigged metric, rigged derivative and rigged connection

Provided the rigged structure on the stretched horizon H, we can define the rigged metric,
Hy, = 11,°I%,.q, and its dual, H® := ¢“II1.°I1;*. Given any two tangential vectors
X,Y € TH that, by definition, satisfy the condition X%n, = Y%, = 0, we can clearly
see that

Hp XY = g XYY, and  Hpk® = 0. (2.22)

This shows that the rigged metric Hg, acts on tangential vector fields the same way as the
induced metric hgp = gap — ﬁnanb. The difference, however, lies in the fact that the induced
metric is orthogonal heyn® = 0 while the rigged metric satisfy the transversality condition,
H,,k? = 0. Combining this definition with (2.10) we see that the rigged metric on the space
H and its dual can be written in terms of the Carroll structure as

Hay = qab — 2pkaky, and  H® =q¢". (2.23)

Observe that the advantage of the rigged metric is that it provides an expression that is
regular when taking the null limit, p — 0, while, on the other hand, the expression for the
induced metric blows up when p — 0. In this article, we will only use the rigged metric
in our computations.

We next introduce a notion of connections on the space H, a rigged connection, descended
from the rigged structure. Recall that by definition, a rigged tensor field T,° on H is a tensor
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on M such that k°T,% = 0 = T,’n;. We defined a rigged connection of a tensor field T,
as a covariant derivative projected onto TH,

DTy = T, 1,8 (VT 4¢. (2.24)
First, one can check that this connection is torsionless
[Da, D) F = T, T4 (V 114 — V4I1.6)V F

= 1L, T,Y(Veng — Vane)k[F) (2.25)
=0

where we used in the last equality the fact that n, defines a foliation Vi ny = ajgny). 1t is
also straightforward to check that the rigged connection preserves the rigged projector,
D I1,¢ = T, 1,6 (VI ¢ = 11,0,V g (nek! )T1 ;¢ = 0. (2.26)
It does not, however, preserve the rigged metric and its conjugate. Instead, we can show that
D H® = 1,7V 4(¢¥ 11,117 )1, °T1
= Hadgij [Hjc(vdﬂie)ﬂeb + Hib(vdﬂjf)ﬂfc]
= —Hadgij [niHjc(dee)Heb + njHZ-b(de:f)ch]
= — (K20 + K.°0).

(2.27)

where K, := Hac(vckd)ﬂdb is the extrinsic curvature of the surface H computed with
the rigged metric. This tensor can be related to the rigged derivative of the tangent form
k., as follows

K. %Gea = (Dg + wa) ke, (2.28)

where w, := II,°(k®V.n;) is the rigged connection.

Given the rigged structure on the stretched horizon H and a volume form ej; on the
spacetime M we can define the induced volume form on H by the contraction, € := (€.
The conservation equation of this volume form involves the rigged connection as follows®

d(cen) = [(Da — wa)€*] €n, (2.29)

where £ is a vector tangent to H. Interestingly, this conservation equation can also be written
in terms of the Carrollian structure as (see the derivation in appendix A.2)

d(igen) = |(C+O)7] + (Da+ o)X e, (2:30)

for a vector £ = 7 + X%ey.

We would like to conclude this intrinsic geometrical setup with some remarks on the
notion of Carroll structures. The inherited Carroll structure from the rigged structure of the
stretched horizon H yields a geometrical (or weak) notion of Carroll structure (see [18, 111}),
comprising the triplet (p : H — S, qap, £*) such that gu¢® = 0. It is worth emphasizing

5This also means that (Do 4+ wa)ex = 0.
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again that g, differs from the stretched horizon rigged metric, Hg,,, by at most a rank
one tensor (2.23). The strong Carroll structure (or a Carroll G-structure) (see [78-84]),
(p: H— S qap, % D), consists of a weak Carroll structure additionally endowed with a
strong Carrollian connection D preserving both the metric and the Carrollian vector field,

~

Dogpe =0, and Dy¢" = 0. (2.31)

It is important to note that this connection is not uniquely determined by ¢* and g, due
to the non-degenerate nature of the metric q,,. Equivalently, the defining condition for this
connection is that its structure group is the Carroll group, the symmetry group obtained
from the ¢ — 0 limit of relativity.

This strong notion is however too restrictive for our description of stretched horizons
and we work instead with a torsionless connection D, which possesses non zero values for
the components of Dyqp. and Dgf®. These components encode, as we will discuss in the next
section, canonical momenta of gravitational phase space, and also have a dual interpretation
as Carrollian fluid variables. Setting, for example D = D, and recovering the Carroll group,
while tempting, means setting some canonical momenta to zero, hence restricting the gravity
phase space. On the other hand, working with the geometrical notion of Carroll structures
and a torsionless D allows for a bigger, more general, symmetry group of the surface H
that contains the Carroll group as a subgroup. We will show that this symmetry group
yields, due to the Noether theorem, the Einstein equations on H, which also correspond
to Carrollian hydrodynamics conservation laws.

The final remark concerns the timelike nature of H. Being timelike adds one extra
variable to the geometric structure: the norm p = —%Eaéa of the Carrollian vector field. This
function p is also contained in the gravity phase space of H (see section 4), introducing a new
(conjugate) degree of freedom not present for null boundaries. It is more appropriate to refer
to the data (p: H — S, qup, €%, ka, p) as a stretched Carroll structure to distinguish it from the
traditional null case. More concrete details about these features are provided in section 3.3.

3 Conservation laws on stretched horizons

We are now at the stage where we can discuss the Carrollian fluid energy-momentum tensor
on the stretched horizon H and derive its conservation laws. The plan is to first outright
define the Carrollian fluid energy-momentum tensor and show how the Einstein equations
imply conservation laws (or vice versa). The correspondence between fluid quantities and the
extrinsic geometry of H, the so-called gravitational dictionary, will be discussed afterwards.

Following the construction presented in [93], the rigged energy-momentum tensor on
the null boundary N is related to the null Weingarten tensor I1,°V 09T1,°. Since the vector
n® goes to £* on N, it suggests that the fluid energy-momentum tensor on the timelike
surface is defined as,

T,b =W’ — WL, (3.1)
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where the rigged Weingarten tensor (sometimes called the shape operator) on H is de-
fined to be®

Wb = I, (Vend)ILP, (3.2)

and we denote its trace by W = W,®. Obviously, this rigged Weingarten tensor becomes the
null Weingarten tensor [88, 90, 93] on the null boundary N. It captures essential elements of
extrinsic geometry of the surface H whose components have been established to serve as the
conjugate momenta to the intrinsic geometry of the surface in the gravitational phase space
(see [88, 105] for the case of null boundaries). In our construction, the intrinsic geometry of
H is encoded in the Carroll structure, and, as we will explain later, the extrinsic geometry
is the Carrollian fluid momenta. This energy-momentum tensor agrees on the null surface
with the one defined in [93] on the null boundary, except for the overall sign. We will show
next that the Einstein equations G4, = 0 and the condition D,p = 0, imply hydrodynamic
conservation laws DpT,b = 0.

3.1 Conservation laws

Our goal here is to show that conservation of the energy-momentum tensor follows from
the Einstein equations. In the following derivation, we will keep track of the tangential
derivative of the norm of the normal form, D,p, by allowing its value to be non-zero. We
will show that the condition D,p = 0 is necessary to have a proper definition of the energy-
momentum tensor that obeys conservation laws outside the null boundary N, hence justifying
our prior assumption.

