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Chapter 1

Introduction

1.1 Background: indicators for strong/weak gravity

Gravity is described by warped spacetime in general relativity. If gravity becomes strong,
the orbit of light is curved. As a drastic case, general relativity predicts the existence of black
hole so that even light cannot escape from it.

Trapped surface was introduced as an indicator for strong gravity region [1]. Under certain
assumptions, the existence of the trapped surface shows us that spacetime is geodesically
incomplete (singularity theorem [1, 2, 3]). However, if a singularity is hidden behind the event
horizon which is the boundary of black hole, it is well-known that the trapped surface is also
inside the black hole horizon [4]. Therefore, we cannot examine the singularity theorem from
observational point of views.

Related to the above problem, we consider observable indicators for strong gravity
region. In the Schwarzschild black hole which is the spherically symmetric solution to
the vacuum Einstein equation, an unstable circular photon orbit exists outside the black
hole. By virtue of the spherical symmetry, the set of these orbits forms a sphere, which
is called the photon sphere. Recently other observable indicators for strong gravity region
have been proposed as generalizations of the photon sphere to a wider class of spacetimes
regardless of spherical symmetry, for examples, photon surface [5], loosely trapped surface
(LTS) [6] and dynamically transversely trapping surface (DTTS) [7]. The LTS is defined by
characterizing the strong curvature of space using the geometric quantity of mean curvature.
In contrast, the DTTS is defined through
the behavior of mull geodesic congruences e 178/DTTS
emitted along a timelike tube hypersurface,
employing distinct geometric quantities for its
characterization. Furthermore, the attractive
gravity probe surface (AGPS) was introduced
as an extension of the LTS to describe not
only regions of strong gravity but also weak
gravity regions [8]. This is achieved by looking
at the behavior of the mean curvature in both
regions.

Here note that, the Penrose inequality Figure 1.1: An image of the outermost trapped
was proposed as the areal inequality for the surface, LTS, DTTS, and AGPS. The AGPS
trapped surface and that inequality is written encompasses the outermost trapped surface and
by LTS, and it exists even in weak gravity regions,

A < 47(2m)?, (1.1) such as near spatial infinity.

AGPS

N strong gravity

outermost trapped surface



where A is the area of the outermost trapped surface, m is the mass of black hole [9]. It has
been proven under certain assumptions on the time slices [10, 11, 12]. Furthermore, the Penrose
inequality can be refined by taking account of contribution from angular momentum J as

A < 8mm (m +/m? — J2/m2) : (1.2)

Indeed, Anglada examined the above inequality for axisymmetric cases, and proved the refined
Penrose-like inequality with the angular momentum and size for the minimal surface [13].

It is also natural to discuss the areal inequalities for LTS, DTTS, and AGPS [6, 7, 8], in a
manner akin to the Penrose inequality. The authors of Refs. [6] and [7] proved that the area of
the LTS and DTTS satisfies

ALTS/DTTS S 477(3m)2 (13)

For the AGPS, the areal inequality

(1.4)

(3 +4a)m]’
1+ 2«

Apgps < 4m [

also holds, where o > —1/2 is an intensity parameter of gravity appeared in the definition of
the AGPS later [8]. Eq. (1.4) reduces to Eq. (1.1) and Eq. (1.3) for the limits @ — oo and
a = 0, respectively. The weak gravity region corresponds to the case where 0 > o > —1/2.

1.2 Summary of main consequences

In this thesis, we will present the following points based on my original works [14, 15].

(i) A new extension of the DTTS to characterize weak gravity regions, which we refer to as
transverse AGPS.

(ii) Refined areal inequalities that take into account not only the angular momentum but also
gravitational waves and matters.

1.2.1 Definitions of four types of AGPSs

The original version of AGPS is defined such that the first derivative of the mean curvature is
controlled by the square of the mean curvature, multiplied by a certain factor (See Eq. (1.5)).
However, we realized that a similar approach can be applied using the Ricci scalar of the
surface (See Eq. (1.6)). Consequently, four types of AGPSs, extended from LTS and DTTS,
can be introduced (See Table 1.1): the original AGPS (longitudinal AGPS associated with mean
curvature, LAGPS-k), longitudinal AGPS associated with Ricci scalar (LAGPS-r), transverse
AGPS associated with mean curvature (TAGPS-k), and transverse AGPS associated with Ricci
scalar (TAGPS-r). The details are as follows (See also Definitions 3.8, 3.13, 3.17 and 3.20).

Longitudinal AGPS Transverse AGPS

(Extension of LTS) (Extension of DTTS)
AGPS associated with mean curvature | original AGPS (LAGPS-k) TAGPS-k
AGPS associated with Ricci scalar LAGPS-r TAGPS-r

Table 1.1: Four types of AGPSs



(a) Definition of longitudinal AGPS associated with mean curvature (LAGPS-k)
(Izumi et al. [8], Lee et al. [14, 15]). An LAGPS-k, o, is defined by a compact two-surface
satisfying £ > 0 on a spacelike hypersurface ¥ and

G gk > ak?, (1.5)

where o > —1/2 is a constant, k is the mean curvature of o and £, is Lie derivative on ¥
with respect to the outward normal vector to o.

(b) Definition of longitudinal AGPS associated with Ricci scalar (LAGPS-r) (Lee et
al. [15]). An LAGPS-r, o, is defined by a compact two-surface satisfying & > 0 on a spacelike
hypersurface ¥ and

G g k> PRI =), (1.6)
where ~;, is a constant, k is the mean curvature of ¢ and ® R is the Ricci scalar of o.
(c) Definition of transverse AGPS associated with mean curvature (TAGPS-k) (Lee

et al [15]). A TAGPS-k, o, is defined by a compact two-surface which is the intersection of the
spacelike hypersurface ¥ and timelike hypersurface S and satisfies the three conditions:

k=0, (1.7)
max (K, k°k") < —Bk,
@ g,k <0, (1.9)

where 3 > —1/2 is a constant, k is the mean curvature of o, K, is the extrinsic curvature of
S, ®) £, is the Lie derivative on S with respect to the unit normal vector to ¥, & is the trace of
the extrinsic curvature sgp := (1/2)®) £, hy, with the induced metric of o, ke, k? is an arbitrary
null tangent vector to S with certain restriction about normalization (See Definition 3.17 for
the detail) and the time lapse function is taken to be constant on o.

(d) Definition of transverse AGPS associated with Ricci scalar (TAGPS-r) (Lee et
al. [15]). In the same setup as those in the definition of TAGPS-k, a TAGPS-1, 0, is defined
by a compact two-surface which satisfies the three conditions:

k=0, (1.10)
max( K ,k"k’) = 0, (1.11)
@ L.k < @RI —yp), (1.12)

where 47 is a constant and P R is the Ricci scalar of o.

1.2.2 Refined areal inequality theorems

For these surfaces, we could show the areal inequalities taking account of the angular
momentum, gravitational waves and matters. See also Theorems 3.9, 3.14, 3.18 and 3.21 for
the details.

(a) Refined areal inequality theorem for LAGPS-k (Lee et al. [14, 15]). We assume that
a four-dimensional spacetime satisfies the Einstein equation and ¥ is an asymptotically flat
spacelike mazimal hypersurface equipped with the inverse mean curvature flow' {o,},er. We

!The definition of the inverse mean curvature flow will be given in Subsec. 2.3.2.
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suppose that each leaf o, is homeomorphic to a two-surface and the energy density of matters
18 non-negative. Then, we have an inequality for the LAGPS-k oy,

3 1+ 20 1 /o, _2
- ex o 1 4 Mn Z J, J, )
MADM <m vy t) 3+ 4da +R§,O( min 3700
142« 3+ 2a J2,
> R 2 min 1.13
= 31 4a Ao T 3+ 4o Rio’ ( )
where mapwm is the ADM mass, Ra(y) is the areal radius defined by Ra(y) = /Aly)/4mw,

Rao = Ra(0), Mexy and miy, are regarded as the energy in the exterior and interior region of the
LAGPS-k, respectively (See Egs. (3.14) and (3.41)), J is the area-averaged angular momentum
of oo (See Definition 3.4) and Juy, is the minimum of the area-averaged angular momentum
along oy.

(b) Refined areal inequality theorem for LAGPS-r (Lee et al. [15]). In the same setup
and under the same assumptions as those in the refined areal inequality theorem for LAGPS-k,
we have an inequality for LAGPS-r oy,

YL ‘]g + ‘]131111
mMaAdM — (Mint + Mext) > = Rao
7L Jr%lin
> —Ra+ 2=5". 1.14
=3 A0 Rio ( )

(c) Refined areal inequality theorem for TAGPS-k (Lee et al. [15]). In the same setup
and under the same assumption as those in the refined areal inequality theorem for LAGPS-E,
we have an inequality for TAGPS-k oq, which possesses non-negative mean curvature,

. 1423 1
(int) _ > TR0+ —— Ji+ J2
mADM+3+4ﬁpr Mext = 3+45 AO_’_RiD (3“—46 0+ min
142 342
> + B + B IIllIl (115>

_|_
= 3448 T3 F 48R,

where p™ is regarded as the radial pressure in the interior region of oy (See Eq. (3.91)).
(d) Refined areal inequality theorem for TAGPS-r (Lee et al. [15]). In the same setup
and under the same assumption as those in the refined areal inequality theorem for LAGPS-k,
we have an inequality for TAGPS-r og, which possesses non-negative mean curvature,
in J + JI%IIH
mapm + P — Miexe > 7—TRAO + 20
J?
> —7?, + 2 mm. 1.16
> R0 + 275 (1.16)
As a specific example, we also consider areal inequalities for AGPSs in axisymmetric vacuum
cases, incorporating the Komar angular momentum. See also Theorems 3.11, 3.15, 3.19 and
3.22 for the details.

1.2.3 Organization and notation

The rest of this thesis is organized as follows. In Chap. 2, we introduce general relativity.
We also review the Penrose inequality with the proof by Jang and Wald [10]. In addition, we

>



shall give the review for the LTS, DTTS and AGPS. In Chap. 3, we provide the definition of
new AGPSs and areal inequalities of four-types of AGPSs. In the first section, we prepare the
setup and some key formulas for the proofs of the areal inequalities of AGPSs. Then, the next
two sections present the areal inequalities of AGPSs with proofs. Note that Chap. 3 is based
on my original work [14, 15]. The last chapter summarizes the entire thesis.

