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TRAPPED SURFACE FORMATION FOR SPHERICALLY
SYMMETRIC EINSTEIN-MAXWELL-CHARGED SCALAR
FIELD SYSTEM WITH DOUBLE NULL FOLIATION

XINLIANG AN*! AND ZHAN FENG LIM?

ABSTRACT. In this paper, under spherical symmetry we prove a trapped
surface formation criterion for the Einstein-Maxwell-charged scalar field sys-
tem. We generalize an approach introduced by Christodoulou for studying
the Einstein-scalar field. In appendix, with double null foliation we also re-
prove Christodoulou’s result and for Minkowskian incoming characteristic
initial data, we improve Christodoulou’s bound.

1. INTRODUCTION

1.1. Motivation. In a series of papers [9]-[12], Christodoulou studied singu-
larity formation for the Einstein-scalar field system:

1
Ric,, — §R9W = 8T,
(1.1)

1
T;W - au¢8u¢ - §guuaa¢8a¢'

Through these papers, Christodoulou proved in four steps that under spher-
ical symmetry, the weak cosmic censorship conjecture holds. More precisely,
Christodoulou proved that for (LIl) with large initial data, a so-called naked
singularity may form; however, for generic initial data, these singularities are
covered by a black hole region and are invisible for observers far away. These
are celebrated results.

The Penrose diagram of a spherically symmetric gravitational collapse space-
time for (I.I)) with generic initial data is as follows:

T+

So S v
7

A
T+

,L'O

Here, T is the center of symmetry—invariant under SO(3), and i*,Z% i are
timelike infinity, future null infinity, and spacelike infinity respectively. The
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boundary of the causal past of i™ is H, which is called the event horizon. T
is the trapped region, where not even light can escape to Z*. A is called the
apparent horizon and it is the lower boundary of 7. &y is the first singular
point along I" and § is the singular boundary of 7.

A crucial step of Christodoulou’s proof of the weak cosmic censorship con-
jecture is [9]. There, Christodoulou established a sharp trapped surfacd] for-
mation criterion for (LI]). Christodoulou’s original proof in [9] was based on
a geometric Bondi coordinate system with a null frame.

However, at present, the double null foliation is a more popular choice of
coordinate system. There have been many recent works published in general
relativity using a double null foliation. In order to generalize Christodoulou’s
results in [9]-[12] to other matter models, here we adopt the double null fo-
liation. In our paper, we will review Christodoulou’s result in the setting of
a double null foliation. Then, we will generalize his result to the Einstein-
Maxwell-charged scalar field system.

Within the study of spherically symmetric systems, there are interesting
results on formation of trapped surfaces and singularities for other matter
models, e.g. Einstein-Vlasov studied by Andréasson [6], Andéasson-Rein][7],
Moschidis[19], Einstein-Euler studied by Burtscher and LeFloch [8], Einstein-
scalar field studied by Li-Liu [I7], An-Zhang [4], An-Gajic [5], Einstein-null
dust studied by Moschidis[20], Einstein-scalar field with positive cosmological
constant by Costa [13]. For the Einstein-Maxwell-(real) scalar field system, we
refer interested readers to [14, [15] by Dafermos, [I8] by Luk and Oh on the
recent development of proving strong cosmic censorship. And for the Einstein-
Maxwell-charged scalar field system, we refer to [21]-[23] by Van de Moortel.

1.2. The Main Result. We consider the characteristic initial value problem
for (ILT)) in the rectangular region.

r We employ the double-null foliation with
u and v as optical functions; that is,
9*P0,udsu = 0 and g*?9,v05v = 0. Thus,

(0, 1) we have u = constant as the outgoing null
ug,vy) hypersurface; v = constant as the incoming
u null hypersurface.
(UO, Ul)
v Due to spherical symmetry, we have a central

axis ['. We prescribe initial data along the
outgoing cone u = ug and the incoming cone
(Uou 0) V= V1.

For the metric of the 3 + 1-dimensional spacetime, we impose spherical sym-
metry and write it with double-null coordinates:

Gudr'da” = = (u, v)dudv + r*(u, v) (d6* + sin® 6d¢?). (1.2)

1A trapped surface is a two-dimensional sphere, with both incoming and outgoing null
expansions negative.
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In the above diagram every point (u,v) represents a 2-sphere S, ,. The Hawk-
ing mass of such a 2-sphere is defined as

m(u, v) = g(1 +4Q720,10,1). (1.3)
Along u = ug, we also define the initial mass input

(g, v2) — r(ug, v1)
7 (ug, v2)

m(ug, v2) — m(ug, vq)

7 (ug, va)

N = , and denote &y :=

3d0 .
1409

Finally, let u, denote the value of u € [ug, u,] such that r(u,,vy) =
(g, v2).