To start with, the covariant derivative of the vector n decomposes as

Van’ = W' + (Dap)k® + 1, Vin®,  and thus  Ven" = W+k[p],  (33)

where we used that n,Vyn® = %Vb(nana) = Vpp. The rigged covariant derivative of the
rigged Weingarten tensor can then be written as

DYWL = TS (VyW NI = T,V WL + W, Vine. (3.4)
We can then show that
1,5V Venb = 1,5V (W + kP Dep + noVin?)
= IL,SVyWb + (Dup)(Vpk?) + 1,5V (Dep) + 6 (Vine) (Vin?)

= DyW,° + (Dap)(Vpk?) + I,V (Dep) + (IS Vine — Wap) Vin?
= waab + (Dap)Kbb + Hacvk(Dcp) - aak[p]v

(3.5)

where to arrive at the last equality, we defined K, := I1,°V .k’ and we used the property
that Vyk® = K? — kPVnp, and we also use that
(T,°Vyne — Wap) = I, 4(Vyne — Vengllhy) = T, (Vone — Vena(6% — nlky))
= 11, “(apne — acnp) + Daphy (3.6)
= —agnp + Dypky.

SFor the case Dqp = 0 that we consider, the Weingarten tensor can be written simply as Wo® = I1,°V.n’.
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Next, using the property that the Einstein tensor along the vector n® projected onto H
coincides with the Ricci tensor, I1,°nGye. = 1,6 Rpe, and invoking the definition of the Ricci
tensor in term of the commutator, we derive

I1,°Gre = I1,6[Vy, Vn? = 1,5V, Venb — Do(Vyn?)

b b b (3.7)
= Dy(W," — WIL,”) + Ky’ Dyp — aqk[p] + o[V, D) p.
We then show that the last term can be manipulated as follows:
I1,°[Vi, Dlp = I kY (VT4 Vap — T, (Vak®) Vip
= —IL kP (Vyne) k[p] — Hony(Vak®)k[p] — 11,2V 4k® Dyp 58)

= I1,°k (Vony, — Vne) k[p] — Ko’ Dyp
= aak[p] - KabDbpv

where we used that Vi ny = ajqny) to arrive at the last equality. Finally, putting everything
together, the Einstein tensor can therefore be expressed as

M1, Gre = Dy (Wa" = WIL') — (K, — KT1,") Dyp. (3.9)

It is therefore clear that under the condition D,p = 0, the energy-momentum tensor (3.1)
is conserved once imposing the Einstein equations I1,°G,. = 0,

1,°G,, = DyT," = 0. (3.10)
Remarks are in order here:

i) To prove the conservation laws, we have only used the fact that the transverse vector k
is null. We didn’t need to assume that k is geodesic and affinely parameterized.

ii) Conservation laws are automatically satisfied on the null boundary N without posing
an extra condition on p as its value already vanishes on N. This again agrees with [93].

iii) We can check that the conservation equations (3.9) transform covariantly under the
rescaling symmetry 0.(¢, k) = (e/, —ek): This follows from the transformations of the
Weingarten and extrinsic curvature

bWl = Wb + PPDge,  6.K.b = —eK,b,  op = 2ep. (3.11)
And the use of the identity

Dy[l° Dye — L[e]T1,°] = —(Dal® — DACTL,P) Dye. (3.12)

iv) One can always reach the condition D,p = 0 by exploiting the fact that the rigging
condition ng,k* = 1 only defines the normal form n and the transverse vector k up to
the rescaling n — Qn, £ — Q¢ and k — Q 'k for a function € on M. We will come
back to this point again shortly.
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3.2 Gravitational dictionary

We have already defined the energy-momentum tensor of the stretched horizon H and shown
that it obeys conservation laws as desired. We now proceed to discuss the dictionary between
gravitational degrees of freedom and Carrollian fluid quantities. First, as a tensor tangent to
the stretched horizon H, the energy-momentum tensor decomposes in terms of the Carrollian
fluid momenta [71, 72, 74] as

T, =Wt — WIL! = —k, (aeb + 3b) + bt + (‘Iab + :anb) : (3.13)

where its components are the fluid energy density &, the pressure P, the fluid momentum
density m,, the heat current J¢, and the viscous stress tensor’ T = qaC(VCnd)qdb. The
tensors 74, % and T,° are horizontal, meaning that we can express them as

To = Taely, Je = ge 4, and T,b = T4Be? e50. (3.14)

Let us also note that the viscous tensor is symmetric, Tap := ¢ a5T5¢ =Tg 4, and traceless,
T44 = 0. It then follows from the definition of the energy-momentum tensor (3.13) that
the Weingarten tensor (3.2), which is a tensor field on H, can be parameterized in terms
of Carrollian fluid momenta as

Wb =T,.b + %Eqab + o l® — kadb — (? + ;e> kol (3.15)

and the trace is W = %8 - P.

We now spell out more precisely the expression of the horizon Carrollian fluid in terms
of the gravitational extrinsic geometry of the stretched horizon H. We find that since the
vector n® is the linear combination of the tangential vector £* and the transverse vector k%,
the Weingarten tensor then decomposes as follows

Wb = Dot + 20K, (3.16)

where we used that (¢ is tangent to H, so the first term is the rigged derivative of £ while
the second term is proportional to Kb := II,°(V AT, In order to give a dictionary
between the Carrollian fluid expressions and the gravitational entities, we need to introduce
the definition of the extrinsic curvature tensors g, 04, the Hajicek form m,, the surface
and vector accelerations (k, A%). They are defined as coefficient in the decomposition of

Dyt and K,’. We find that

Dol® = 0,° + ko A® 4 w00 + Kk 0P (3.17)
Kb =0," — ka(n® + ). (3.18)

Here all the vectors and tensors are tangential to the sphere distribution.® Note that the
absence of the % terms in K,° is due to the fact that the vector k is null. The surface

7T,% can also be understood to be the finite distance analog of the news tensor.
8This means that (*m, = k%, = 0 and similarly for (Qab, Gab, A%).
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acceleration and the momenta appear in the decomposition of the rigged connection®”(see
section 2.5)

we = Kkkg + 4. (3.19)
The last term in the expression for K,° simply follows from the evaluation
ﬁaKabeAb = t.aDpk = _LDgeAk = _L[E,eA]k —tpk = —pa —Ta. (3.20)

In the next section, we explore in more detail the gravitational dictionary between Carrollian
fluids and gravity.