Throughout the thesis, we use the unit that the speed of light ¢ and the gravitational
constant G are ¢ = G = 1. We use the abstract index notation by Wald as follows [3].
The vector is denoted by v* with a latin index where it represents the vector itself, not its
component. In the same way, the dual vector is also denoted by w,. Therefore, the (k,1)-type
tensor is expressed in 7%, ;. We use the Einstein notation that we take the sum over the
repeated index. We also use the notation d, instead of 9/0z*.
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Chapter 2

General relativity and some basics

In this chapter, we provide a brief review of general relativity, covering topics such as
the trapped surface, the Penrose inequality, and recent developments associated with these
concepts, particularly those motivated by observations of black holes.

In Sec. 2.1, we present the fundamentals of Lorentzian geometry. Then, in Sec. 2.2, we
introduce the Schwarzschild black hole solutions to the Einstein equation. We also see the
event horizon and photon sphere which is composed of the circular orbit of photons. Next, in
Sec. 2.3, we review the Penrose inequality [9] and its proof following Ref. [10]. In Sec. 2.4, we
give the definition of the Komar angular momentum for axisymmetric spacetime [16] because
we will focus on vacuum and axisymmetric cases in a part of the next chapter. We also present
the result by Anglada, which provides a refined version of the Penrose-like inequality involving
the Komar angular momentum [13]. In Sec. 2.5, we introduce the generalization of photon
sphere, that is, the photon surface [5], LTS [6] and DTTS [7]. We provide the areal inequalities
for LTS and DTTS without the proofs because they are included in the proofs for our new areal
inequalities given in the next chapter. In Sec. 2.6, we also consider the AGPS [8] which is the
generalization of the LTS so that it covers weak gravity region too.

2.1 General relativity

General relativity is a theory for four-dimensional spacetimes described by the Riemann
geometry (M, gq) with the Lorentzian metric g, which has the sign of (—,+,+,+). The
covariant derivative V, is determined by the Levi-Civita connection, such that V.g, = 0
and we also require the torsionless, which satisfies V, V) = V, V¢ for scalar ¢ in M. The
Riemann curvature tensor Rg.? is defined as

Rabcdvd = (vavb - vaa)vca (21)

where v® is the vector in M. It is supposed that, the metric g, satisfies the Einstein equation
1
Gab = Rab — aRgab = 87TTab, (22)

where R, = R.»° is the Ricci tensor, R := R,® is the scalar curvature, and T, is the
energy-momentum tensor, which is zero if we consider the vacuum case.

In Lorentzian geometry, the vector v* is classified by the three types, that is, timelike, null
and spacelike depending on the following conditions for the norm,

gabvavb < 07
gabvavb =0,

gabv“vb > 0,



respectively. The hypersurface can also be characterized by its normal vector, where a timelike,
null, or spacelike hypersurface corresponds to a spacelike, null, or timelike normal vector,
respectively.

For every point p in the manifold M, we consider the null cone, which is the null hypersurface
that passes through p at the origin of the tangent space. We assume that at each point p, the
null cone is divided into two halves, known as the future half and the past half. These halves
can be distinguished along every continuous curve in M. Accordingly, a future-directed vector
is defined as one that lies within the future half of the null cone.

2.2 Black hole

In 1916, Schwarzschild discovered a significant exact solution to the Einstein equation [17].
Initially, it is thought that this solution was singular. However, its true structure was clarified
by Kruskal in 1960 and then we know that the Schwarzschild spacetime describes the black
hole [18]. Moreover, in the Schwarzschild spacetime, due to the strong gravity, there is the
unstable circular orbit of photons outside the black hole. In Subsec 2.2.1, we look at the detail
of the Schwarzschild spacetime. In another development, the Kerr solution, which describes
a rotating vacuum black hole, was discovered in 1963 [19]. This solution will be presented in
Subsec. 2.2.2.

2.2.1 Schwarzschild black hole

The Schwarzschild spacetime is the static and spherically symmetric solution to the vacuum
Einstein equation, namely G, = 0. It is known that the Schwarzschild solution is the only
spherically symmetric solution to the vacuum Einstein equations [20]. Remarkably, it has also
been proven that the static vacuum black hole is unique to be the Schwarzschild solution [21].

The metric of the Schwarzschild solution is given by

ds? = —f(r)dt* + f~(r)dr? +1*(df® + sin® §d¢?), (2:6)
where m
flr)=1-—= (27)

and m is a constant which is the black hole mass.

The (¢, t) and (r, r)-components of Eq. (2.6) become singular at = 0 and 7 = gy, := 2m.
The Kretschmann scalar RgpgR%®? = 12r3, /r® diverges at r = 0, so that we call » = 0
(curvature) singularity. On the other hand, the Kretschmann scalar is finite at r = rga,.

To analyze the r = rgq, surface, we consider the null geodesic along the radial direction in
the Schwarzschild spacetime. So, we have

dt 1
— =4+ — 2.8
& =0 29
and then .
t:i/—dr:ir*, 2.9
7 29
where r* = r + rgep log (r/rsen — 1). Using the new coordinate v and u defined by
v="t+r", (2.10)
u=t-—r", (2.11)



the metric is rewritten as

d§:_<yf&ﬂdmu+ﬁuw+wfw&x (2.12)

r

where 7 is related to v and v as (v — u)/2 = 7 + ree log (7/7sen — 1). Finally, introducing the
Kruskal coordinate (7', R) defined by

VU VU

T R = 2.13
—, —, (213)
where V = /%75 and U = —e~"/2sen | we rewrite the metric (2.12) as
4rd je7/Tsen
ds® = 2P (—dT? + dR*) + r*(d6? + sin” §d¢?). (2.14)
r
From the definition of T" and R, it is easy to see that
—T? + R? = (r/rgs, — 1)e"/"seh, (2.15)
(T+ R)/(R—T) = el/rsen (2.16)

hold. Note that the metric (2.14) is nonsingular at r = rsq, as expected from the behavior of
the Kretschmann invariant.

Now we draw the diagram by using the coordinates (7, R) (See Fig. 2.1). r = 0 and
r = rga correspond to —T? + R* = —1 and R = 4T, respectively. The radial null geodesics
are represented by the lines where 7'+ R and T' — R are constants. The region where 7" > 0
and —1 < —T? + R? < 0 is defined as the black hole region because every future-directed null
geodesic originating from any point within this region goes to —T2 + R? = —1. We refer to the
boundary of this region, where r equals rsq,, as the event horizon.

N
P

—T? + R*=—1 i~ r = constant

— R

t = constant

A
3
3
s
3
3
s
5 T
N
3
3
3
3

Figure 2.1: The Kruskal diagram in (7, R).

Since the main topic of this thesis is the areal inequalities in gravitational fields, we look at
the area of event horizon of the Schwarzschild black hole

Agen, = 47(2m)%. (2.17)

As shown in Sec. 2.3, one will be able to see that this gives us the upper bound of the areal
inequality for the outermost trapped surface.



Next we consider another strong gravity indicator outside black holes. We consider null
geodesics with angular momentum in the Schwarzschild spacetime. For the null geodesic
with the tangent vector k* on the § = 7/2-plane, we have the following conserved quantities
associated with the two Killing vectors £ = (0;), ¢* = (04)" as

kK, = —f(r)t = —E, (2.18)
kepy = r’¢ =: L, (2.19)

where the dot denotes the derivative with respect to the affine parameter. Using these conserved
quantities, we rewrite the null condition k%k, = 0 as

fr)L?

i 4 =
.

= B2 (2.20)

Then, we can identify the effective potential for the radial motion as

f(r)L?  L? 2m
Vi = 2 (1) 2.21
ff r2 r2 r (2.:21)
Since - .
0, Vaig = —— (1 - —m) , (2.22)
r r

it is easy to see that there are unstable circular orbits at » = 3m. By virtue of the spherical
symmetry, the set of the unstable circular orbits has the shape of the sphere. We call this set
the photon sphere.

From the above, we see that in the Schwarzschild spacetime, the black hole horizon and the
photon sphere are located at » = 2m and r = 3m, respectively. Then, the region 2m < r < 3m
can be regarded as the strong gravity region. In Subsec. 2.5.3 and Sec. 2.6, inspired by the
above region in the Schwarzschild black hole, we will characterize strong gravity region for
general cases.

2.2.2 Kerr black hole

Since objects are rotating in general, it is natural to consider a rotating black hole.
Surprisingly, one knows that, under certain conditions, the stationary vacuum black hole is
unique to be the Kerr spacetime given the mass and angular momentum [22].

The metric of Kerr spacetime is [19, 23]

A J 2 2 in26 2 2
ds* = —= (dt — L gin? 0d¢2) + %dﬁ +phde> + 2 [idt _ (ﬁ n J—Q) d¢] . (2.23)
p m p m m
where J is the angular momentum and
A =71 —2mr + J?/m?, (2.24)
p® = 1>+ (J?/m?) cos? 0. (2.25)

It is known that the event horizon is located at r = rgey := m + y/m? — J2/m?2, which is one
of the roots of A =0 for m? > |J|.
Note that the area of event horizon of the Kerr black hole is

Akerr = 8TM (m +/m? — J2/m2> , (2.26)

and this is the upper bound of the inequality (1.2).
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2.3 Penrose inequality

It is known that, under certain assumptions, the trapped surface is behind the event horizon
and the area of event horizon is monotonically increasing [4]. From the above theorems, Penrose
inequality is proposed that if the black hole settles down to the stationary state, then the area
of the outermost trapped surface will be smaller than that of the event horizon at the final
state of the black hole [9]. Since the Schwarzschild black hole has the largest area among all
stationary black holes with the same mass and angular momentum, one can guess that Eq. (1.1)
holds if black hole is actually formed.

In this section, we give the proof for the Penrose inequality by Jang and Wald [10]. We will
employ it for proving the Penrose-like inequality of AGPSs in the next chapter. In Subsec. 2.3.1,
after giving the definition of the trapped surface, we present a feature on totally geodesic
spacelike hypersurface. In Subsec. 2.3.2, we introduce the Geroch energy and the inverse mean
curvature flow to show the Penrose inequality. Then, we present the proof of the Penrose
inequality by Jang and Wald in Subsec. 2.3.3.

2.3.1 Trapped surface

A trapped surface is introduced to describe the strong gravity region [1]. Let X be a
three-dimensional spacelike hypersurface with the induced metric g, in the four-dimensional
spacetime M. On X, we consider the two-surface o with the induced metric hy,. In the above
setup, the trapped surface is defined as follows.

Definition 2.1 (trapped surface [2, 3]). Let o be a smooth compact two-surface in spacelike
hypersurface . ¢ is a trapped surface, if and only if the expansion 6 := h®V,k, at all points
in o is negative where k® is both the ingoing! and outgoing future-directed null geodesics
orthogonal to o.

One can consider the null hypersurface generated by the null geodesic congruence emanating
from o. Then, the expansion 6 is rewritten as 6 = (1/2)h®£,hy, = £ log v/det by, where £
is the Lie derivative in (M, gap). Therefore, 6 describes the variation of the area of the null
congruence per unit area along the null geodesic.