Theorem 1.1. (Christodoulou [9] and reproved in appendix)
Define the function

E(z) = ﬁlln <%) +5—x].

Consider the system (LLI)) with characteristic initial data along u = ug and
v = v;. For initial mass input 7y along u = wy, if the following lower bound
holds:

No > E(50)7

then a trapped surface S, ,, with properties 0,r(u,v) < 0 and 9,r(u,v) < 0,
forms in the region [ug, u.] X [v1,v2] C R .

Remark 1. For 0 < dy < 1, we can check that the order of the lower bound
of ny, E(dy), is of order dy ln(%). Hence, if 1y = ¢ In (é), a trapped surface

is guaranteed to form within R.

The above theorem is crucial for Christodoulou’s final proof of the weak cosmic
censorship in [12]. There, Christodoulou studied the first singular point formed
in the evolution of (ILT)): if that point is not covered by a trapped region, then a
perturbation of the initial data would lead to the condition in Theorem [L.1] be-
ing satisfied. Hence, a trapped surface would form to cover that singular point.

We provide a reproof of Theorem [L.Tlin the appendix. While Christodoulou’s
proof was written in Bondi coordinates, here we have rewritten it in a dou-
ble null foliation. Double null foliations are widely used in studying both the
exterior and interior regions of black holes for various matter models. Many re-
sults pertaining to spherical symmetry are also based on double null foliations.
Hence, there is strong motivation to rewrite [9] with a double null foliation.

By strenghtening the hypothesis on the initial data in Theorem [[.T] in appendix
we also improve Christodoulou’s bound:
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Theorem 1.2. Assume that Minkowskian
data are prescribed along v = wv; and re-
quire ¢(u, v1) = 0. Suppose that the following
lower bound on 79 holds:

9
o > 550,

then there exist a MOTS or a trapped surface
in [ug, u.] X [v1,v2] C R, ie. d,r <0 at some
point in [ug, u.] X [v1, va].

(qu 0)

Remark 2. Theorem improves the almost scale critical result in Theorem
LIl i.e., ng > dpIn (é) implies trapped surface formation, to a scale critical

result, i.e., ny > 350 implies trapped surface formation. In [2], the first author
and Luk first noted that by prescribing Minkowskian data along v = vy, for
Einstein vacuum equations a scale-critical trapped surface formation criterion
could be established A For a being a large universal constant, the corresponding
requirement for 7y is 79 > da. For Einstein-scalar field system under spherical
symmetry, Theorem 1.2 improves the large universal constant a into a concrete
number 9/2.

The main result of our paper is the next theorem. We generalize the above
results to the Einstein scalar field coupled with the electromagnetic field. More
precisely, we consider the following Einstein-Maxwell-charged scalar field sys-
tem:

1
Rl“/ - §gﬂl’R = 87TTW/,

_ mSF EM
Tw=1, +1,",

1 1 1
Tqu = éDu¢<Du¢>T + §Du¢<Du¢)T - ég/.tl/ (gaﬁDa¢<D5¢>T)a
1, . 1
T}E/M:E(g BFaMFﬁV—ZgMVF BFO(B)

Here, the Einstein scalar field is coupled to the electromagnetic field by the
following form of the Maxwell equation:

VVFMV = 2met (gb(DMQZ))T - ¢TDM¢)7

where D, := 0, + ¢iA, is known as the gauge covariant derivative. Here e is
the coupling constant and A, is the electromagnetic potential. Using the gauge
covariant derivative instead of the usual derivative ensures that the physical
equations remain invariant under local U(1) transformations on ¢.

2For more discussions about scaling consideration, interested readers are also refereed to
[1] and [3] by the first author.
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Recall that under spherical symmetry, we have the ansatz (I2)). Using the
(2 appearing in the ansatz, we define the charge Q(u,v) contained in a sphere
S(u,v) to be Q := 2r*Q72F,,.

Theorem 1.3. (Main Theorem) Denoting the outgoing null hypersurface u =
ugp by C' and the incoming null hypersurface v = v; by C, we define

2

€= sup —

<1, and L :=supr|¢|*.
cuc T c

Let w be any positive constant in (0, %) Choose v9 — vy sufficiently small such
that

9e? ,  12nLe w

41— 6)2<U2 —u)” + < (vg —vq) < T (1.4)
457e?(vy — vy )? ) Uy — 1

T(1—c) + 1607e"r (ug, v2) 1. |p1]” < 4dw. (1.5)

Further require that the initial data along C are not supercharged, i.e.
m(u,v1) 2 |Q(u, v1). (1.6)

Denote

() 1+¢ 1 21*%+ 1 w2 1,
wlx) = = x - —T — ).
g —e0+22\Uw "2%51 1y w1t

Assume the following lower bound on 79 holds

- 13€ + 0u(6) 9
max § — W Y 1LY 2 @ No
TIO w g 0 21-‘,—5(1 +50)2

(0,v1)

uo, V) then a trapped surface is guaranteed to form

(o, 1) in [ug, us X [vg,v2] CR.