3.2.1 Viscous stress tensor and energy density

Let us first consider the spin-2 components of the rigged Weingarten tensor, which are the
extrinsic curvature tensor, ¢, qpaWe® = q.¢q*Veng. Observe that this object is symmetric
in its two indices, which follows from the fact that the normal form m defines foliation,
Viany = ajgny)- 1ts trace corresponds to the Carrollian fluid energy density &,

& = q,Vyn® or equivalently, &= qABg(eB, Ve,n), (3.21)

and the traceless part corresponds to the viscous stress tensor, T, = Tage?qePy, of Car-
rollian fluids,

1
Tab = q(a“Qy*Vena, or, Tap :=g(ep, Ve,n) — §QCD9(€D, Veen)qap.  (3.22)

10" associated with the tangential vector ¢ to

We can also define the expansion tensor
be 0 = ¢.°q?Vly. The components of this expansion tensor can be expressed in the

horizontal basis as
1
Oap = glep, Ve, l) = 5£[QAB] + pwap. (3.23)

Interestingly, its anti-symmetric components are proportional to the Carrollian vorticity. The
trace and the symmetric traceless components of the tensor 45 are the expansion and the
shear tensor associated with the tangential vector ¢,

1
0 :=qP0,p = [In \/q], and oaB = 0ap) — 59(1,43- (3.24)

In a similar manner, we define the extrinsic curvature tensor associated with the transverse
direction k as 04 = ¢a°q?Veky, and its components can be expressed as

1

= 1
Oap = g(ep, Ve,k) = Sklaas] — Jwap. (3.25)

9We can therefore express (3.17) similarly to (2.28) as

(Do — wa)l* = 0,° + k A"

ONote that the tensor Dqf® does not truly describe the extrinsic geometry of the space H as £ is tangent to
H. Its values are completely determined by the intrinsic geometry, i.e., the Carrollian structure of the surface.
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Observe that 645 is not symmetric even on the null surface. Its trace and its symmetric
traceless components are, respectively, the expansion and the shear associated to k£ and
they are given by

_ _ _ 1_
0:=q*PO,5 =k [n/q], and GAB = 0(aB) — §9qAB. (3.26)
Let us also note that the combination
— 1
g(es,Ve,n) =0ap +2p04ap = in[qAB] (3.27)

is symmetric, as we have already stated. The fluid energy density and the viscous stress
tensor are given in terms of expansions and shear tensors by

& =0+ 2p0, and JAB = 0AB + 200 4B. (3.28)

It is important to appreciate that geometrically, the internal energy € computes the expansion
of the area element of the sphere S along the vector n. On the null surface IV, it therefore
computes the expansion of the area element along the null vector ¢, while the traceless part
Tap corresponds to the shear tensor [88, 93, 105].

3.2.2 Momentum density

There are two spin-1 components of the energy-momentum tensor 7,°. The first one corre-

A

sponds to the Carrollian fluid momentum density, 7, = w4e“,, which is defined as

o = qukpVen®, or in the horizontal basis, w4 = g(k,Ve,n). (3.29)

It then follows from the null rigged condition, k%k, = 0, that m, = ¢,k V0 is the Hajicek
field computed with the basis vector (¢, k,e4). The expression of the fluid momentum in terms
of the Carrollian acceleration can be derived starting from the commutators (2.14) as follows,

ealal = g(¢, [k, ea]) = (¢, Viea) — g(€, Ve, k)
= g(k, Viea) + g(k, Ve, )
=g(k,[l,ea]) +2g(k,V,,0)
= pA + 274,

(3.30)

where to get from the first line to the second line, we repeatedly applied the Leibniz rule
and used that g([k, ¢],e4) = 0. We therefore arrive at the expression for the fluid momentum
in terms of the metric components

(eald] —pa). (3.31)

A —

N[

3.2.3 Carrollian heat current

Another spin-1 quantity is the Carrollian heat current, J* = J4e A%, defined as

Je .= —q,*Vynb, or in the horizontal basis, g4 = —qABg(eB, Vn) (3.32)
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This object is related to the tangential acceleration A% = ¢,*V £’ of the vector ¢ and the
Carrollian momentum density. First, we can evaluate the tangential acceleration as follows

Ax=glea, Vel) = —g(4, [, ea]) = g(£, Ve, 0) = (ea + 204) [p]. (3.33)

Observe that the acceleration vanishes on the null boundary N. Then, one can check
using (2.6) and repeatedly applying the Leibniz rule, the commutators (2.14), and the
evaluation (3.30), that

da = —glea, Vel) — 2pg(ea, Vik)
= —Aa +2pg(ea, [k, {]) + 2pg(L, [k, ea]) — 2pg(k, Ve, )
= —Aa+2p(eala] —ma)
= (—ea +2ma)[p].

(3.34)

This Carrollian current also vanishes on the null boundary V.
For the choice of null vector that keeps p constant on the stretched horizon H, we
simply have that

da = 2p7a, and Ap =2ppa. (3.35)

3.2.4 Surface gravity and pressure

The last spin-0 component of the energy-momentum tensor is the fluid pressure, P, defined
as the following combination,

P [n + %(9 + 2[)9)] | (3.36)

P is the generalization of what is called the gravitational pressure in [88] defined for the case
of a null boundary. The surface gravity & is defined as'!

K =koVl® = g(k,Vel). (3.37)

It measures the vertical acceleration of the vector £. Its value is non-zero even on the null
boundary N. Let us also comment that we write the directional derivative of the Carrollian
vector field ¢ along itself as

Vil = kl + Ate s — (0 — 2r)[plk = kL. (3.38)

Recalling that A4 £ 0, this means V¢ = x¢ which clearly dictates that on the null boundary
N, the Carrollian vector £ generates non-affine null geodesics, and the in-affinity is measured
by the surface gravity k. We can show that the surface gravity is given by

k=g(k,Vl) = —g(l,[0,k]) — g, Vil) = L[a] + (k + 2R)[p]. (3.39)

Let us additionally note that the inaffinity ® of the null geodesics generated by the rigging
vector k can be computed directly from the commutator [k,¢] provided in (2.14) and it
is given in coordinates by

E = kla]. (3.40)

"We have that & = g(k, Ven).
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Let us summarize below the dictionary between Carrollian fluid quantities and the
gravitational entities given by the components of the Weingarten tensors: In the frame where
D.p = 0, we have the following dictionary

Energy density: & =0+ 2p0 (3.41a)
Pressure: P=—(a] + (k+2r)p]) — %(0 +2p0)  (3.41Db)
Momentum density: TA = % (eal@] —wa), (3.41c)
Carrollian heat current: J4 = 2pma, (3.41d)
Viscous stress tensor: Tap =0aB + 200 4B. (3.41e)

Note also that the Weingarten tensor can be written in a compact manner in terms
of the gravitational data as

Wb = (0% + 2p0,°) + 7ol + 2pkon® + ko lP. (3.42)

Lastly, and for completeness, let us provide the form of the covariant derivative of the

normal vector n = £ + 2pk along k. This expression, which enters the development of the

normal derivative (3.3), becomes handy in further computations,'?

Vint = k[plk® — (7 4+ ¢°) — "t (3.43)
3.3 Rigged derivative summary

It is now a good place for us to summarize our findings and write the expansion of the
rigged derivative in terms of tangential entities. We have found that the rigged structure
defines on the stretched horizon H a rigged connection D, (which can be equivalently called a
Carrollian connection) and a volume form €. The compatibility of this rigged derivative and
the volume form gives (D, + w,)eg = 0, where we recall that w, = Kk, + m,. We also have

(Do — wa ) = 0,° + ka A, (3.44)
(Da + wa)kb = gab — k‘a(Trb + gob). (3.45)

An important remark is that when the rigged connection preserves the vertical direction,
(Dy — wa)€? = 0, which means both the expansion 6, and the acceleration A® have to vanish,
it defines a Carroll G-structure (or a strong Carroll structure) [78-84]. The derivative of the
tangential projector is expressed simply in terms of these tensors as

Daq.’ = —[(Dy + wa)ke]l® — ke[(Dg — wa) ). (3.46)
We can also evaluate the derivative of the frame and its inverse as