One of the interesting geometrical object is the outer boundary of region where trapped
surfaces exist. We call this the outermost trapped surface and one can show that 8 = 0 holds on
outermost trapped surface (See Theorem 12.2.5 in [3] and Proposition 9.2.9 in [2]). Interestingly,
on a totally geodesic spacelike hypersurface?, one can show that the mean curvature of the
outermost trapped surface vanishes.

Proposition 2.2. For the totally geodesic spacelike hypersurface, the outermost trapped surface
o has the zero mean curvature.

Proof. Let n® and r® be the timelike and spacelike unit normal vector to o, respectively, and they
are mutually orthogonal. One may take the outgoing future-directed null geodesics orthogonal
to o, k* = (n® 4 r%)/v/2, the expansion is calculated as®
1 1
V2 V2
I'Note that the ingoing future-directed null geodesics are not relevant for characterizing strong gravity.
Therefore, they will not be used from now on.
2If every geodesic of ¥ is also a geodesic on M, we call ¥ totally geodesic spacelike hypersurface, where it is

known that ¥ satisfies if and only if the extrinsic curvature of ¥ is zero.
3The extrinsic curvature of ¥ and the extrinsic curvature of o are defined as

Kab = qacqbdvcnd (227)

0 = h**Voky = —=hV (1, +np) = —=(k + hKy), (2.29)

11



where k is the mean curvature, that is, £ := k,* Since ¢ = 0 holds at the outermost
trapped surface, one can see from Eq. (2.29) that £ = 0 holds on the totally geodesic spacelike
hypersurface. ]

2.3.2 Geroch energy and inverse mean curvature flow

In this subsection, we introduce the Geroch energy and the inverse mean curvature flow.
The Geroch energy is defined as follows.

Definition 2.3 (Geroch energy [24]). Geroch energy is the functional of o defined as

A1/2 @ )
E:::64ﬁw2j/(2 R— k) dA, (2.30)

where @ R is the Ricci scalar of o and A is the area of o.

If 0 is a two-sphere at spatial infinity, we can see that the Geroch energy becomes the
Arnowitt-Deser-Misner (ADM) mass defined in an asymptotically flat spacelike hypersurface
as follows.

Definition 2.4 (Arnowitt-Deser-Misner (ADM) mass [25, 3]). Let X be an asymptotically
flat spacelike hypersurface that there exists a coordinate system {z'} such that at large r, i.e.
r — 00, the induced metric of ¥ in this system behaves

¢i; = 0ij + O(1/r), (2.31)
where r := [>2.(2)%]"/%. Then, the ADM mass is defined by

1 . L
MADM (= —— lim / (0'qi; — 0;q;" )17 dA, (2.32)
s,

167 r—oo

where S, is a two-sphere with radius r and 7? is outward unit normal vector.

At a large sphere, the mean curvature of two-surface is given by

2 MADM 1
k_;<L— . )+0<ﬁ), (2.33)

where mapy is the ADM mass. By using Eq. (2.33) and the Gauss-Bonnet theorem, we can
compute the Geroch energy as

2
lim E(r) = lim T [167? — 4mr? (2 (1 - mADM)) ] = MADM, (2.34)
r—00 r—oo 327 r r
where we used A(r) = 4rwr?[1 + O(1/r)]. Then, we could confirm that the Geroch energy
coincides with the ADM mass at spatial infinity.
Interestingly, one can show the monotonicity of the Geroch energy under certain assumptions
which plays the important role in the proof of the Penrose inequality. =~ We consider

and
Eap == hahp?V o1, (2.28)

respectively, where n® is the timelike unit normal vector to ¥ and r® is the spacelike unit normal vector to o.
For the totally geodesic hypersurface, Ky, = 0 holds.

12



three-dimensional spacelike hypersurface ¥ with the metric ¢,, where ¥ is supposed to be
foliated by the spacelike two-surface {o,},er with the induced metric hq,. The metric gq is
decomposed as

Gab = hap + TaTb, (2.35)

where 7¢ is the spacelike unit normal vector of o, and there is a radial lapse function ¢ so that
one can write r, as 7, = ¢(dy),. For {o,},er, we take the inverse mean curvature flow (IMCF)
specified by the condition k¢ = 1. In addition, we suppose that each o, is homeomorphic to a
two-sphere (See Fig. 2.2).

Figure 2.2: Spacelike hypersurface ¥ is foliated with smooth inverse mean curvature flow
(IMCF) {0, },er satisfying k¢ = 1. The dotted two-surfaces stand for the each leaf o,,.

It is easy to see that the IMCF exists in the spherically symmetric case. The induced metric
of a spherically symmetric ¥ can be written as

gijdz'dx? = g(r)dr® 4+ r*(df* + sin® 0d¢?) = ©*dy® + r*(y)(d6* + sin® 0dp?), (2.36)

where g(r) is a function of r. The lapse function ¢ and the mean curvature of o, are given by

o= 91/23—; (2.37)
and 5 1
= el (2.38)
respectively. On the IMCF, the condition ky = 1 implies
r(y) = r(0)e?/?. (2.39)

In general, on the IMCF, it is easy to see the following property for the area of o,,.

Proposition 2.5 ([10]). We assume that it is possible to take a smooth IMCF {o,},er on the
spacelike hypersurface 3. Then, for the area A(y) of oy,

7AW =AW (2.40)

holds.
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Proof. From the direct calculation,

d d

—Aly)=— | dA= kodA = dA = A 241

A =g [ aa= [ wear [ assaw) (241)
where we used ke = 1 in the third equality. O]

By using the above proposition, we have the following proposition for the Geroch energy.

Proposition 2.6 ([24]). We assume that it is possible to take a smooth IMCF {o,},er on the
spacelike hypersurface X, where the each leaf o, is homeomorphic to a two-sphere. Then, we
obtain

dE  AY?

- = -2 2 (3) 7. 1.ab
& = 51 / [290 (Dp)? + OR + kopk ]dA, (2.42)

Ty
where ® R is the Ricci scalar of X, D, is_covariant derivative on o, and l;;ab 18 the traceless part
of the extrinsic curvature ko of 0y, i.€. kap = kap — (k/2)hap with the induced metric of o, hap.

Proof. First we note that the Geroch energy becomes

ARy AV(y)

2
E() = 55"~ oo /Uk; dA, (2.43)

where we used the Gauss-Bonnet theorem for o, that is, fay )RdA = 8. By using Eq. (A.8)
in Appendix A and the double trace for the Gauss equations on o, in £,

DR =0CR 2Ry’ + k* — kypk®, (2.44)

the derivative for the second term in the right-hand side of Eq. (2.43) with respect to y is
computed as

I 1
di k2dA = — / (2(,0‘1272@ +®R+ kzabk“b> dA+ 87— o / k2dA. (2.45)
Y Jo, oy oy
Then, Egs. (2.43) and (2.45) with Proposition 2.5 imply Eq. (2.42). O

If ®R > 0 holds, one can easily see the monotonicity of the Geroch energy.

Corollary 2.7. In the same setup as those in Proposition 2.6, we assume that @R > 0 holds
on X. Then, the Geroch energy of o, is monotonically nondecreasing.

2.3.3 Proof of Penrose inequality by Jang and Wald

If ®R > 0 on the spacelike hypersurface ¥, we have the following theorem from
Corollary 2.7.

Theorem 2.8 ([10]). Let ¥ be an asymptotically flat totally geodesic spacelike hypersurface with
non-negative scalar curvature R > 0, equipped with the inverse mean curvature flow {oy}yer
where og is an outermost trapped surface. We suppose that each leaf o, is homeomorphic to a
two-surface. Then, we have an inequality for the outermost trapped surface oy,

R 0

MADM Z T, (246)

where mapy is the ADM mass and Rag = / Ao/4m with the area of oq, Ay.
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Proof. From Corollary 2.7, we see

— >0. 2.47
> (247
The integral of the above inequality over y in the range 0 < y < oo gives us
With Proposition 2.2, Eq. (2.43) shows us E(0) = R4/2 and then we see Eq. (2.46). O

2.4 Komar angular momentum

For axisymmetric spacetimes, we can naturally consider the angular momentum for the
two-surface associated with the axial Killing vector [16]. Here, we follow the setup of
Subsec. 2.3.1.

Definition 2.9 (Komar angular momentum [16]). Using the axial Killing vector ¢*, one can
define the Komar angular momentum J,

1
J = / K¢ rPdA. (2.49)
81 J,

Note that if ¥ is foliated by {0, },er, J(y) does not depend on y when the vacuum Einstein
equation holds (See Ref. [13]), and hence, we simply denote J rather than J(y) in the case
of vacuum axisymmetric spacetimes. In the next chapter, we also use the Komar angular
momentum to refine the areal inequalities for the AGPSs in that case.

With the Komar angular momentum, Anglada proved the refined Penrose-like inequality for
the minimal surface in vacuum axisymmetric spacetimes as the following theorem. The proof
of the theorem is omitted in this section, as it will be included in the proof presented in the
next chapter.

Theorem 2.10 ([13]). Let M be an azisymmetric spacetime satisfying the vacuum Einstein
equation (2.2), and X be an asymptotically flat azisymmetric spacelike maximal hypersurface
equipped with the inverse mean curvature flow {o,},er where oq is an compact and connected
minimal surface. We suppose that X has no other trapped surface and each leaf o, 1is
homeomorphic to a two-surface. Then, we have an inequality for the oy,

R a0 J?

> 2.50
MADM 2 — + R2Rom’ (2.50)
where mapy is the ADM mass, J is the angular momentum, R ag := \/Ao/4m and Ry = R(0)
18 defined by
=41R —dy’ 2.51
™ A/ f ¢a¢ad14 Y. ( )
Multiplying Eq. (2.50) by Ra0/2 with mapm > Ra0/2 implies [13]
Rao\2 J?
2on > (—) —, :
We can see that the equality of Eq. (2.52) is similar to the following formula,
R\ 2 A J?
2 _ (> R A7 2.
" (2) TR T e T (2.53)

where R := \/A/4rw. In fact, the area of the event horizon for the Kerr black hole given by
Eq. (2.26) satisfies Eq. (2.53), i.e. A = Aker-
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2.5 Generalization of photon sphere

In the Schwarzschild black hole spacetime, an unstable circular photon orbit (photon sphere)
exists. In this section, we introduce the photon surface, DTTS and LTS as the generalizations
of photon sphere. The Penrose-like inequalities for LTS and DTTS are presented in this section
without proofs, as these will be included in the discussions of the refined Penrose-like inequality
in the next chapter.