(qu 0)

Remark 3. By comparing the order of the lower bounds (when 0 < §y < 1)
of 19 in the hypothesis of the theorem, we can interprete the theorem as: If

e 53_5 + %, a trapped surface forms in R. Since w could be chosen

to be arbitrary small number in (0, %), if we require that e (upper bound
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NS

of ?—22 on C'UC) is small and satisfies £2¢ < 537
almost-scale-critical result.

, our theorem is also an

Remark 4. Moreover, although we use the symbol € to denote the upper
bound of ?—22 on C'U (), € is not necessarily to be small. In particular, we
could choose 0 < §) < l,w = % and require € to be of size 1. This is not
in the perturbative regime of Christodoulou’s result for Einstein-scalar field.
Intuitively, for this case our Theorem is saying: if the incoming mass
contained between vy and vy s large enough to overcome the initial charge on

C U, then we can guarantee the formation of a trapped surface.

Remark 5. For initial data along v = vy, we require that the initial data are
not super-charged, i.e.

m(u,v1) > Q] (u, vy). (1.7)
It is natural to consider initial data, which are not-super-charged, otherwise
there could be non-physical super-charged naked singularity prescribed along
v = vy. At the same time, (I.7)) also implies an important inequality used in
the proof of Proposition

Lemma 1.4. Along v = vy, condition (L) implies
2

%(Wl) > %(u,vl). (1.8)

Proof. Since there is no MOTS or trapped surface along v = v;, we have

2 1
Tm(u,vl) < 1, which gives %(u,vl) < 5

Together with the non-super charged condition, we also have

m 1
‘:{g(u,vl) < 7(u,v1) < 5 (1.9)
Then, we have
? Q| ?
—(wvn) = 5w, vn) 2= (u,01) = 5 (u,01)
@, 1<l
>—=(1-—= >0
> 0,
For the last inequality, we used (L9)). O

The inequality (I.8]) is crucial in proving Proposition[3.3l And all subsequent
results in Section [3] depend on Proposition 3.3l

2. PRELIMINARIES AND SET-UP

To study the problem of trapped surface formation, we need to choose a con-
venient coordinate system in which to express the Einstein field equations. We
describe the double null coordinate system for spherically symmetric spacetimes
in what follows.
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r

(0, L‘l)

(u,0)

Ficure 1. Hlustration of double null coordinate patch

Definition 2.1. A spacetime (M, g) is called spherically symmetric it SO(3)
acts on it by isometry, and the orbits of the group are (topological) 2-dimensional
spheres S. We define the area-radius coordinate r(S) such that A = 4mr?,
where A is the area of the S determined by the induced metric g| SE.

Under the assumption of spherical symmetry, a spacetime can be represented
by a two-dimensional diagram by considering only the quotient M /S. Hence,
a point on such diagram represents a 2-sphere in spacetime. There is no
loss in generality by assuming that the outgoing (v coordinate) and incoming
(u coordinate) null geodesics make 45-degree angles with the horizontal and
vertical axes. Furthermore, it is possible to bring the points at infinity to a
finite region through a conformal transformation, so that we can visualize the
entire spacetime in a finite region. Such a representation of a spacetime is
called a Penrose diagram.

We now introduce the setup of the coordinate system, along with important
points of interest on the Penrose diagram.

(1) Let I' denote the axis of symmetry of the spacetime.

(2) Fix a point p on the penrose diagram. Label the incoming null geodesic
intersecting p by C', and the outgoing null geodesic intersecting p by
C. On the actual spacetime, C' and C' are therefore null hypersurfaces.

(3) Parametrize C' with the variable w, and C' by the variable v. At the
intersection of I' and C, set v = 0. Extend C' backwards until it
intersects I'. At the intersection of I' and C', we similarly set v = 0.
Fixing these values determines the coordinate of p, which we call (ug, v).

(4) In the domain of dependence of C'U C, we can now establish a coor-
dinate system: through every point in the domain of dependence runs

3This definition for 7 implies that g|g = r2(d6? + sin®0d¢?)
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an incoming and outgoing null geodesic emanating from C and C re-
spectively. Using the parameters u and v defined on C and C gives us
a coordinate for the point in question.