Daen’ = @0y — [0an — ka(ma + ©a)]L° + kabA°, (3.47)
Doelty = —OTA — (0,4 + ko ANk — ko™, (3.48)

12We use that

glea, Vin) = glea, Vil) = —g(Viea,l) = —g(Viea, k) = —g([{,eal, k) — g(Ve b, k) = —(pa +ma).
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where we use the obvious notation 6,7 = ,%¢?; and @I, = 4,21 ec® where D, ep =
<2T§Be(; are the components of the horizontal connection. This shows that the rigged
derivative depends on the components of the rigged connection (k,7,) and on the kinematical
Carrollian elements such as the Carrollian acceleration and vorticity (g, wep). It also contains
elements that are intrinsic, such as the expansion tensor 6, = %quab. Finally, it also
contains extrinsic elements such as the extrinsic curvature 5(ab) that we refer to as the shear,'3
the acceleration A* and the anti-symmetric components of the expansion tensor. When
the rigged connection is derived from an embedding, we have that the acceleration can be
expressed as A, = Dyp+2pp,, where 2p is the norm of the normal vector. It also means that
the anti-symmetric components of the expansion tensor 0 = Lwgp are proportional to the
Carrollian vorticity. In other words, the rigged connection derived from a rigged structure
depends on the metric ¢ but also on (p,w,) and the shear 64, The shear tensor can be
understood as encoding the gravitational radiation of the stretched horizon H.

3.4 Comment on the energy-momentum tensor

As we have explained, the condition D,p = 0 is necessary to have conservation of the
energy-momentum tensor (3.13) and that this condition can always be chosen by properly
rescaling the normal form n. Let us now demonstrate how this is done. Suppose that we
start from a normal n with norm 2p that is not constant on the surface, D,p # 0, and
consequently the energy-momentum tensor T, naively defined as in (3.13), with n replacing
n, is no longer conserved.

b —~

Tl =W, — Wi, = — (Eéb + 5”) ko + 7ol + (‘Ia” + @qab) , (3.49)

where W//\Vab is the Weingarten tensor now defined with the rescaled vector n®.
In close vicinity of the null boundary N, we can always express the norm as p = 1,
where 7 is a strictly positive function on M. We can now define the new normal form as

1
n:=-—n with its norm being ngn® = 2r, (3.50)

which is now constant on the surface H. Notice that this corresponds to the change in
the scale factor &t — @ = & — %ln n. The conserved energy-momentum tensor DyT,? = 0
is the one defined in terms of n. One can check that this new conserved tensor is related
to the naive, non-conserved one by

T, = \}ﬁ (Ta? = 00 (i /) € + £ /) ) (3.51)
Note that when working with the closed normal form 7 = dr, such that @ = 0, the function 7
coincides, on the null boundary, with the surface gravity & of /. In such case, this particular
form of the conserved energy-momentum tensor T, , with the presence of the derivatives
D, In \/k terms, has been proposed in [69]. In our previous construction, we have already
bypassed this construction by assuming a priori the condition D,p = 0.

13As we have seen, the anti-symmetric components of the extrinsic tensor are given by the Carrollian
vorticity é[ab] = %w[ab].
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3.5 Einstein equations on the stretched horizons

We have already proved that the Einstein equations correspond to the conservation laws of
the energy-momentum tensor (3.13). With the extrinsic geometry of the stretched horizon
H defined, we now finally explicitly write the Einstein equations on H in terms of the
Carrollian fluid momenta.

Following from the conservation equation (3.10), the component G, of the Einstein
tensor can be written by recalling the definition of the energy-momentum tensor (3.13) and
the rigged covariant derivative (3.17) as

Gre = (*DyT,°
= Do (1*Ty*) — T,° Dyt®
= =D (£6* +7°) = T, (0a" + mal® + Ak + rkal”) (3.52)
= —(L+0)[E] =PI — (D +a)d* — Agn? — T4P054
= —(l+0)[€] — PO — (DA +204)* — TaPop?,

where we used that DgJ® = DJ* + (14 + ©4)d4 and D l® = § + k (derivations are given in
appendix B), and to obtain the last equality, we also used that A 74 = ¢ 4J4 that follows
from (3.35). The remaining components of the Einstein tensor are G, 4, which, in a similar
manner, we can use the energy-momentum tensor (3.13) and the rigged derivative of the
horizon basis, Dyeq®, provided in (B.12) to show that

Gpa = es®DyTyb
= Do(ea"Ty") — T, Dyes”
= Do (TA® + Pes® + mal®) — OUG TP — 78045 — 3804 + E(ma + ©a)
= (L+0+k)[ra] + (D + 75 + @) (Ta® + PsB) — 7B0ap — §P0pa + E(1a + ©a)

= (L4 0)[ma] + Epa —wapd® + (Dp + pp)(Ta? + Ps5),

(3.53)
where we used again that Dye% = ®T'E ) + (74 + p4) and Dyf® = 6 + k (see appendix B for
explanations), and to obtain the last equality, we utilized the gravitational dictionary (3.41),
more specifically the following relations: 045 + 2p045 = Tan + %EqAB, wap = 0pa — OaB,
2o = g4 and P = —k — %8. This shows that the vacuum Einstein’s equation projected on
stretched horizons are Carrollian fluid conservation equations [69, 71, 74]. The conservation
equations are (3.52) and (3.53) are Carrollian fluid conservation equations. These can be

conveniently written as

(el + (P +E)0 = —(Da+204)3" — TaPop™, (3.54)
(L+0)[ma] + (€ + P)pa + DaP = wapd® — (Dp + ¢)Ta”, (3.55)

where the r.h.s. represents fluid dissipation effects. The null Carrollian fluid equations are
recovered when J4 = 0.
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3.6 Einstein equations on the null boundary

In the previous section, we have shown that the Einstein equations G,, projected on the
stretched horizon H are equivalent to conservation equations. These equations are independent
of the shear of the Carrollian connection. Ultimately, it is essential to look at the rest of the
Einstein equation projected on H. Here, we achieve this but only for the Einstein equations
projected onto the null surface N. We denote with a ring the projected tensors: ¢ap, 0 AB, """
denote the evaluation of gap,04p, -+ onto .

We find that the components of the Einstein tensor on the null boundary are

~Gu = (L+0)[E] + PO+ 64555" (3.56a)
Coa= (L+0)mal + (E+P)pa+ (Dp + p)da® + Da?P (3.56D)
G = (0 + % j )[9] +(Da+matpa)(mt+?) - 5(2)]% (3.56¢)

—é(AB) = [2(5 —6— j))[&AB] + 064 + 2(®A +7ma+@a)(mB+ 4,03)} (3.56d)

STF

The subscript STF means that we take the symmetric trace-free components.'* The first
two equations are simply the null Carrollian conservation equation we have just derived, and
they are known as the null Raychaudhuri equation and the Damour equations, respectively.
The next two equations determine the evolution of the shear 845 in terms of P and the
intrinsic geometry data (gap,pa,ma,04p). It is important to check that these equations
are invariant under the rescaling symmetry

(0,6,8,TaB) = (e, e0, €, T4 P) (3.57)
P ee(ﬂoD —le]), wa— pa—eale], ma— wA+eale]. (3.58)

In addition, the other Einstein equations involve the trace part of the components Gap. In
the gauge where & = 0, i.e., where k is affinely parameterized, it is given by,

Y - : .
3 ABGap = —Rp = (L =P[O + kK] + (Da+2(ma + ) (v + o) +6:7. (3.59)

A more detailed study of these equations and their interpretation in terms of symmetries
will be performed in [114].