2.5.1 Photon surface

The photon sphere is an observable indicator of strong gravity, although it is defined only in
spherically symmetric spacetimes. The photon surface was proposed as a natural generalization
of the photon sphere to general cases:

Definition 2.11 (photon surface [5]). S is a photon surface if and only if it is a timelike
hypersurface such that every null geodesic in M originating from any point p € S stays within

S.
One can see that the photon surface has the following property.

Proposition 2.12 ([5]). Let (S, pa) be the photon surface with the induced metric py,. Then,
on all points on S for any null tangent vector of the geodesic k*, we have

Kk =0, (2.54)

where Kqp 1= pa“mp?Verq is the extrinsic curvature with a unit normal vector to S, r°.

Proof. From the definition of the photon surface, on every point of S, there is a null geodesic in
M such that k¢ is the tangent vector so that, k% satisfies k*V,k® = 0. Since k“ is also tangent
to S, r.k* = 0 holds. Then, we see

Kapkk® = Kk p,“py 'V orq = K*Varyk? = k*V o (rpk”) = 0, (2.55)
where we used k%p,” = k® in the second equality and 7,k* = 0 in the last equality. O

On the photon surface S, it is also shown that K, is traceless [5]. This is relatively strong
requirement for the geometry of S so that the photon surfaces do not exist in general. Moreover,
photon surfaces exist even in the Minkowski spacetime, indicating that they do not necessarily
represent regions of strong gravity. Then, it is nice to introduce another indicator for the strong
gravity.

2.5.2 Dynamically transversely trapping surface

To consider an extension of the photon surface, we give the setup and notations. Let us
consider a three-dimensional spacelike hypersurface (X, qq) and a three-dimensional timelike
hypersurface (S, ps) in a four-dimensional spacetime (M, gq). For our current purpose, we
suppose that there is the intersection of a surface (og, he) between S and ¥, and ¥ to be
orthogonal to S (See Fig. 2.3). With the future-directed timelike unit normal vector n® to ¥
and the outward spacelike unit normal vector r* to .S, the metric g,; is decomposed as

Gab = Qab — NaMb = Dab T TaTb = hab — NgNp + TgTp- (256)
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Let ¢ be the lapse function with respect to 7%, i.e. 7, = ¢(dy), where the coordinate y is chosen
so that a y = constant hypersurface corresponds to S. N is the lapse function with respect to
n® ie. n, = —N(dt), where the coordinate ¢ is chosen so that a ¢ = constant hypersurface
corresponds to X. The extrinsic curvature of > and S are written by

1
Kab = §£nQab (257)

and .
I_(ab = §£Tpab7 (258)

respectively, where £ is the Lie derivative in (M, gu). For (g, hap), one can define the two
extrinsic curvatures as

1
k(zb - 5(3)£rhab (259)

and ]
Rab = §(S)£nhaba (260)

where ® £ and ®) £ are the Lie derivatives in ¥ and S, respectively.

Figure 2.3: A picture of three-dimensional spacelike hypersurface ¥, three-dimensional timelike
hypersurface S and the intersection oy.

In the above setup, we define the dynamically transversely trapping surface (DTTS) as
follows.

Definition 2.13 (dynamically transversely trapping surface [7]). A DTTS oy is defined by a
compact two-surface satisfying the following three conditions:

k=0, (2.61)
max( K,k k’) = 0, (2.62)
B L.k <0, (2.63)

where k = h®ky,, k% is an arbitrary null tangent vector to S and the lapse function N is taken
to be constant on oy.

The conditions of Egs. (2.61), (2.62) and (2.63) are called the momentarily non-expanding
condition, the marginally transversely trapping condition, and the accelerated contraction
condition, respectively.
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We analyze the Schwarzschild spacetime to see the conditions of Egs. (2.61), (2.62) and
(2.63). For simplicity, we adopt ¥ and S as the t = constant and r = constant hypersurfaces,
respectively. In this case, k = 0 holds everywhere, and then the conditions of Eqgs. (2.61) and
(2.63) are trivially satisfied, while the condition of Eq. (2.62) becomes non-trivial. Adopting
k* = n® 4+ s, where s* is a spatial unit vector tangent to S and orthogonal to n®, one can
compute K, k?k? as

_ _ 1 1

Kok K = Ky + k= T (1 - 37m> : (2.64)
where we used K,y := Kn®n® = —(1/2) 720, f and k = 2f1/2/r. Therefore, the condition
of Eq. (2.62) implies r = 3m, that is, the location of the photon sphere of the Schwarzschild
spacetime.

In the last of this subsection, we show the Penrose-like inequality for the DTTS. We skip
the proof because it will be included into that for Theorem 3.18 in Subsec. 3.3.1.

Theorem 2.14 ([7]). Let ¥ be an asymptotically flat spacelike totally geodesic hypersurface
equipped with the inverse mean curvature flow {0y, },er where og is a convex DTTS. We suppose
that each leaf o, is homeomorphic to a two-surface. Then, if GR >0, Gurr® <0 on oy and
k > 0 at least at one point on oy, we have an inequality for the DTTS oy,

R
MADM = %, (2.65)

where mapy is the ADM mass and Rao = / Ao/4m with the area of og, Ay.

2.5.3 Loosely trapped surface

In previous two subsections, the photon surface and DTTS were defined based on the
behavior of the null geodesic. On the other hand, the loosely trapped surface (LTS) is defined
by the mean curvature as follows.

Definition 2.15 (loosely trapped surface [6]). Let k be the mean curvature of oy on the
three-dimensional spacelike hypersurface . An LTS oy is defined by a compact two-surface
satisfying £ > 0 and

@£k >0. (2.66)

Let us consider the Schwarzschild spacetime with the metric (2.6). For r = constant surfaces
in t = constant hypersurfaces, the left-hand side of Eq. (2.66) is computed as

2
@ k=2 (1 . 3—m) . (2.67)

The condition of Eq. (2.66) holds for » < 3m and the equality gives us r = 3m, that is, the
location of the photon sphere of the Schwarzschild spacetime.

In the similar way to the proof of Theorem 2.8 on the Penrose inequality, we can have the
Penrose-like inequality for the LTS. We skip the proof because it will be included into that for
Theorem 3.9 in Subsec. 3.2.1.

Theorem 2.16 ([6]). Let X be an asymptotically flat spacelike hypersurface with non-negative
scalar curvature @R > 0, equipped with the inverse mean curvature flow {oy}yer where oy is
an LTS. We suppose that each leaf o, is homeomorphic to a two-surface. Then, we have an

iequality for the LTS oy,
R
MADM = —;0, (2.68)

where mapy is the ADM mass and Rag = / Ao/4m with the area of oq, Ay.
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2.6 Attractive gravity probe surface

Attractive gravity probe surface (AGPS) was proposed as an extension of the LTS to weak
gravity region as well as strong one [8]. The definition is as follows.

Definition 2.17 (attractive gravity probe surface [8]). An attractive gravity probe surface
(AGPS) is defined by a compact two-surface satisfying k > 0 on spacelike hypersurface 3 and

@£k > ak?, (2.69)
where « is a constant greater than —1/2.

Note that one can specify the strength of gravity by the intensity parameter . We imposed
a > —1/2 because the situation satisfying @ < —1/2 would correspond to the case that the
gravity is repulsive. An AGPS with « being close to minus one half exists near asymptotic
infinity and thus it is likely that our inequality for an AGPS holds even for weak gravity.

As a simple example, let us consider the Schwarzschild spacetime. When we assume that
m in the metric (2.6) is non-negative and o > —1/2, the condition of Eq. (2.69) implies

< 3+ 4a

. 2.70
1124 (2.70)

For a« — —1/2, the right-hand side diverges and the condition can be satisfied by a surface
with an arbitrarily large r. We see that » < 3m for a = 0 and r < 2m for the a — oo limit.
To discuss the meaning of Definition 2.17 further, it is nice to see more general static
spherically symmetric spacetimes with the metric
dr?
ds* = — fi(r)dt* + —
fa(r)

For this, the condition of Eq. (2.69) becomes

+ r2(d6? + sin® 0d¢?). (2.71)

. 1 2(1+2
B gk —ak?=—|f)— Mfz > 0. (2.72)
r r
Supposing the positivity of fy, we rewrite it as
2(1+2
o 22, oy (2.73)

r

Then, one can see that f, is a monotonically increasing function, which corresponds to the
attractive property of gravity, as long as o > —1/2 holds.

The monotonicity of the Geroch energy and IMCF gives us the Penrose-like inequality. We
again skip the proof because it will be included into that for Theorem 3.9 in Subsec. 3.2.1.

Theorem 2.18 ([8]). Let ¥ be an asymptotically flat spacelike hypersurface with non-negative
scalar curvature @R > 0, equipped with the inverse mean curvature flow {oy}yer where oy is
an AGPS. We suppose that each leaf o, is homeomorphic to a two-surface. Then, we have the
inequality for the AGPS oy,

1+ 2«
3 +4a

R A0, (2.74)

MADM =

where mapy is the ADM mass and R ag = \/ Ao/4m with the area of oq, Ap.

19



Chapter 3

Refined areal inequalities for four-types
of attractive gravity probe surfaces

In Subsecs. 2.5.2, 2.5.3 and Sec. 2.6, we presented generalizations and extensions of the
photon sphere, including the DTTS, LTS, and AGPS [6, 7, 8]. Additionally, we discussed areal
inequalities for these surfaces. However, these inequalities did not account for contributions
from angular momentum, gravitational waves, and matters. Recently, Anglada proposed
a refined Penrose-like inequality that incorporates angular momentum for minimal surfaces
in axisymmetric spacetimes (Theorem 2.10) [13]. We also plan to extend DTTS to cover
weak gravity regions and introduce a new method for characterizing gravity’s intensity. This
chapter introduces refined areal inequalities for four types of AGPSs: the original AGPS,
an extension from LTS, and two from DTTS, without any imposed symmetry. We will also
explore axisymmetric vacuum cases as a specific example. Sec. 3.1 reviews geometric formulas
and re-examines the variation of Geroch energy with IMCF crucial for the main theorem in the
final two sections. The concluding two sections focus on refining the Penrose-like inequalities
for AGPSs. This chapter lies in my original works [14, 15].

3.1 Preliminaries

In the proof of the Penrose inequality by Jang and Wald, the monotonicity of the Geroch
energy along IMCF played an important role (See Theorem 2.8). In this section, we refine the
variation of Geroch energy with IMCF taking into account of the contribution from the angular
momentum, gravitational waves and matters.