(5) Finally, let D(0,v;) denote the region in spacetime bounded by C, C
and I

The construction above is illustrated in Figure[Ill With respect to the double
null coordinate system, the spherically symmetric metric can be expressed as

g = —(u,v)dudv + r*(u, v)d0* + 1*(u, v) sin® Od¢>. (2.1)

We now define several useful geometric quantities:

Definition 2.2. The Hawking mass m(u,v) contained inside a sphere S(u,v)
is defined to be the quantity (1 + 4Q729,rd,r).

Definition 2.3. We define the charge Q(u,v) contained in a sphere S(u,v) to
be

Q = 2r’Q2F,,. (2.2)

Note: F,, = 0,A, — 0, A,, where A is the electromagnetic potential. (2.3)

Due to gauge freedom in the electromagnetic potential, we can impose the
condition A, = 0. Hence the above definition becomes:

Fu, = —0,A,.

By substituting the expression (2.1)), (22) and (2.3)) into the Einstein field
equations and Maxwell equations, we arrive at the following system of equa-
tions with dynamical real-valued unknowns r, A, and 2, and complex-valued
unknown ¢. For a more comprehensive explanation of these variables, we refer
to [16], from which the following Einstein-Maxwell-charged scalar field system
has been obtained.
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2 2
70y 0y + Oyr0yr = —% (1 - %), (2.4)
2 2 1 2@2 1 2
20,0, 1og Q = —277% (Dy$(8,0)" + 9,6(Duo)') — 59 =+ ZQ + 0,0,
(2.5)
0u(2720,7r) = —47rQ 2D, p(Dyo), (2.6)
9y(720,1) = —4mrQ20,0(8,0)1, (2.7)
70y 0p + Our0yd + 0yrdy¢ + ¢iW(A) = 0, (2.8)
2
W(A) = A0.(r0) — 2o, (29
Q = —2r’Q7%9,A,, (2.10)
0.Q = 2meir® (¢(Dy¢)' — ¢'D,¢) = dmer’Im(¢' D, ¢), (2.11)
0,Q = 2meir? (gb(@vgb)T — ngT@vng) = 47Ter21m(gbf&,gb), (2.12)

where D, := 0, +i¢eA,, and ¢ is the coupling constant between the scalar and
electromagnetic field. It is worth noting that to reduce the above system into
that of an uncharged scalar field, it suffices to set ¢ = 0. Also, we can combine

23), [2.9) and (2.10), which gives us:

. 02Q
70y 0y ® + Oy 0y + Oy Oy + €1 A0 (rd) — ezz 7(;5 =0
: Qpr
= 0y(roy,@) + 0uroy,¢ + ¢i <Au6v(r¢) + 7’¢8UAU> = —¢i ym
= 0,(r0,@) + 0u,T0p® + ¢i0,(rpA,)
= 0y(rDy®) + 0,00, = —eiQ(bQZ. (2.13)

4r

The above system (2.4))-(2.13) is subject to initial conditions. There are two
types of initial conditions to be considered:

(1) The first type of initial conditions are derived from geometrical consid-
erations and are independent of the physical scenario. On the center of
symmetry [, we must have r = 0. In addition, by the spherical sym-
metry assumption, as we consider points infinitesimally close to the
center, its incoming null geodesics essentially become outgoing (in the
opposite direction). Hence we require that 0,7 (ug,0) = —0,r(ug,0).
The evolution of r in the spacetime is then determined by equations

24), (2.6), and 2.7).

On CUC, we set Q% = 1. This amounts to fixing a normalization
for the coordinate system. The evolution of Q2 in the coordinate patch
[ug, 0] X [v1,00) is then given by equation (2.1)).
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(2) The second type of initial conditions are those derived from quantities
such as the scalar field ¢ and electromagnetic potential A,. We can
prescribe initial data of ¢ freely on C' U C, which will completely de-
termine its first derivatives as C' and C' are characteristic hypersurfaces.

The electromagnetic potential A, along outgoing null hypersurfaces
can be determined through equation (2.I0) up to an arbitrary constant,
which is in turn determined by (ZI2). For completeness, it is worth
mentioning that there is no loss in generality in letting A, = 0 along '
due to gauge freedom, although we will not make use of this fact.

Using the above system of equations, we can compute the derivatives of the
Hawking mass:

Oum = 0, (g(l + 4928u7’0vr))

— % + 20,7 20,10, + 210, (Q20,1)0yr + 2rQ20,10,0,r

— % + 20,727 20,10,r — 87r*Q20,r|0,0|?