41n particular, we have that

[U[eaB))®"" = {[GaB] — 2665 =[GaB] — qaB(@c”60°)

Y Equating (3.56¢) with (3.59) means that

1 —
ksl + (m+ @) (m+ ) =500 —0:7 - 3R
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4 Symmetries and Einstein equations

The last part of this work aims at exploring the gravitational phase space, symmetries, and
the associated Noether charges of the stretched horizon. We would like to demonstrate
the following points:

i) The pre-symplectic potential of the gravitational phase space of the stretched horizon
H is essentially expressed in terms of the Carrollian conjugate pairs, as in [74].

ii) The tangential components of the Einstein equations, namely I1,°G,; = 0, which are
interpreted as Carrollian hydrodynamics conservation equations, are derived from the
diffeomorphism symmetries of the stretched horizon. We will also compute the Noether

charges associated with these diffeomorphism symmetries.

4.1 Pre-symplectic potential of stretch horizons

The gravitational phase space of the stretched horizon H can be constructed using the
covariant phase space formalism. Following the covariant phase space formalism, we look at
the pre-symplectic potential that encodes the phase space information of the theory. In this
study, we consider the 4-dimensional Einstein-Hilbert Lagrangian without the cosmological
constant term and without matter degrees of freedom, meaning that L = %Re n where R
is the spacetime Ricci scalar and €,; denotes the spacetime volume form. The standard
pre-symplectic potential of the Einstein-Hilbert gravity pulling back to the stretched horizon
H is given by

1
Oy = —0%,€eq, where 0" = 3 (g“cvbégbc — V“&g) ) (4.1)
where we recalled the volume form on the surface ey := —t€) and we also denoted the
trace of the metric variation with g := ¢*™dgas.

To evaluate the pre-symplectic potential @, one starts with the variation of the spacetime
metric, whose components can be expressed in terms of the co-frame fields as,

0Gab = 0qap + 2k(a(5nb) + 2£(a6kb) —2(p)kaky. (4.2)

Computations of the variation dgu, thus boils down to the computation of variations of the
co-frames n and k and the null metric g,,. These variations are given by'%

on = dan, Ok =0dak — 80 e?, 0q=—2eqapdVPEk ® et +0qapet © P, (4.4)

where we define the variation © as follows

B == dor + BBV A, (4.5)
804 = (774 (JcPB5) — (5-5V)Ba, (4.6)
8gap == (J 1) a%(J")B"S (JCEJDFQEF> — 20 (aBp) BV, (4.7)
V4= (aVE) st (4.8)
16We also have the field variation of the Carrollian vector,
60 = —Bal + e 8V e,. (4.3)
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These field variations can also be written in terms of the variations of the fundamental
forms and vectors as

da = k%ng, Ba = 196k, e“BBa = —es Oky, e VA = el 50t (4.9)
One can then compute the trace of the metric variations, and it is given by
dg=20a+da+dln,/q) =2(da+ba+0ln,/q). (4.10)

After tedious but straightforward computations (see the derivation in section C), we
finally obtain the expression for the pre-symplectic potential on the stretched horizon. This
potential is the sum of three terms: a bulk canonical term, a total variation term, and a
boundary term as Oy = OF" + 6Ly + Og, where each term is

1 —_
OP" = / (—86a + e384 — mae BV + 5 <7AB + 'PCIAB) Ogan — 950) €n (4.11a)
H
LH:/ (k+E&)en (4.11b)
H

05 = ;/S(S(a _ @) es (4.11c)

Note that we can use the identity [, feg = [q €5 to rewrite part of the second term as a
corner term. We first observe that the bulk canonical piece of the pre-symplectic potential
contains the same conjugate pairs as in the action for Carrollian hydrodynamics [74] with
the addition of the term 6dp that vanishes on the null boundary N. We also notice that
the scale @ of the normal form only appears in the corner term, in agreement with the
one presented in [88, 105] for the case of null boundaries. This suggests that we can safely
set @ = 0 without losing any phase space data. Let us mention [104] for an earlier unified
description of null and timelike pre-symplectic structure.

An important check that this expression (4.11) is the right one comes from checking the
fact that it is invariant under the rescaling transformation (2.15). The infinitesimal rescalings
0l = —el and 6.k = ek imply the following transformations

0c(Eer) =0, de(kepy) = —Lleleg, O0ep=—2€¢p, dex=—06a=¢€, 0= —eple].
(4.12)
We can then check that

5,05 — /H <—856 + e o8V Aeald + %E[E]QAB(S(]AB 4 2,0956) en (4.13)
— /H < ((—8 + 200)6e + (5()[6]) € + E[E]((SEH)) (4.14)
:/I{(£+9)[5E]EH+5(/H€[€]GH> (4.15)

= _/S((Se)es +4 </H£[G]GH) ) (4.16)

where in the second equality we used (4.3) and the variation deg = (s + 3¢ P3qap)en.
From this we see that 6.0y = 0, inferring the invariance of the pre-symplectic potential
under the rescaling. This implies that

IOy =00y —0([Of)=-6(IOn). (4.17)
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The corresponding canonical charge is therefore

IGG)H:/ (*86+2p§€)€H*/ f[e]eH+/eeS:O. (4.18)
H H S

Since it vanishes, this means that the rescaling is indeed a gauge symmetry.
Using the same strategy, we can prove that the boost symmetry (2.18) is a gauge
symmetry, provided we impose the condition

Ja =2pma. (4.19)

4.2 Noether charges for tangential symmetries

We now show that the pre-symplectic potential we have just described is symmetric under
diffeomorphism tangent to the stretch horizon H,

E=10+ X, where X = Xey. (4.20)

The transformation rules for the metric coefficients are easily determined by demanding
that the transformation rules of the fundamental forms and vectors (¢, k,n,g) are non-
anomalous,'” This means, in particular, that one first has to write down the transformation
rules for relevant basis vectors and 1-forms. These are given by

Lek = (k+R)[rn+ (0] + X4pa) k+ ((ea — pa)lr] + wapX?) e, (4.21)
Len = Efaln, (4.22)
Lel = — (7] + XApa)l — ([ XAea. (4.23)

One remark is that demanding that the diffeomorphism ¢ preserves the condition that the
Ehresmann connection k is tangent to the horizon H requires that (k +%)[7] = 0. We assume
that this condition is satisfied. Following from (4.4) and (4.3) the transformation rules

dea = €[a],
8504 = E[T] JrXAgOA,

—eaﬁg,@A = (eA — QOA)[T] + wABXB,
—e % VA = [ X4,

Oeqap = 2 (TQAB + @(AXB)) :
dep = &[p]- (4.24)
We then evaluate that

Lo = — / (TGt + YAGna) €11 + Quryy. (4.25)
H

We now see that the stretched horizon H Raychaudhuri equation G,y = 0 and the Damour
equations G, 4 are associated with the tangential diffeomorphism on H. This extends to

Y"This means that A¢ (¢, k,n,g) = 0 with the (field independent) anomaly operator defined as the difference
between the field variation and the Lie derivative, A¢ = d¢ — L¢. More details and applications related to this
technology can be found in [39, 88, 90, 93, 109, 115].
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the stretched horizon what has already been established in the literature for null surfaces
(see [88]). The Noether charges are given (for non-zero 54) by

Qry) = /S (—7'8 +y4 <7TA +(TaP + ‘Péf)eo‘ﬁB» €s. (4.26)
They are precisely the charges for Carrollian hydrodynamics [72, 74].