3.1.1 Some key formula

In this subsection, we consider the same setup as in Subsec. 2.5.2. For the convenience, we
decompose the extrinsic curvature K, and K, as

Kap = Ky Talb + Kab + VaTs + UpTq (3.1)

and
Koy = Kynany + kap + vanp + vpna, (3.2)
where Ky = Kur®r®, Kuy = Kgn'n®, and v, := hgr®K. = —hgnK.L. Then, from the

definition of the Ricci tensor and by using the Gauss equation, we obtain the following two key
identities as propositions.
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Proposition 3.1 ([14, 15]). In the same setup as those in Subsec. 2.5.2,

1 1
Ge k= 5(2)]% — Gapn®n® + KK () + 3 (Ii2 — Kk — k2 — kabk“b) — v — @ D% (3.3)

holds, where @ R is the Ricci scalar of (00, hay), Ga is the Einstein tensor for (M, gu) and D,
is the covariant derivative with respect to (oo, hap).

Proof. The Lie derivative of the trace of mean curvature k of oy along the r®-direction is
calculated as (See Appendix A)

G e k= —CRur®r® — kgpk® — o' D%y, (3.4)

where ) R, is the Ricci tensor of (X, ¢q). With the double trace of the Gauss equations on o
in ¥ and ¥ in M, we have

@R =OR - 20 Ryr®r® + k? — kgpk® (3.5)
and
G R = 2G4n*n® — K* + K, K™, (3.6)
where ®) R is Ricci scalar of (3, gu). Then, with Egs. (3.5) and (3.6), Eq. (3.4) becomes
1 1
@ gk = §<2>R — Gunn® + 5 (K% = KK — % kapk®™) — D, (3.7)
and, using Eq. (3.1), we have Eq. (3.3). O

Proposition 3.2 ([15]). In the same setup as those in Proposition 3.1,

_ 1 _ 1
G Lk = _§<2>R = Gar™r" = kK + 5 (K = kah™ = 5% = kiapt™) + v0” + NT'DIN. (3.8)

Proof. Similarly to Eq. (3.4), the Lie derivative of x along the n®-direction is written as (See
Appendix A) B )
@ L,k = —ORynn® — kpr® + N"ID2N, (3.9)

where ®) R, is the Ricci tensor of (S, pap)- Taking the double trace for the Gauss equations on
0p in S and S in M, we have

OR=CR+2®R nn® — k2 + Kk (3.10)

and B B o
BR = —2Gur"r® + K? — K3, K™, (3.11)

where ) R is Ricci scalar of (S, ps). Then, with Egs. (3.10) and (3.11), Eq. (3.9) is rewritten
as

A 1 1, _
B Lok = _§<2>R = Gar®r" + 5 (K = Ky K™ — K" = k™) + N'D*N, (3.12)
and, using (3.2), we obtain Eq. (3.8) O

Note that we have not used the Einstein equation up to now, and the above equations are
geometric identities.

In this section, by taking account of contribution from angular momentum, gravitational
waves and matters, we give the derivation for the key formula obtained through the
monotonicity of Geroch energy on the hypersurface equipped with the inverse mean curvature
flow (IMCF). The integration of Eq. (2.42) over y in the range 0 < y < oo leads us to the key
formula of this thesis.
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Lemma 3.3 ([14]). We assume that spacetime M satisfies the Einstein equation (2.2) and ¥ is
an asymptotically flat spacelike maximal hypersurface equipped with the inverse mean curvature
flow {o,},er. We suppose that each leaf o, is homeomorphic to a two-surface. If p := Tyn®n® >
0 holds where n® is the future-directed unit normal vector to 3, the following inequality holds

7zAO 7QAO / 2 1 * /
— -+ — Ak® > — Av® 1
MADM Mext 9 + 397 o dAk = 167 o dyRA(y) dAv Vq,s (3 3)

Oy

where mapwm is the ADM mass, Ra(y) is the areal radius defined by Ra(y) = /A(y)/47 and
Rao =Ra(0). And mey is defined as

Mext -= 27‘-/ dyRA3<y)ptOt(y)a (314>
0

where pioy s the surface-averaged one for the total energy density piot = p + Pgw,

1
Prot(y) = Z/ dApror (3.15)

and .
8T Pgw = 5(@1)@“” + kapk™), (3.16)
where Kq and /;;ab are the traceless part of ke and kg, respectively.

Proof. Using Egs. (3.6) and (3.1) with the Hamiltonian constraint of the Einstein equations,
Gapn’nt = 81T,ynnb, we rewrite the three-dimensional Ricci scalar ® R of ¥ as

1
G R = 16mp + 20,0 + Rapi™ — 26K () — Ll (3.17)

Using Eq. (3.17) with the maximal slice condition (i.e., KX = Ky + x = 0) and the positivity
of energy density for matters, p > 0, then, from Eq. (2.42), we find

dE A2 Lo o e 3
d_y = W /Uy [2@ (DQO) + ].67Tptot + QUGU + §Ii dA Z 0. (318)
Then, we obtain Eq. (3.13) by integrating Eq. (3.18) over y in the range 0 < y < oo. O

Note that mey is a measure of the total rest mass of the matters and gravitational waves in
the region between y = 0 and infinity and py(y) is the surface-averaged total energy density.
Since the fact that R4 oc €¥/2 in IMCF gives 27 [ dyR3 = (47/3)R?, the definition of Eq. (3.14)
is merely natural. Note that pg, can be interpreted as the energy density of gravitational waves'.
Since the right-hand side of Eq. (3.18) is non-negative, this inequality gives the so-called Geroch
monotonicity.

For later discussions, we define the area-averaged quasilocal angular momentum.

Definition 3.4 (area-averaged quasilocal angular momentum [14]).

(87Tj(y))2 = A v dA. (3.19)

67 /s,

1We can regard Eq. (3.16) as the part of energy density of gravitational waves, i.e. 87pgw = (1/2)[(£1hap)? +
(£,:hap)?], where hyp is the induced metric of Oy
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We also define its minimum value Jy;, in the range 0 < y < o0,

Jonin = min J(y). (3.20)

{oy}

Using Egs. (3.19) and (3.20), the right-hand side of Eq. (3.13) is evaluated as

1 [ 3 [ J?
— [ 4 dAv®, S
167 J, yRA/(, v 2/0 YR

o) d T2
> e[ (3:21)
2 0 7234 72140

where we used the fact that R4 = Rape?/? holds in the IMCF. Thus, the right-hand side
of Eq. (3.13) is bounded by the area-averaged quasilocal angular momentum defined by
Definition 3.4.

Note that the definition of the area-averaged angular momentum (3.19) comes from the
observation for spherically symmetric cases and asymptotic behavior. In this sense, the validity
of the definition for general cases is far from canonical one based on conservation.

3.1.2 Some radii in axisymmetric spacetimes

At the beginning of this chapter, we mentioned that Anglada proved the refined Penrose-like
inequality for the minimal surface in vacuum and axisymmetric spacetimes. In Sec. 2.4, we
defined the Komar angular momentum J(y) of o, (See Definition 2.9) and it is known that
J(y) is conserved with respect to y in axisymmetric vacuum cases. Following Ref. [13], for our
later discussions, let us define two types of radii in axisymmetric spacetimes and then we will
present some of their features.

Definition 3.5 ([14]). For axisymmetric spacelike hypersurface X, the radii, Ry(y) and R(y)
are defined by

—Rj; = / Da P dA, (3.22)
1 3 R
=7 = 5Ra Rjdy, (3.23)

Y

where ¢® is the axisymmetric Killing vector.

Using them, the right-hand side of Eq. (3.13) can be rewritten as
2

R2R a0’

1 oo
— dyR dAv*v, >

Y

(3.24)

where Ry := R(0) and we used the following inequality obtained through the Cauchy-Schwarz
inequality and the Komar angular momentum (See Definition 2.9),

[ ewia [ oan ( /

For spherically symmetric cases, Rg and R coincide with the area radius Ry, that is,
R =Ry = Ra. Furthermore, for a convex o,, we have the following feature.

Y

v“¢adA> = (87J)% (3.25)
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Proposition 3.6 ([14]). We assume that ¥ is an axisymmetric spacelike hypersurface equipped
with the inverse mean curvature flow {o,}yer. We suppose that each leaf o, is homeomorphic
to a two-surface. For a convex o, we have

1 RYR* 5
- < < - 2
37 Ry T3 (3:26)
Proof. Following Eq. (23) in Ref. [13], in IMCF, using A x e¥, we have
d Al/? 5 A2 2A1/2 / Ao
~ | =_= + — P, 0"dA, 3.27
dy (fay qba«badA) 207, 00004 (1 g, g0an) S B 520
1 A2 2A1/2 A
=3 i . / f%wdA (3.28)
fo'y ¢a¢ (fay ¢a¢adA) oy

where ), is the principal curvature of o, in the direction of the Killing vector ¢%, Ag is the
other principal curvature of o, so that k = A\g + A\, and we used the fact that 0,(¢,0%) =
20X = 200/ K)a6" [26].

For a convex o, that is, Ag > 0, A, > 0, Egs. (3.27) and (3.28) lead us to

5Ra _ d (R
24 < _<_j> (3.29)
2R, dy \ R}

and
d [ Ra 1RA
— | =2 <=2 3.30
dy<7zgg>— 2R} (3:30)

respectively, and then,

5R d (R IR
3RS 5 (—) <Rt (331)
2R = dy\ RY 2R}
Finally, its integration over y and Eq. (3.23) in Definition 3.5 give us Eq. (3.26). O

If the shape of o, is oblate or prolate, one can also show the magnitude relation between
R¢ and R A-

Proposition 3.7 ([14]). In the same setup and under the same assumption as those in
Proposition 3.6, for \g > Ay > 0 (oblate case)

Ry > Ra (3.32)
holds, while for 0 < A\g < X4 (prolate case)

Ry < Ra (3.33)
holds.

Proof. In a way similar to the derivation for Eq. (3.27), we see that

d A? A2 Ao — Ay
@ — LPdA 3.34
dy(J;y cbaqsadA) (I, éund A)/ P .

24




holds. For A\g > A; > 0 (oblate), its integration over y gives us

Ra _ Ra
ML =1 3.3
Rs — Ry ’ ( )

Yy—00

where we used R4/Rs — 1 at spatial infinity. On the other hand, for 0 < Ay < A, (prolate),
we have

1< A (3.36)

]

We show the magnitude relation between the area-averaged angular momentum .J and the
Komar angular momentum for vacuum and axisymmetric cases. From the definition (3.19) and
the Cauchy-Schwarz inequality (3.25), it is easy to see that the relation between J and J

7> (%)4J2 (3.37)

holds. For 0 < \g < A, together with Eq. (3.33), it tells us

J? > J2 (3.38)

3.2 Longitudinal attractive gravity probe surface

In this section, we will present two types of AGPSs as indicators of gravity, which are
generalizations of the LTS [6]. We refine the areal inequalities for these AGPSs using the
inequality (3.13) obtained from the monotonicity of the Geroch mass. In Subsec. 3.2.1, we
reexamine the original version of the AGPS associated with its mean curvature, as introduced
in Sec. 2.6. Then, we introduce a new variant of AGPS associated with its Ricci scalar in
Subsec. 3.2.2.