= 87’ 20,7|D,o|* + (2.14)

dym = 9, (2(1 + 49_28u7“8vr))

90,00 20,0, + 200,(220,)Dut + 20,0, D
- % +20,rQ20,r0,r — 87r*Q20,r(0,0|?
_ 02 Q*
+ 20 2&,7’( - z(l - ﬁ) - &f”aur)

Q%01
o2r2

Finally, we define what is meant by a trapped surface.

= 87’ 20,r(0,6|* + (2.15)

Definition 2.4. A trapped surface S in a spherically symmetric spacetime is
a point (u,v) on the Penrose diagram (which represents a sphere) such that
Oyr(u,v) < 0 and Oyr(u,v) < 0. If Oyr(u,v) = 0, we call (u,v) a marginally
outer trapped surface (MOTS).

In the following, we will only focus on a narrow strip of the double null
coordinate patch [ug,0] X [v1,vs], for some vy > v;. We are going to give
conditions under which trapped surface formation is guaranteed in this strip.
We introduce:
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r

(0,v1)

(uOv 0)

FIGURE 2. Problem setup on Penrose Diagram

ri(u) == r(u,v;), mi(u) :=m(u,v;), 1=1,2

o(u) == :EZ; —1, 9 :=6(up)
ol s= 2Ly
x(u) == ;2((50))

11

(2.16)

See Figure [ for an illustration. Henceforth, any dynamical quantity (except
for u and v) with the subscript {1,2} shall be treated as a function of u with
v =v;,1 = {1,2} fixed. Furthermore, denote the region [ug, 0] X [v1,v2] by R.

3. A TRAPPED SURFACE FORMATION CRITERION FOR THE COMPLEX

SCALAR FIELD

3.1. Outline. Before giving the complete proof, we briefly describe the main

ideas.

(1) First, we prove that r(u,v) is decreasing with respect to u in Lemma

(2)

it implies

_ r2(w)
r2(uo)

increases, and z(ug) = 1.
Then we employ a proof-by-contradiction argument: assuming that
D(0,v1) UR does not have a trapped surface, we derive an inequality
for i in terms of x in the region [ug, u.| X [v1, v2]. We further show that
1 is bounded from above, i.e.
we get a lower bound on 7(u,).

If this lower bound is greater than 1, i.e., n(u.) =

du

T2
2ma

T2

2(ma—my) (

Bl hence the dimensionless length scale z(u) := decreases as u

9 is bounded from below, and therefore

uy) > 1,
(usx) > 1 and this means S(u,,vs) is a trapped surface.
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Since (u4,v9) is a point in R, the above gives us the desired contradic-
tion.
The key of above arguments is to bound Z—Z. A direct computation gives:
Q3
+ 2
2

2

dn _— n 160,125 2

O720,r
_ 1 7(T§‘Du¢2|2— 1 1 2

L 21D, 2
QZ—QavTQTI‘ ¢1| )

We show in Lemma [3.4] that the non-supercharged assumption along v = v
allows us to show that Q3/r3 remains bounded by 7, plus a small error term.
If  is large enough compared to Q3/r3, then the error can be absorbed into 7.
With the control of Q3/r3 in terms of 1, we further have

(3.1)

dx x 2O, T>

—8 T2 1 1
0% .= Dygo| —r1|D,, i — — — = — 3.2
(il = D)’ S gt =) (- ) 62
Q_QavTQ —n(u
and m(lb) S € n( ) (33)
We can substitute (3.2) and B3] into (B1]), to obtain

dn n do 1 do
M My % )2 % 3.4
dx ™ x( (14 ) — do +xx(1+50)—50 (3-4)

Integrating this will give us a lower bound on n(u) for v € [ug,u,]. This
2

ensures that for u € [ug, u'],n(u) is always large enough compared to %, SO
2

that the differential inequality is always valid in a neighbourhood of ', and
hence the domain of validity of (8:4]) can be extended to the whole [uq, w.].
Finally, the inequality also shows that n(u.) > 1, a contradiction to the no-
trapped-surfaces assumption. Hence the initial assumption that D(0,v;) UR
has no trapped surfaces cannot be true and this completes the argument.

3.2. Proof of Theorem [1.3l. To begin the proof proper, we first give a (neg-
ative) upper bound for 9,7 in the region [ug,0] X [v;,00) as promised. The
following lemma is the analog of Lemma [4.1] in the uncharged case. This has
two important consequences described in the remarks.

Lemma 3.1. 9,r < —1¢0? everywhere in D(0, v1) U ([ug, 0] X [v1,00)).