4.3 Covariant derivation of the Einstein equations

For completeness, we provide here a detailed derivation of (4.25) using the covariant form of

the pre-symplectic potential. First, we use that we can write the bulk canonical pre-symplectic

potential O%® (4.11a) in a covariant manner as'®

1 _
%N = / [Tab (B“(Hbcékc) — qc"kpole + 2qaCde5ch> - 95,0] €. (4.27)
H

This expression insures that the symplectic potential is covariant, i.e., it satisfies 6:0%F" = 0.
Let us now consider the contraction of tangential diffeomorphism & = f¢ + X“4e4 on the
canonical pre-symplectic potential. We first consider the following terms,

1
04 (M Ocke) — (q"cOel)kp + Qq“%d(&ch

1
= (T, (9 ghe + kaVe€h) — % (E0V gl° — 00V 46 Ky + iq“Cqbd(vcsd + Vi)  (4.28)

1 1
= V£ <Hbckdf“ + kplqq” + §deqac + 2QbCQda) + (50 gk — gk V g£°) €2,

where we used that ¢*q%0q.q = qacqbd6gcd. Let us now consider the first term that contains
V&% We can show, with the help of the relation II,* = ¢,° + k.¢°, the following result,

1 1 1 1
I kgl + kplCqq” + §deqac + 5chqcza =10, (114" — qq4®) + (I — qp°) qa” + §deqac + §QbCQda

1
=1L, T + 3 (paq™ — ap°q4") -
(4.29)

Note that the last term vanishes when contracting with 7,° by symmetry. This means
that we have

1 1
T,V .£° (Hbckdea + kpl€qq” + §deqac + 2QbCQda) = T, Dy (4.30)

Next, the remaining term in (4.28) that is proportional to £ can be written as

I1,50°V gk — @k V g€ = I,V gke — T ky V gb€ + kol V gl¢
Tk Vgl + (T — k)0 gk,
= —I "k Vgn® + (2pIL"ky + qpel™)V gk
= —I"kyVan® + (2pq: kp + qocl®)V ak©.

(4.31)

18Note that the variational term contracting T,% can be written

C pa ac 1 C pa ac 1
,°0*8k. + q (—kbdédch + §qbd5ch) = 11,°0*6ke + ¢ (kbeddch + §qbd5ch) )
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For the first term, we recall the definition of the energy momentum tensor to write

— T, ke (£9V gL = —(W,olky — Wk, )E4W,2

4.32
= —(WafWy — Webuy) = €T w,. (4.32)
For the second term, we have that
Tab(QpQCakb + chga)gdvdkc = (2pqcaTabkb + cheaTab)gdec
= (2pmc — e K4
(CP 0 )E Kq (4.33)
= 5 Kc (Qa Dbp)
= gaKabDbpv

where we used that J, = 2pm, — qabDbp and the fact that Kk, = 0. Since dep = £ Dyp,
we overall obtain

Ig@(;?n = /H (Tab(Db - wb)ga + fa(Kab - KHab)Dbp) €n

=— /H ¢ (DT, — (K, = KTLY) Dyp) en + d(€"T) e ) (4.34)

= —/ Gn§€H+/ ET aem.,
H oH

where we used the Stokes theorem (A.9) to obtain the second equality. It is interesting to
note that in this derivation we have not assumed that D,p = 0 and we have used the presence

of the additional §5p term to prove the covariance condition (4.34).

5 Conclusions

In recent years, Carrollian physics has garnered increasing attention as it has emerged in
a variety of situations involving null boundaries both at finite distances [69, 75, 92] and
at asymptotic infinities [14, 26]. The transpiration of this novel type of physics at null
boundaries stems naturally from the fact that Carroll structures are universal structures of
null surfaces, and the Carroll symmetry is (a part of) the symmetry group of the surfaces. In
this work, we pushed this fascinating connection beyond null surfaces and argued that Carroll
geometries and Carrollian physics also manifest on timelike surfaces. We demonstrated this
feature in the case of the (timelike) stretched horizons located near a finite-distance null
boundaries, focusing particularly on the correspondence between gravitational dynamics and
hydrodynamics in the same spirit as the black hole membrane paradigm.

Our geometrical setups relied on the rigging technique for general hypersurfaces. Let us
highlight two apparent benefits of this technique. First, by endowing a hypersurface with a
null rigged structure where a transverse vector field to the surface is null, a geometrical Carroll
structure can be constructed from the elements of the rigged structure, hence providing the
Carrollian picture to the intrinsic geometry of the surface, regardless of whether the surface
is null or timelike. Secondly, our construction gives a unified treatment for timelike and null
hypersurfaces in the way that both the stretched horizon energy-momentum tensor (3.1) and
its conservation laws (3.10) admit non-singular limits from the timelike stretched horizon to
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the null boundaries. Moreover, the energy-momentum tensor (3.13), which is interpreted as
the Carrollian fluid energy-momentum tensor, allows us to establish the dictionary between
gravitational degrees of freedom on the stretched horizon and Carrollian fluid quantities (3.41).
Furthermore, the Einstein equations II,’n°Gg. = 0 are the conservation laws of the Carrollian
fluid. Our result is thus a generalization of [88, 91, 93] for the null boundaries. We have
also shown that the correspondence between gravity and Carrollian fluids goes beyond the
level of equations of motion and also manifests at the level of phase space. More precisely,
the canonical part of the gravitational pre-symplectic potential (4.11) decomposes the same
way as the Carrollian fluid action [72, 74]. These Carrollian hydrodynamic equations are
associated with the tangential diffeomorphism of the stretched horizon and the corresponding
Noether charges take the form of the conserved charges of Carrollian fluids.

There are, of course, many routes to be explored, and we list here some interesting
prospective research topics we think are worth investigating:

i) Thermodynamics of Carrollian fluids. Having now established the connection between
gravity and Carrollian hydrodynamics, it is then interesting to study the thermodynamics
of Carrollian fluids, in turn providing a fluid route to elucidate the thermodynamical
properties of the horizons. One intriguing challenge is to have a complete definition
of the thermodynamical horizons, the type of hypersurfaces that obey all laws of
(possibly non-equilibrium) thermodynamics, using the fluid analogy. Another interesting
investigation is to explore the difference between Carrollian hydrodynamics and the
corresponding thermodynamics of the null boundary and the stretched horizon. In the
context of Carrollian fluids, the key difference between the stretched horizon and the
null boundary is that the former possesses a non-zero Carrollian heat current J4 (see
the dictionary (3.41)) while it vanishes strictly in the latter case. It would be interesting
to study how the non-zero heat current affects the thermodynamic properties of the
horizon, for instance, the expression for the horizon entropy current and the entropy
production.

i) Carrollian fluids at infinities. In this work, we solely dedicated our attention to
the case where the stretched horizons and the null boundary are situated at finite
distances, with the example being the near-horizon geometry of black holes. It would
certainly be tempting to investigate whether the similar Carrollian fluid interpretation
occurs at asymptotic null infinities and, should this be the case, what the gravitational
dictionary at infinity is. It is worth mentioning that there have already been a number
of works that explored this null-Carroll correspondence in the context of geometry and
symmetry [14, 15, 18], celestial and flat holography [22, 26, 95-97], and Carrollian field
theory [94, 98, 99]. However, the complete Carrollian fluid picture, both at the level of
dynamics and the phase space, has yet to be explored.

iii) Stretched horizon as a radial expansion. At null infinities, different layers of information
about the null infinity phase space, symmetries, and dynamics are encoded in different
orders of the radial (1/r) expansion around null infinities [66-68]. This suggests that
some information about a finite-distance null boundary can be accessed by treating a
stretched horizon as a radial expansion around the finite-distance null boundary (r = 0)
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(also called the near-horizon expansion). One important objective is to fully derive the
FEinstein equations on the null boundary from the symmetry principle. To achieve that
goal, we need the covariant phase space analysis of the geometry near the null boundary,
and the result (4.11) of this current work will serve as the core basis for the near-horizon
considerations. We plan to report the detailed derivations in our upcoming article [114].