3.2.1 LAGPS associated with mean curvature (LAGPS-k)

In Sec. 2.6, we introduced the original AGPS (Definition 2.17) and discussed the Penrose-like
inequality (Theorem 2.18). The AGPS was defined by comparing the derivative of the mean
curvature k along the longitudinal direction and k% in order to characterize the strength of
gravity. Then, we name it the longitudinal attractive gravity probe surface associated with
mean curvature (LAGPS-k), to differentiate it from the three additional types of AGPS that
will be presented in subsequent sections. For the sake of completeness, we will reiterate the
definition of LAGPS-k here.

Definition 3.8 (longitudinal attractive gravity probe surface associated with mean curvature
[8, 14, 15]). In the same setup as those in Subsec. 2.5.2, a longitudinal attractive gravity
probe surface associated with mean curvature (LAGPS-k) is defined by a compact two-surface
satisfying £ > 0 and

G Lk > ak?, (3.39)

where « is a constant greater than —1/2.

For the LAGPS-k, Lemma 3.3 gives us the following theorem.
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Theorem 3.9 ([14, 15]). We assume that spacetime M satisfies the Einstein equation (2.2)
and X is an asymptotically flat spacelike mazimal hypersurface equipped with the inverse mean
curvature flow {oy }yer where oy is an LAGPS-k. We suppose that each leaf o, is homeomorphic

to a two-surface. If p := Tyn®n® > 0 holds where n® is the future-directed unit normal vector
to X, the following inequality for the LAGPS-k oy holds

3 1+ 20 1 /o, S
- ex o . 4 Mlin Z — | J, )
MADM (m 3T t) 3+ 4a A°+R;0<nlln+3+4a°
1+ 2« 3+ 2a J2
> R 2 i 3.40
2 3340 T TRy, (3.40)
where R ag = \/Ao/4m with the area of oy, Ay and
47

Mint -— _Rioﬁtot(o)- (341)

3

Proof. On the maximal slice X, the surface integral of Eq. (3.3) over the LAGPS-k o with the
condition of Eq. (3.39) in the definition of the LAGPS-k implies

4 1 2
<1 + —a) / dAK* < tom _ —/ dA(167piot + 20,0%). (3.42)
3 0 3 3 Joo
Using J defined by Eq. (3.19), we write Eq. (3.42) as
4 160 327 J3
L a) [ dar? < =8 = 2 Agpag — 32150 3.43
< —|—3a /So =73 3 10Ptot0 ﬂ-RiO (3.43)

For the last term in the right-hand side of Eq. (3.13), we use the fact that Eq. (3.21) holds.
Then, with simple manipulation, we can see that Eqs. (3.13) and (3.43) imply Eq. (3.40). O

Note that my, defined by Eq. (3.41) may be regarded as a mass in the region surrounded
by 0.

We mentioned that LAGPS-k is the extension from the LTS, and characterize the strength
of gravity by setting the parameter o. For an LTS (a = 0), Eq. (3.40) becomes

Rao  JE+ 2 - Rao  J2
_ ox ln 2 min 2 2 min . 3‘44
mapm — (Mext + Mint) 3 + R3 3 + R3, ( )

This includes the inequality (2.68), mapm > Rao/3 obtained in Ref. [6]. For a k& = 0 surface
(v — 00), Eq. (3.40) becomes

Rao = J2
MADM — Mlext 2 — + =, (345)
2 R,

From this, one can obtain the Penrose inequality, mapm > Ra0/2, shown in Ref. [10] (See also
Refs. [11, 12]). By taking the square of Eq. (3.45),

e () im0 () 2 (5 o o

Since we can see that the equality of Eq. (3.46) is exactly same with Eq. (2.53):
m? = R 2 + J—2 = i + 47rJ—2
S\ 2 R? 167 A’

Eq. (3.46) gives us the refined Penrose inequality (1.2) taking account of the angular momentum.
The arithmetic-geometric mean of the right-hand side of Eq. (3.40) gives us a corollary.
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Corollary 3.10 ([14]). In the same setup and under the same assumption as those in Theorem
3.9,

Jmin
Amapm > 20, (3.47)
R a0
holds for LAGPS-k, where
Am =m — <m + Lm- ) (3.48)
ADM -— TICADM ext 3+ 4a int .
and
2(1 4+ 2a)(3 + 2a)
C, = i 3.49
\/ (3 +4a)? (349)
This corollary gives the lower bound for R 49 as
R a0 > 2C. min (3.50)
A= T Ay '

It is interesting to compare it to the universal inequality R > J'/2 for an axisymmetric rotating
body shown by Dain [27] (See also Refs. [28, 29]). The ratio €, of the lower bound for R 49 to
Dain’s one is

J/m 1/2

€a ™~ T YA (3.51)

where a := J/m? is the Kerr parameter. For astrophysical objects except for compact objects,
a is much larger than unity. Therefore, our inequality is relatively strong for such cases.

In the limit of o = —1/2, C_; 5 vanishes and thus the inequality (3.50) does not give any
constraint. Going back to the original inequality (3.40), however, we can give another lower
bound on R 49. Since the first term in the right-hand side of the inequality (3.40) is non-negative
for « > —1/2, we have a weaker inequality,

3 3+ 20 J2.
- ex 5 4 Min Z 2 ﬂ- 3.52
b <m ‘3T t) 3+ 4a R, (3:52)
Due to the fact that me > 0, my > 0, we have
3+ 2a J2;
2 — 3.53
TADM = S8 A RY, (3:53)
This is rearranged to
3420 J2, \*
Rao> |2 — . 3.94
A0 = ( 3+4amADM) ( )
Contrasted to Eq. (3.50), this inequality gives a meaningful condition for « = —1/2. We

could have the lower bound of Eq. (3.54) for the areal radius of LAGPS-k with a = —1/2 and
€ 19 ~ (J2/3/m1/3)/J1/2 ~ a1/6_
For vacuum and axisymmetric spacetimes, we rewrote the right-hand side of the key

formula (3.13) using Eq. (3.24), which is bounded by using the Komar angular momentum.
Thus, for the LAGPS-k, one has the following theorem.

Theorem 3.11 ([14, 15]). Let M be a vacuum and axisymmetric spacetime satisfying the
Finstein equation (2.2), and ¥ be an asymptotically flat axisymmetric spacelike maximal
hypersurface equipped with the inverse mean curvature flow {o,}yer where o is an LAGPS-k.
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We suppose that each leaf o, is homeomorphic to a two-surface. Then, we have an inequality
for the LAGPS-k oy,

3 ~ 1+ 2a IT+x
. (ext) (mt)> > @ J2 3.55
MADM (mgw + 31 aa e ) 2 34 Ao + R2Rom” (3.55)
where
3 RIRYL,
o= : 3.56
X = 3 40 RY (3.56)
mg@‘t) = 27T/ dYR?, Pew, (3.57)
0
in 4m =
méwt) = ?Riopgvv(o) (3.58)
and
_ 1
pgw(y) = Z dAng. (359)
Since Eq. (3.26) holds for a convex o, in the IMCF, x, is bounded as
< Xa = . (3.60)
3+4a 3+4a

Note that Egs. (3.40) and (3.55) hold even for —1/2 > a > —3/4. However, bearing the bound
for the area in mind, we have imposed a > —1/2 in Definition 3.8.
For an LTS (o = 0), Eq. (3.55) becomes

2

R a0
R%R A0

3

ext)

mapm — (MY 4 mint) > + (1 + x0) (3.61)

For a surface which has the zero mean curvature (« — o0), we recover Anglada’s result
(Theorem 2.10)
2
(ext) > RAO + J .
W= 2 R%'RAO
Applying the arithmetic-geometric mean for Eq. (3.55), we also have a similar result to
Corollary 3.10.

(3.62)

mapm —Mm

Corollary 3.12 ([14, 15]). In the same setup and assumption as Theorem 3.11,

3 : |J]|
. (ext) v (mt)) >op 21 )
MADM (mgw + 3+4amgw = a,RO (3 63)
holds for an LAGPS-k, where
(14 xa)( +20)
F, = ) .64
\/ 3+ da (3.64)

Note that F,, depends on radii (See the definition of x,, Eq. (3.56)). For convex o,, however,
Eq. (3.60) for x, gives a lower bound of F, as F, > 2\/(1 +a)(1+2a)/(3+4a)? =: Fn.
Since Fy, is independent of radii, Eq. (3.63) gives a lower bound for Ry of AGPS,
/]

mMADM

Ro > 2Fmin (3.65)
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In the limit of & = —1/2, one can have a similar lower bound for a combination of radii, but
its form is not simple. Since the argument based on the order of magnitude is the same with
that in the previous section, here we do not show the derivation again.

We also point out that, applying the arithmetic-geometric mean after taking the square for
the inequality of Eq. (3.55), we have

1+ 2o 2 1+ 2a J? 14 Yo 5\
Mipy > ( RAo) +2(1+ Xa) +( X J2)

3+ 4a 3+4aRE T \R2R 4
> (5ema) 0
> na%;oUI, (3.66)
where
o = {%} b (1+xa)'/?. (3.67)

For the prolate LAGPS-k, we can show

Rao\’ 3.4 [CRY 1

) = IR A

(RO) 27 ), RIRY y
3 |

o Ri

= 1, (3.68)

> ERio dy

where we used Proposition 3.7 that R4/Rs > 1 holds for the prolate LAGPS-k in the second
line and R4 = R40e?/? in the third line. Then, Eq. (3.66) gives us

mapn > nY/2 M2, (3.69)

For the limit & — oo where the LAGPS-k approaches the & = 0 surface, this inequality
reduces to mapy > |J |1/ 2. This inequality has been shown in a different way by the authors of
Refs. [30, 31] for spacetimes close to the extreme Kerr solution.

3.2.2 LAGPS associated with Ricci scalar (LAGPS-r)

Here, we present the variant from the original version of the AGPS. Let us reconsider
Eq. (2.67) for the radial derivative of the mean curvature in the Schwarzschild case. Then, we
realize that one can relate the factor 2/r? in the right-hand side to the two-dimensional Ricci
scalar @ R. Thus, one can also define an attractive gravity probe surface associated with Ricci
scalar @R as follows.