Proof. Rewrite (24) as

Applying the assumption that € < 1 and 2% = 1 on C, the following inequalities
hold on C"

—i < Oy (royr)(ug,v) < —
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Integrating both sides and dividing by 7:
v v(l —¢)

Y copr(ug ) < -9 5
4r(ug,v) — Dur (o, v) 4r(ug, v) (35)
For the first inequality of (85) at v = 0, we get
1 1
——— <0, ,0) = —0, ,0 Oy ,0) < —. 3.6
Doy < ar(un,0) = =0,r(u0,0) = Our(un, 0 (3.0

Since Q2 = 1 on C, ([27) gives us 9,0,r < 0, i.e. r is concave with respect to
v. Combining this with the fact that r(ug, 0) = v(ug, 0) = 0, we have:

%(uo,v) < 0,7 (ug, 0).

Substituting this into the second inequality of (B.1]), followed by applying (4.8,
we get

1—e€ 1—e€
< <=
—  40,7(up,0) — 2
By (28), 2720,r is decreasing along incoming null geodesics. Hence for a
general point in D(0,v1) U ([ug, 0] x [v1,00)), we have Q29,r < —15¢. O

Oy (g, v)

Remark 6. Under the assumption of no trapped surfaces, m(u,v) > 0 for all
(u,v) € D(0,01) U ([uo, 0] X [v1,00))

Proof. Given any point (u,v) € R, we can extend the outgoing null geodesic
backwards until it intersects I" at some coordinate (u,v.), so that r(u,v.) = 0.

Using (2.15), we have

2
Oym = —8mr*Q20,r|0,6* + @ &’T_

2r2

Since d,r < 0 by Lemma B, and 9,7 > 0 by the no trapped surface
assumption, we get d,m > 0. Combining with the fact that m(u,v.) = 0, we
obtain the desired result. 0]

3.3. Estimates for (),r. In this section we will bound ) in terms of the
Hawking mass in R, and show that 9,0,7 < 0 under appropriate conditions.
Obtaining a bound on ) will require a bound on :—f, which in turn requires a
bound on ). Hence we will develop these bounds using a bootstrap argument.

Proposition 3.2. Fix 0 < w < % Choose v — v; sufficiently small satisfying

(C4) and (LH). Let v1 < v, < vy. Assume that :?EZ; < 3 ie., d(u) <5 for

u € [ug, 0], and that R := [ug, 0] X [v1, ve] is free of trapped surfaces. Then the
following inequality holds:

Q) _w 20w
2w = 17T S
where
() = Z(ma(u) —my (u))
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Over here the subscript a indicates a quantity evaluated at the point (u,v,).

Proof. We write (), as the integral of its derivative:

Va 2 Va 2
QZ=</ &,de@l) sz(/ &@dv) Q2

Vg 2
< 2(/ 4ﬂe|¢llé‘v¢lr2dv) +2Q7, by applying (Z12)

v1

< 327T2e2/ 2| p|*dv / 720,02 dv + 2Q3. (3.7)

V1 v1

The second integral in the previous line can be bounded:

Vg Va __ 2972 2
/ T2|8U¢)|2d’l} — / 87TT 8ur‘av¢‘ dv

" " —8m20,r
1 Ya Q*0,r Mg — My
<— [ om- dv < e =M .
= dr(1—e) /v1 Om == WS TA T (38)

where we applied Lemma [3.T]in the second last inequality to pull out the term
Q2729,r in the denominator, and used the assumption that 9,r > 0 for the last
inequality. Next, we bound the first integral:

Va Va v 2
/ r?|p2dv = / (T2 / Oy dv' + ¢, )dv
U1 V1 ot V1 i )
< 2r2/ (/ Dy b dv') + |¢1\2} dv

<ot [ [ oobar + | ao

[ V(=812 Q20,r|0,0% |
(0= o) [ (T )+ oo o

22va—v) 1 2 [ [ )
ra(v ' v1) L / / Opm dv'dv + 27”2/ |61]*dw,
T 8ml —e€ V1 V1 v

by Lemma [3.1]

2 Vg
Vg — U1 Ta 2 2
ey Mg — ma)dv + 22 (v, —
< 27r(1—e)<r1) /U1 ( D)dv + 215 (v — v1)|1]

IN

< % (:—j) (v = v1) (Mg — ma) + 21 (vy — v1)|¢n [°.
(3.9)

Substituting (3:8)) and (B9) back into (7)) and rearranging, we get

4e2(vg — v1)% (14 \° 16me?
Q: < =2 \n (ma = ma)* + 3——ri(ma — m) (va = v1) | ]* + 207
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Dividing both sides by 72, we get
Q> vy —v1) [, 2 8me?(vy — v1) (T4 Q?
— < —F— | — 7)2+—6 . (r1]o1]*)na + 2=