A Essential elements of Carroll geometries

One important result we have developed in the main text is a geometrical Carroll structure,
descended from a null rigged structure, serving as a basic building block of the intrinsic
geometry of the stretched horizon H. Here, we briefly summarize the geometrical objects of
Carroll geometry that will be relevant to this present work. We will follow the notation and
convention from our precursory work [74] (interested readers may want to see also [18, 71, 73]
for similar Carrollian technologies).

A.1 Carrollian covariant derivative and curvature tensors

We have introduced the rigged covariant derivative D, as the connection on the stretched
horizon H. There exists another layer of covariant derivative on the surface H that stems from
the (induced) Carroll structure of H. Recalling that the space H has a fiber bundle structure,
p: H — S, and its tangent space T'H admits, by means of the Ehresmann connection
k, the splitting into a 1-dimensional vertical subspace span by the Carrollian vector field
¢ € ker(dp) and the non-integrable!? horizontal subspace span by the basis vectors e4. We
then define a horizontal covariant derivative D 4 (also called the Levi-Civita-Carroll covariant
derivative [71]) that is compatible with the sphere metric, i.e., Dogap = 0. It acts on a
horizontal tensor T = T4 ges ® e as

DT = ea|TBc) + P18, 7P — P18, T8 p, (A.1)

and one can straightforwardly generalize it to a tensor of any degree. The torsion-free
Christoffel-Carroll symbols [71] ®I'4, = @T'4 is defined in the same manner as the standard
Christoffel symbols, but instead with the sphere metric and the horizontal basis vectors,

1
@r4e = 561”’ (eslapc] + eclasp] — enlasc)) = ¢*Pylep, Vegec), (A.2)

where the final equality follows from gap = g(ea, ep) and the commutator [e,eg] = wapl.
Let us also note that the horizontal divergence of any horizontal vector field X = X4ey
is given by the familiar formula,

DuXA = \}aeA [\/axﬂ : (A.3)

The horizontal covariant derivative D4 was defined for the timelike surface H and it has
a regular limit to the null boundary N.

Y The non-integrability of the horizontal subspace is reflected in the commutator [ea, ep] = wapf and the
Frobenius theorem. It becomes however integrable when the vorticity vanishes, wap = 0, and in that case
there exists a Bondi frame.
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Having the horizontal covariant derivative D 4, one defines the Riemann-Carroll tensor,
@ RApop, whose components are determined from the commutator,

[De, Dp] XA = @RApop X B + wepl[ X4, (A.4)

where the last term compensates for the non-integrability of the horizontal subspace. The
corresponding Ricci-Carroll tensor,? R p := @ R¢ AppqcP, is in general not symmetric.
Lastly, the Ricci-Carroll scalar is defined as @R := @ R,pq4B.

A.2 Volume forms and integrations

First, we define a volume form on the spacetime M to be €py = k A n A €g where €g is the
pull-back of the canonical volume form on the sphere S onto the stretched horizon H,

1 1
€5 = 5\/55,4,5;(3‘4/\33 =p* (2\/§5A3da’4/\d03> . (A.5)
A volume form on the H is then given by
eg = —upey = k N eg, and we also have that €5 = €. (A.6)

For a function f on H and for a horizontal vector X = X“ey, they satisfy the following
relations on the stretched horizon H,

d(fes) = (([f] +0f)em,  and  d(ixen) = (DaX* +paX*)en. (A7)

These two equations also hold on the null boundary N.

In this work, we choose a boundary 0H of the stretched horizon H to be located at a
constant value of the coordinate u. This boundary is identified with the sphere S, meaning
that 0H = S,,. The Stokes theorem is therefore written as

| n+onen= | res, (A.sa)
H Su

/ (DAXA—FQOAXA) €EH :/ eaXAﬁAES. (A.8b)
H S

u

The above two formulae can be written covariantly in term of the rigged derivative as
/ (Da — wo)Vien = / Vseen, (A.9)
H OH

where we defined V® = f£% 4+ X4e,?, used that D,V = l+0+K)[fl+(Da+ma+ wA)XA
which will be derived in appendix B and recalled w, = rkk, + 4.

B More on covariant derivatives

Here, we elaborate more on the relations involving the spacetime covariant derivative Vg,
the rigged covariant derivative D,, and the horizontal covariant derivative D 4. First, let
us provide the general form of the spacetime covariant derivative of the tangential vector
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¢, the transverse vector k, and their combination n = ¢ + 2pk that will become handy in
the computations,

Val® = 0," + (14 + Kk ) 0" — ka(3” — 2(z° + ©)p) + (d0 — ka(£ — 2)[p]) K

— na ((klp] + 200" + (2 + ) + 7). (B-1)
Vok! = 82" — (ma + rka)k* — ka(m" + ©¥) + Fngk®. (B.2)
Van® = (0" + 200a") + (7a + k)" — kad” + Dapk®

— g (—hlplK" + (" + ot + =) (B:3)

We emphasize here again that the Carrollian current is given in general by (3.34), J, =
—(Dgy — 27,)[p]. The divergences of these vectors are

Vol =0+ k — (k[p] + 2pF), and V.k* =0 +F. (B.4)

The projections of (B.1) and (B.2) are thus given by
Dol® =TI, TPV otd = 0,° + 7o’ + kg A® + Kkol®, (B.5)
K0 =TTV ek = 0,° — ko(n + ), (B.6)

where we recalled the acceleration A* = (D% + 2p®)p. Their traces are
D" =0 + k, and D,k% = 6. (B.7)

As we have seen, there are three layers of covariant derivatives: V., D, and D,. To
connect them, we first look at the spacetime covariant derivative of the horizontal basis e 4
along another horizontal basis. One can verify that it is given by

Ve,eB = (2)1“236(; — Ol — (Oap + 2p§,43)k‘. (B.8)

Using the decomposition of the spacetime metric (2.10) and the Leibniz rule, we express
the spacetime divergence of the horizontal basis as

Vaes® = (nakb + kot + qBCeBaecb) Vies® = (QTgA +2(pa +74). (B.9)

Observe that if we set the scale factor @ = 0, we simply have that 2(¢4+74) = @ 4. Following
from these results, the covariant derivative of a generic horizontal vector field X® := X4e ¢
projected onto the horizontal subspace is

B Ve, X4 =es[XB] + XCePyV, ec® = DaXE. (B.10)
Furthermore, the spacetime divergence of the horizontal vector is
Va (X%ea®) = ea[ X + XAV,ea" = (Da +2(ma + ¢a)) X (B.11)

In addition, let us also look at the rigged covariant derivative of the horizontal basis. We

A el the following relation

can show by recalling that I1,° = ¢,® + ko’ and ¢,° = e
Dyea® = I, L.V ge o
= (@ + kpt")Vaea“(qe® + kel®)
= ¢Py(ep, Veyen)eBrec® + g(k, Veyen)eBol® + ¢2Cg(ec, Viea)kves®  (B.12)
+ g(k,Vyeq)kpt®

= <2TgAecaeBb + (—@BAeBb + (ma + wa)kp)l® + QAB(aBakb.