Definition 3.13 (longitudinal attractive gravity probe surface associated with Ricci scalar
[15]). In the same setup as those in Subsec. 2.5.2, a longitudinal attractive gravity probe surface
associated with Ricci scalar ' R (LAGPS-r) is defined by a compact two-surface satisfying k > 0
and

@k >-PR1 —~p), (3.70)

where 7, is a constant.
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For the Schwarzschild spacetime, the condition of Eq. (3.70) gives us
r <3m/vg (3.71)

for m > 0 and v, > 0. Therefore, for v, — +0, the radius r of the surface can be arbitrarily

large, while for v, = 1, the radius must be equal to or smaller than that of the photon sphere.

Note that the LAGPS-r with «, = 3/2 corresponds to the horizon in the Schwarzschild case.
For the LAGPS-r, we have the following theorem.

Theorem 3.14 ([15]). We assume that spacetime M satisfies the Einstein equation (2.2) and
Y s an asymptotically flat spacelike maximal hypersurface equipped with the inverse mean
curvature flow {o, },er where oo is an LAGPS-r. We suppose that each leaf o, is homeomorphic
to a two-surface. If p == Tyuyn®n® > 0 holds where n® is the future-directed unit normal vector
to 33, the following inequality for the LAGPS-r oy holds

72 72
MADM — (Mint + Mext) > %RAO + %

A0

72

VL Jmin
> =R 2 . 3.72
= g Aot R3, (3.72)

Proof. One can show that the Willmore function, fgo k*dA, on the LAGPS-r 0y is bounded
from above. From the surface integral of Eq. (3.3) over the LAGPS-r 0 and the condition of
Eq. (3.70), we have

A

3
<—’YL + 5) (2)R — Gabn“nb + IiK(T)

1/1 3 - .
+ = (—Fa2 — Rgpk® — §k2 — kabkab> — Vv — o2 (DQO)Q

dA > 0. .
55 >0 (3.73)

From the assumptions that the Einstein equation G, = 87T}, to hold for the spacetime M, oq
to be topologically sphere oy ~ S?, k to be non-negative k > 0, and X to be maximally sliced,
ie. K =kr+ Ky =0, Eq. (3.73) implies

1 2
/ k*dA < % (3—2vyL) — = / <167rptot + 20,0 + 252 + 2¢p72 (Dgp)Q) dA (3.74)
(o)) g0

3
16 2
<52 -5 [ (16mp + 20a%) A, (3.75)
oo

where we used the Gauss-Bonnet theorem. Then, Egs. (3.13), (3.21) and (3.75) give us
Eq. (3.72). O

Note that assuming the non-negativity of the energy density of matters, p > 0, when
v = 3/2, the inequality (3.74) tells us

k=piot =Vs=k=Dyp=0 (3.76)
on og. Thus, we have a relatively strong consequence that o is totally geodesic in 3 since

k=0 and kg, = 0 from pioy = pew = 0, where pg,, is defined by Eq. (3.16).
For vacuum and axisymmetric spacetimes, Lemma 3.3 gives us the following theorem.
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Theorem 3.15 ([15]). Let M be a vacuum and axisymmetric spacetime satisfying the Einstein
equation (2.2), and 3 be an asymptotically flat azisymmetric spacelike maximal hypersurface
equipped with the inverse mean curvature flow {o,}yer where oy is an LAGPS-r. We suppose
that each leaf o, is homeomorphic to a two-surface. Then, we have an inequality for the

LAGPS-r oy,

in ex YL I+ X0
MADM — (méwt) + méwt)) > ?RAO + RRoxo J?, (3.77)

where xo is defined by?

RiRo
X0 = ——1—. (3.78)

R

Note that the arithmetic-geometric mean of the right-hand sides of Egs. (3.72) and (3.77)
gives us similar results to Corollaries 3.10 and 3.12. Since the argument based on the order of
magnitude is the same with that in the previous subsection, here we do not show the derivation
again.

For the LAGPS-r, note that one cannot discuss with the k = 0 surfaces. Here, we focus on
the case of a k = 0 surface in vacuum and axisymmetric spacetimes. For an LAGPS-k with

a — oo that correspond to the k = 0 surface, and we have Eq. (3.62):

2
(ext) > RAO + J

mapM — M =
gw 2 R2Rao

from Eq. (3.55). On the other hand, for an LAGPS-r, setting v, = 3/2 which corresponds to
the £ = 0 surface in the case of the Schwarzschild spacetime, we have

(ext) > R

MADM — Mgy~ Z 9

(3.79)
where we used the fact that the angular momentum and p,,, vanishes on the LAGPS-r when
~vr = 3/2 due to the discussion around Eq. (3.76). Thus, we cannot refine the inequalities
by including the contribution from the angular momentum. Therefore, the LAGPS-r does not
characterize the k = 0 surface in a direct way.

3.3 Transverse attractive gravity probe surface

As a generalization of the photon sphere, the photon surface was introduced based on the
null geodesics [5]. However, it is turned out that a geometrical constraint is required for the
existence of the photon surface. Then, the DTTS has been proposed to describe wider class of
spacetimes having strong gravity regions [7]. This section aims to discuss the generalizations
of the DTTS to characterize weak gravity region too as the TAGPS-k/TAGPS-r. which serve
to characterize the strength of gravity using an intensity parameter. Mirroring the approach
of the previous section, we introduce two types of generalizations associated with the mean
curvature and Ricci scalar and refine the Penrose-like inequalities for those surfaces.

3.3.1 TAGPS associated with mean curvature (TAGPS-k)
We first examine the second condition of the DTTS definition (Eq. (2.62))

max( K,k k’) = 0,

2This is equal to the a = 0 case of x, (See Eq. (3.56)).
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where K, is the extrinsic curvature of S, and k% is an arbitrary null tangent vector to S.
Eq. (2.62) characterizes the behavior of null geodesics emitting from og. In this subsection,
we propose a modification to the second condition of Eq. (2.62) to characterize weak gravity
region as well as strong gravity one. This leads to the introduction of a new surface. We refer to
this surface as the transverse attractive gravity probe surface associated with mean curvature
(TAGPS-k).

Before introducing the TGAPS-k, for later discussion, we point out that the left-hand side
of Eq. (2.62) satisfies the following inequality.

Proposition 3.16 ([15]). In the same setup as those in Subsec. 2.5.2, let Ky, be the extrinsic
curvature of S with respect to the spacelike normal vector r® and k be the mean curvature of
09, then

_ _ 1
max (K k k") > Ky + 3k (3.80)

where k* is an arbitrary null tangent vector to S and f((n) = Kynonb.

Proof. In general, with a timelike unit vector n® orthogonal to oy and a spacelike unit vector
s* tangent to g, the null tangent vector to S can be given by k* = n® 4+ s% and hence, the
left-hand side of Eq. (2.62) is evaluated as

max (K, k°k") = max(f_((n) + kaps®s® — 25",)

_ 1 3
= K@)+ 5/{: + max(kgps®s® — 25%0,)

_ 1 3
> Ku + §k + max (kqps®s?). (3.81)

Here, n® is fixed and one takes the maximum among various s® in the S! direction in the
second and the third lines. In deriving the third line, we used the fact that for +s* which give

max(kg,s%s?), one of max([kqs®s® — 2(£s%)v,] must be equal to or greater than max(k.,s®s?).

Since k,p is symmetric tensor, there is the orthogonal basis {ej, ex} such that k., = k1(e1)q(€1)p+
k2(€2)a(e2)p. Then,
cos(20)

];/’abSaSb = (k’l - k’g) 9 s (382)
where s is parametrized as s* = cosf(e1)® + sinf(ez)*. Thus, we find
~ k1, ky) — min(ky, k
max(rapsts?) — (k1 bo) > min(ky, k) o (3.83)
and hence, we obtain Eq. (3.80). O

As a trial for the extension of the DTTS to include an intensity parameter for gravity,
instead of the condition of Eq. (2.62), we may impose

max (K, k*k’) < —Bk (3.84)

and (3 is a constant larger than —1/2. Using Eq. (3.80) seen in Proposition 3.16, Eq. (3.84)
leads to

_ 2 1
Ky < — 6; k. (3.85)
For the Schwarzschild spacetime, Eq. (3.85) gives us
3+4p
< . .
r<13 ﬂm (3.86)
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It is easy to see that the coefficient of the right-hand side is monotonically decreasing function
of 8. The right-hand side becomes 2m for the limit of f — oo and 3m for the § = 0 case. Since
we can regard 5 in Eq. (3.84) as an intensity parameter for gravity, we will adopt the condition
of Eq. (3.84) instead of Eq. (2.62) for the TAGPS-k. Note that the null tangent £* must be
normalized as the above argument for the Schwarzschild spacetime.

Definition 3.17 (transverse attractive gravity probe surface associated with mean curvature
[15]). In the same setup as those in Subsec. 2.5.2, a TAGPS-k o is defined by a compact
two-surface satisfying the three conditions:

k=0, (3.87)
max(K,k"k’) < — Bk, (3.88)
@ gk <0, (3.89)

where (3 is a constant greater than —1/2, k% is an arbitrary null tangent vector to S such that
park? = ng, holds, and the lapse function N is taken to be constant on oy.

For the TAGPS-k, Lemma 3.3 gives us the following theorem.

Theorem 3.18 ([15]). We assume that M satisfies the Einstein equation (2.2) and ¥ is an
asymptotically flat spacelike maximal hypersurface equipped with the inverse mean curvature flow
{oy}yer where oq is an TAGPS-k with k > 0. We suppose that each leaf o, is homeomorphic

to a two-surface. If p := Tyyn®n® > 0 holds where n® is the future-directed unit normal vector
to X, the following inequality for the TAGPS-k oy holds

1+2p 1 3
(int) _ o >__ TR J J2
mADM+3+4ﬁpr th_3+4B AO+R?40(3+45 0+ min
1+28 3+28J
> R Hlln 3.90
= 3345 T3 18R, (3.90)
where
(1nt 47T tOt)
pp = 3 —R3, P (3.91)
And Pf(t)m) 18 the surface-averaged one for the total radial pressure pet) = P+ Pr(gw),
p(tot) 1 (tot)
P, =— [ PWdA, (3.92)
Ao Jo,
where P, := Tyupr®r? and
1 - -
87TPT(gW) — §(kabkab + Rab/%ab) = 8T Py (3.93)

Proof. Considering the surface integral of Eq. (3.8) over oy and then, using the inequality of
Eq. (3.85), which originates from the condition of Eq. (3.88), we have

1 L
/ |:—§(2)R — Gabra’r’b + ([6 + ) k2 - 5 (kabkab + /%ab/%ab> + Uava:| dA S 07 (394)

33



where we used the fact that the time lapse function N is constant® on oy and k is non-negative

on oy so that
_ 26+ 1
/ kR ydA < — 2 = / K2dA. (3.96)
g0

o0

Note that on oy, ke is a traceless quantity because of the condition of Eq. (3.87), i.e., Koy = Rap-
From the assumption that Einstein equation G, = 87T, to hold for the spacetime (M, gqp)
and oy to be topologically sphere oy ~ S?, Eq. (3.94) implies

[ofs)

4 1 2
(1+35) / K2dA < % +3 / (167 PO — 2, 57)dA. (3.97)
g0

Then, Lemma 3.3, with Eqgs. (3.21) and (3.97), gives us Eq. (3.90). O

Note that in the limit of 5 — oo, we can see that k£ = 0 holds on oq. This consequence is
directly expected from Eq. (3.88).