72 (1—¢€)? \r 1-— 2
9e? ) 127 Le? Q3 Te _ 3
<\ a a a a 2_7 I - S a
< (4(1 — 6)2(1) v1)“Na + - (vg —v1) |10 + 2 since 53
0¢? ,  127Le’ Q?
71 N9 a a a 2_7
= (4(1—6)2@ o) 4 ) e 4255

where in the last inequality we have used the fact that n, < 1. This is because
the no trapped surface or MOTS assumption gives:
2(mg —my) _ 2m,

N < <<
Ta Ta

Hence by the assumption (4]) on vy — vy, we have Qs < €1 + 2e. O

g
We wish to get rid of the € term in the upper bound given by the previous
proposition. This will be done in Lemma [3.4l For that, we will need the next
proposition which is the equivalent of Proposition in the uncharged case.
This proposition is proven using a bootstrap argument.

Proposition 3.3. Assume the initial data along C' is not super-charged, and
R is free of trapped surfaces. Then 0,,0,r < 0 in [ug, u] X [v1, V2] and d(u) :=

2 1< 1 for u € [ug, u,], where wu, is defined such that z(u,) = 1?35((;0.

Proof. Let o’ := inf {z € [l‘rifgo, 1]|6(y) < & holds for y € [z,1]}. We will aim

to show that =’ = %. This proves the claim that d(u) < 3 for u € [ug, us),

as r is monotonically decreasing with respect to u.

Since we have §(2') < 1, it follows that Lﬁ:) < 2 and hence we can apply

2 @) = 3
Proposition Thus, for every x € [2/,1],v, € [v1, v2], we have
Q2 w 2@2 2@2
7 (@ 0a) < 0+ T—; <17+ T—;
2m,  2m 2Q? 2m, 2 2
= —_ 1 —+ Q21 = — — (ml — _1)
r r r r

2m, 2( %)
= —={m-=).
rooor )

By the non-supercharged assumption, (L.§]) from Remark [l tells us that m; —

2
T—ll > (0. Hence we have

Q? 2m
X < 2 )
2 (2, va) < , (2, va)

Now we rewrite (2.4]) into the following equivalent form:

o = & (2—m - Q—Q). (3.10)

4r \ r T
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Since we have just shown that 27’” > Q72 for z € [2/, 1], it follows that 0,0, <0
in the region [ug, u'] X [v1, va].

Integrating with respect to u, we get:

Oyr(u) — Oyr(ug) <0 = Oyr(u) < Oyr(uy).
Integrating the last inequality above with respect to v, we obtain
ro(u) — ri(u) < ro(ug) — ri(ug), for all u € [ug, u'].

Here u' is defined so that z(u’) = 2/. We can use this to derive a bound for

o(u):

T T2 ra(uo) — 71(uo)
0u) = T ! ro — (r2 —r1) = ra(u) = (r2(uo) — m1(u0))
50 50

= for all .
row) 5, a(u)(1+d) — do’ or all u € [ug, u]

r1(uo)

3% % _ — 1 By the continuity of the

Hence, if 2’ > 3%, we have §(2') < 3% = 3

0 0 0
function d(z), there exist some 2” < 2’ such that 0(z) < 1 for all z € [2”, 1],
which is a contradiction to infimum property of /. Therefore, we must have

/! 350
= {5 U]

Remark 7. Since all subsequent Lemmas and Propositions depend on Propo-
sition [3.2], the non-supercharged hypothesis is necessary for all of them.

Recall that € := supg ?—22 < 1. Combining Proposition and Proposition
B3, we get the following lemma:

Lemma 3.4. Assume that the initial data along C' is not super-charged and
that R is free of trapped surfaces. Then for every (u,v,) € [ug, us| X [v1, v2],
we have the following estimate for the charge:

2

a w
7’_2 S Zﬁa—f‘QE.

Furthermore, if n, > %, then Q—g < $Ma

Proof. The first part of the lemma is almost proven: Since the hypothesis of
this lemma satisfies that of Proposition B3, we have 6(u) < 2 for all u €
[tg, 1], which is the hypothesis of Proposition 3.2l This gives us the first part
of the Lemma. The second part follows from a computation. 7, > % implies
that 2¢ < fna. Hence,

Q(21<w o<y LY w
—_— —1a 6__a o = ZTa-
rz =g gl Tyl = o
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3.4. Estimates for D, ¢, 0,r. In this section, we will prove two lemmas which
hold in the region [ug, u.| X [v1,v2] under the premise that the region is free
of trapped surfaces. These are the equivalents of Lemmas and [£4] in the
uncharged case.