— 33 —



The rigged divergence of the horizontal basis is simply the trace,
Daea® = ®TE 4 + (w4 + pa)- (B.13)
With this, the rigged divergence of a horizontal vector field X = X4e4® is then
Do X% = Dy(X%ep®) = DaXA + (4 + 0a) XA (B.14)

For completeness, let us also compute the rigged covariant derivative of the co-frame e?.

Using that Da(ﬁbeAb) = "Dye?y+e4y Dot = 0 and Da(eBbeAb) = eg’Dye?y+e?yDyegt = 0
we hence write

DaeAb = —(eACDaEC)k:b — (eAbDaeBb)eBb

B.15
= — (0 + ko ANk — CTA — 0,2k, (B-15)

Following from ¢.* = e“.e4®, we can then show that the rigged covariant derivative of the
null Carrollian metric is
Danb = 6AcDaeAb + 6AbDaeAc
= (@b + (“Bac + (Ma + o)k + kab") = ((0a” + kaA®)ke + Ok, + 0k, )

= (—Oac + (Ta + @) ka)l® — (0, + ky A®) k...
(B.16)
This result can also be obtained by simply using that ¢.> = IT.> — k¢ and that D,II.> = 0.

C Derivation of the pre-symplectic potential

In this section, we present in detail how to write the gravitational pre-symplectic potential
in terms of Carrollian fluid variables. For the Einstein-Hilbert gravity, the pre-symplectic
potential evaluated on the stretched horizon H is given by

1
On =—O"ngey,  where  ©% = (9°°V*3gs — V(9" Sguc) ), (C.1)
and we recalled that ey := —i€ep. To evaluate the pre-symplectic potential, one starts
with the variation of the spacetime metric, which, by using the decomposition (2.10), can

be expressed as follows,

0Gab = 0qap + 2(5N(akb) + 2n(a5k’b) - 4pk(a(5kb) — 20 pkykp

(C.2)
= 0qab + 2k(o0np) + 2€(,0ky) — 20 pkiaks,
where we recalled that £, = n, — 2pk,. The trace of the metric variation is then
G*0gpe = 2 (6o + da + 61n/q) = 2 (Ba + da@ + &1ln \/q) . (C.3)
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The task now is to consider the first term, which is n®V%g,, in the gravitational
pre-symplectic potential. Let us evaluate each term in (C.2) separately as follows:

[ First, using that dn, = dan, and the Leibniz rule, we can show that

nv® <2k(a5nb)> = nV° (6a(kqny + naky))
= Vo ((n® + 2pk*)6@) — (g Vin® + ko Vypn®)oa
= (n+ 2pk + Von® + 2pVk® + 2k[p]) [0a] — (k[p] + k — 2pR) o
= (C+4pk + 0+ 4p(8 + %) + 2k[p] ) [5a],

(C.4)

where we used the formulae for the divergences V n® = 0+2p0+k+k[p] and V,k* = +F.

O Using the variation of the Ehresmann connection 0k, = dak, — €*884e” 4, we show the
folllowing
nV? (20(a0ky) ) = Va (0"5k,)0) — Ladly(Vn® + VPne)
= (L + V%) ba] — (kg Ven® + £, Vin®)da
+e® <eAann“ + qABéaVeBna> 084
= ((+0+r—k[p] — 2pF) [8a] — (5 + k[p] + 2pR) 8 (C.5)
— e (34 — (D" — 21 [p]) 884
= (046 — 2(k[p] + 2pF)) [Ba] — 26*34854
= (L4060 —2(k — l[a))) [Ba] — 2¢*F1844,
where we used the relation J4 = —(D4 — 274)[p].
[ Using the Leibniz rule, we have that
—2nV° (8pkaky) = —2V 4 (6pk®) + 2 (ko Vin®) dp
= —2(k + Vak") [0p] + 2 (kaVin®) dp (C.6)
=2 (k+0+27) [5]

[J Lastly, the term involving variation of the null metric can be evaluated as follows,
nVP5qa, = V¢ (nb5qab> — (V“nb)dqab
=-V, (e*a&SVAeAa) +e Y (eaaVin®+koVe,n®) svVA— (qBCeAaVeC n“) 0qaB
1
= —(Da+2ma+2024) (e*%vf‘) e BV A — (7AB+2quB> 8

— — (Datpa) (eBVA) 4207 (ma—eafa]) 6V - (‘IABJr;SqAB) Sqan,

(C.7)
where to obtain the last equality, we used the dictionary (3.41) that es[@] = 2m4 + @a.
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The second term in the pre-symplectic potential (C.1) is simply the derivative of the trace of
the metric variation along the direction of the vector n® that can be expressed as

n*V (gbcégbc> = 2n[da + da + o1n /¢
=20 [ba + 0a + ©ln \/q] + 4pk [0a + da + § In \/q] (C.8)
= 20 [ + 6@ + 81n \/g] + 4pk[da + da] + 4p (60 + 95a) ,
where we used the Leibniz rule to write k[dln./q] = ¢ (k[ln/q]) — dk[In,/g] and that
6k = —dak and 6 = k[ln,/q).

After collecting all the results, we arrive at the following expression for the pre-symplectic
potential (C.1)

20%, = 2(0— k)b —2e*JAB B +2e T ABV A — (‘IAB+;(8—20)qAB> Sqap —200p—4po6
—2 (¢[6a] — alBa-+e~8V Aeafal + k[op] — k[plda-+2rbp+2p (k[da] —Rowm)
~(Datea) (e™8V4)+(¢+6)[§a—5a—25In /q].

(C.9)

The term on the second line is actually the variation of the surface gravity x, which one can
check straightforwardly by recalling the expression k = ¢[a] + k[p] + 2pk and E = k[a], that

ok = L[oa] + ol[a] + k[op] + dk[p] + 2Rdp + 2pdR (C.10)
= ([6a) — L[a)da + e~ BV Aeala] + k[dp] — E[p|da + 2ROp + 2p0% (C.11)
0R = k[da] — Ria. (C.12)

Then, using the Leibniz rule and that dey = (da + 81ln ,/q) €, we can finally show that

1 —
Op = (—Eﬁa + 2694884 — 26 T ABVA + 3 (‘J'AB + quAB) ®qaB — 95,0) €
(C.13)
— 1
+0 ((K, + 2p9)eH) + (2(5a —da)+dln \/§> €S-

where we used that € = 6 + 2pf and P = —x — 3&. Finally, using that (§In,/g)es =
des = d(bep), we obtain

Op = (—Eﬁa + 2694884 — 26 T ABVA 4 % (‘J'AB + quAB) ®qaB — 95,0) €n
(C.14)
1
+3((k+ E)em) + 5(50[ —da)eg.
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