In vacuum and axisymmetric cases, we obtain the following areal inequality for the
TAGPS-k.

Theorem 3.19 ([15]). Let M be a vacuum and azisymmetric spacetime satisfying the Einstein
equation (2.2), and ¥ be an asymptotically flat axisymmetric spacelike mazimal hypersurface
equipped with the inverse mean curvature flow {o,},er where og is an TAGPS-k with k > 0.

We suppose that each leaf o, is homeomorphic to a two-surface. Then, we have an inequality
for the TAGPS-k oy,

1424 1+ x
(int) . (ext) > B J2 3.98
MADM 3T e~ Maw© = 3T g a0 T e (3.98)
where 5 R
0/%40
X3 = 3.99
T 3+48 RI, (3.99)
and 1
pin) = S RGPS, (3.100)

Since x has the same expression as yx, introduced in Eq. (3.55), the same constraint as Eq.
(3.60) holds but « is replaced by 8. Again, the arithmetic-geometric mean of the right-hand
sides of Egs. (3.90) and (3.98) gives us the results similar to Corollaries 3.10 and 3.12.

3.3.2 TAGPS associated with Ricci scalar (TAGPS-r)

In this subsection, we give another extension of the DTTS to characterize the weak gravity
too. In contrast to the TAGPS-k, we keep the two conditions (2.61) and (2.62) in Definition 2.13

k=0,
max (K ,k"k’) = 0,

3Inequality (3.94) is achieved even if N is not constant, because the contribution involving N is positive,
/ N7'D?’NdA = / 1DN dA > 0. (3.95)
Therefore, Theorems 3.18 and 3.19 hold even for non-constant V.
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and consider the modification to the third condition (2.63)
(3)33”/4 < 0.

For this purpose, we first examine a photon surface S of the Schwarzschild spacetime that
consists of a collection of worldlines of transversely emitted photons from an r» = constant sphere
in a t = constant hypersurface, where the conditions of Egs. (2.61) and (2.62) are satisfied. The
Lie derivative of x with respect to n® is

- 2 3am
@fk==(1-"). 3.101
= (1-2) (3.101)
Therefore, the condition of Eq. (2.63) implies r < 3m. The equality of Eq. (2.63) states r = 3m,
which is exactly the same as the location of the photon sphere of the Schwarzschild spacetime.

As a trial of extension of the DTTS to include an intensity parameter for gravity strength,

instead of the condition of Eq. (2.63), we impose
@ L.k < PR —yp), (3.102)
where v is a constant. For the Schwarzschild spacetime, this condition is reduced to

r<3m (3.103)
T
Therefore, in the limit v — 40, r can be arbitrarily large, and r < 3m for the yp = 1 case,
and r < 2m for the v = 3/2 case. The parameter vy in Eq. (3.102) is regarded as the intensity
parameter for gravity. For this reason, we will adopt the condition of Eq. (3.102) instead of
Eq. (2.63) for the new definition of the TAGPS, which we call the transverse AGPS associated
with Ricci scalar (TAGPS-r).

Definition 3.20 (transverse attractive gravity probe surface associated with Ricci scalar [15]).
In the same setup as those in Subsec. 2.5.2, a TAGPS-r ¢y is defined by a compact two-surface
satisfying the three conditions:

k=0, (3.104)
max( K ,k"k’) = 0, (3.105)
@k < DR - yp), (3.106)

where 7 is a constant. k% is an arbitrary null tangent vector to S such that p,,k® = n, holds,
and the lapse function N is taken to be constant on .

Here, several remarks are added. In the above definition, the quantity &k (the trace of the
extrinsic curvature of oy in the spacelike hypersurface ¥) is not used. In this sense, the concept
of the TAGPS-r is free from the choice of the spacelike hypersurface. Physically, this reflects
the fact that the TAGPS-r is defined only in terms of the behavior of transversely emitted
photons from o(. For this reason, similarly to the DTTS, the definition of the TAGPS-r needs
not be restricted to the setup of Subsec. 2.5.2. In particular, the TAGPS-r has the coordinate
invariance in the following sense: If gy is obtained as the TAGPS-r in the spacelike hypersurface
Y, on a different spacelike hypersurface 3’ which crosses ¥ exactly at oy, we can obtain o as
the TAGPS-r as well.

For the TAGPS-r, Lemma 3.3 gives us the following theorem.
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Theorem 3.21 ([15]). We assume that M satisfies the Einstein equation (2.2) and ¥ is an

asymptotically flat spacelike maximal hypersurface equipped with the inverse mean curvature flow

{oy}yer where o is an TAGPS-r with k > 0. We suppose that each leaf o, is homeomorphic

to a two-surface. If p := Tyn®n® > 0 holds where n® is the future-directed unit normal vector
to 3, the following inequality for the TAGPS-r oy holds

72 72
mapMm + pq(nint) — Mext Z ERAO + J()+—:;]m1n
3 Ry
72

yr Jmin
> R 2 ) 3.107
= T3 fva0 R3, (3.107)

Proof. Considering the surface integral of Eq. (3.8) over oy, and then, imposing the condition
of Eq. (3.106), we have

_ 1
/ [ (v - g) @R — Guror® — kK + 3 (k* = kapk®™ — Fapi™) 4+ vav* [dA < 0. (3.108)
a0

In the above, we used the fact that the time lapse function N is constant* on oy. Note that
on oy, kg 1S a traceless quantity because of the condition of Eq. (3.104), i.e., Kup = Kap-

Proposition 3.16 implies that the condition of Eq. (3.105) is rewritten as
— 1
Ry > b, (3.109)
so that with k£ > 0 on oy,
- 1
—/ kK (nydA > 5/ k*dA (3.110)
oo g0

holds. Thus, Eq. (3.108) with Eq. (3.110) implies

16 2

/ k*dA < %(3 — 297) + 3/ (16w P{°Y — 20,0%)d A, (3.111)
oo g0

where we used the assumptions that the Einstein equation G4, = 87T, holds for the spacetime

(M, gap) and oq is topologically sphere oo &~ S?. Then, Egs. (3.13), (3.21) and (3.111) give us

Eq. (3.107). O

Note that in Eq. (3.111), if P < 0 is assumed on oy,
k=P =y, =0 (3.112)

holds for v = 3/2.

For vacuum and axisymmetric spacetimes, Eqgs. (3.13), (3.24) and (3.111) give us the
following theorem. The same arguments as those found in the LAGPS-r in Subsec. 3.2.2 can
be made.

Theorem 3.22 ([15]). Let M be a vacuum and axisymmetric spacetime satisfying the Einstein
equation (2.2), and ¥ be an asymptotically flat axisymmetric spacelike maximal hypersurface
equipped with the inverse mean curvature flow {o,},er where oy is an TAGPS-r with k > 0.
We suppose that each leaf o, is homeomorphic to a two-surface. Then, we have an inequality

for the TAGPS-r oy,

in ex YT I+ X0
mapy +p) = mGY > R + T J2. (3.113)

4As with the case of Eq. (3.94), Eq. (3.108) can be obtained even if N is not constant. Therefore, Theorems
3.21 and 3.22 hold even for non-constant N.
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Chapter 4

Summary and outlook

As observable indicators of strong gravity regions, we reviewed the loosely trapped
surface (LTS) and dynamically transversely trapping surface (DTTS) as an alternative to
trapped surfaces. Additionally, we introduced the attractive gravity probe surface (AGPS) to
characterize weak gravity region too, extending the LTS. We also presented the areal inequalities
for these surfaces under certain conditions.

However, these inequalities did not account for contributions from angular momentum,
gravitational waves, and matters. There was no extension of DTTS to encompass weak
gravity regions. We reevaluated the AGPS proposed in Ref. [8] and subsequently introduced
four types of AGPSs, including the original: the longitudinal AGPS associated with mean
curvature (LAGPS-k) and Ricci scalar (LAGPS-r), and the transverse AGPS associated with
mean curvature (TAGPS-k) and Ricci scalar (TAGPS-r). For these AGPSs, we proved the
Penrose-like inequalities under certain conditions, taking account of the contributions from
angular momentum, gravitational waves, and matters.

Our theorems require the assumption that spacelike hypersurface is maximal. However,
for the Penrose inequality, there are attempts to relax such constraints [32]. Applying a
similar analysis to our cases would be interesting. Comparing our results with those for stable
isoperimetric surfaces [33] is also of interest.
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Appendix A

Some geometric identities

We derive identities (3.4) and (3.9) used in the proofs of Proposition 3.1 and 3.2, respectively.
We follow the same setup of Subsec. 2.5.2.

For the spacelike normal vector r* of oy on the spacelike hypersurface ¥, the derivative of
r® is calculated by

Dyry = (ha® + rer€)Dery, (A.1)

where D, is the covariant derivative on X, and we used the induced metric of g, hy,. The lapse
function ¢ with respect to r® gives us

(hac + TaTC)Dcrb = kab + raTCDc(QODby)
= kap + 7oy D 10g © + 1o Dy (07 1), (A.3)

where k,;, is the extrinsic curvature of og. Then, after some calculation, we have
Darb = kab - Tan lOg P, (A4)

where D, is the covariant derivative of 0. The (r, r)-component of the Ricci tensor G)R,p on
Y. is given by

G Roprr® = G R rr® :
=rY(DD, — D, D)r, (A.6)
= D(r*Dyr.) — Dr*Dyr. — 7Dk, (A.7)

where k is the trace of k,. Thus, using Eq. (A.4), we obtain
G)R ot = — 'D%p — koypk® — 12Dk (A.8)
For the timelike normal vector n® of oy on the timelike hypersurface S, we also have
Dany = Kap + naDylog N, (A.9)

where kg = ho®hpy®Koq, N is the lapse function with respect to n® and D, is the covariant
derivative on S. Similar calculation of Eq. (A.8), by using the Ricci tensor ®) Ry, on S, we
obtain

G Rann® = N"'D2N — k15 — n®Dyk. (A.10)
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