Lemma 3.5. Define © := ry| D, ¢o| — r1|Dyé1]. Suppose that the initial data
along C' is not super-charged and D(0,v;) U R is free of trapped surfaces. If
n > %, then

O(u)? < <1 + %) ﬂ(ﬂw —my) (l - i) (u)

87TQQ_28U7’2 T T2
for all u € [ug, u.].

Proof. By integrating equation (2.I3]), we get

67 = (ral Dutss| — 11| Do)’

2

v2 QZ
< raDuts = rDuin = | [ ~0urduo e o

U1

v2 2 1 v2 02 |?
< (1+ k) / —0ur|0yoldv| + (14 =)e? ij dv| , for any kK > 0
U1 K 01 r
1+ [™ 5 5 5 Y2 Qyr 1y o [** Qo2
S 87T /vl —877'7” auTQ |8vgz5| dU . —de + (]_ —+ ;)e o 47“
(3.11)

where we used Holder’s inequality for the last inequality.

We bound the first summand like how we did in Lemma We bound the
first integral of the first term:

V2 V2 28
/ —87r7‘20u7’92\0v¢\2dv:/ &,m—Q Urdv

2
o o 2r

v2
< / Oym dv, since O,r > 0

v1

=My —Mj. (312)

To bound the second integral of the first term, we apply Proposition to
get 0,0,r < 0, and hence d,r > 0,ry. Also, equation (2.7) implies that
Q,20,ry < Q720,r. Combining these two pieces of information, we have

dv

2

I
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= O (L1 (.13

Substituting (B12)) and BI3) back into (BI1) gives us:

2

dv| .
(3.14)

6u7’2 1 1

1 v2 Q‘bQQ
v s _ S 14 Z)e?
S0 (m m1)<r2 7‘1) + (1+ R)e

O(u)® < (1 + k) e

U1

To bound the remaining integral, we apply the Cauchy-Schwarz inequality and
Lemma [3.4}
V2 Q ¢QQ 2

d
4TU

2
1/ Q
— h/vl T‘%Q_QT ¢ dv

o2 11 2
<— [ X1 __ . 24
— 16 r2rQ-2Q-2 v /v1 rigfdv

U1

1 Mw 1 1 —O,Tr v2
< — — Mg — — 2dv. 1
— 16 /,,1 2%7“ Q=20,r —Q20,r T/v1 riofdv (3.15)

v1

We bound the first integral: by Proposition we have 0,0,r < 0, which
implies 0,7y < 0,r. And with Q520,r, < Q720,r by ([21), we derive

2w 1 1 —Oyr —0yry [ w2(mg —my) 1 1
P/ o — 5 dr < —; — ————dr
o 20 T Q720,r =720, O5°0,rs Jr, 2 Ta r —Q720,r
—2 Oy 2 1
< 2 ik / (mg — my)—dr,

—1—¢ Q;Q@,TQ r2

T1

— €

1
by Lemma B (Q20,r < — )

—2w  Oyro 1 1
= 2Oy ) (- -
1— € Q2 &,TQ 1 T2

2w Oyrs ( ) 1 1
=— ———(my —my) | — — — ).
1 —€eQy%0,r, ? AR
(3.16)
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Now we bound the second integral:

v2 v2
/ rlo|Pdv = / r
U1 o y U1 ;
§2/ <T ¢ dv +r|¢>1|2)dv/

V9 v’
§2/ ('r(v’—vl)/ 10,02 dv+7’\¢1|2)dv’

v’ 2
/ 9,6 dv + ¢

v2
<2ry /
v1

v2 Vo — U1
=2r; /v1 (m(mz —mi) + |¢1‘2) dv’

ﬁ (’UQ — ’U1)2 2(m2 — ml)

2’02—1)1 9
—_— Oym d d
(1—687TT1/ " v+|gb|)v

2 — 2,
“r2d4m(l —e) o + 2ra(v2 — v1)|01]

Using the no trapped surface or MOTS assumption, we have
Using Lemma [3.3] 2 < % Hence we have:
T1

2 9<U2 — U1)2 1—c¢
2 9
/U1 rl¢l*dv < mﬂL?’f’z(uo)(%—Ul)Wﬂ Swm,

where we use the assumption in (LI]).

Substituting (3.16) and (3.17) back into (B.15), we get

v Q¢92d - w?  Oure ( ) 11
v — mg —mq)| —— — |.
o A4r ~ 160e*m Q,20,r; ? Y\
Now, set x = ¢ in (3.14) and utilize the inequality above:
w —0yuT2 1 1
O <(1+ =) ——(ma — — = —
_( 4) 88 20,7y (2 = mn) (m rg)
4. w? —0,rs 1 1
1 _ — =
0 D) Toom 20,0, ™2 ™) (n 7’2)

—8 T9

1 1
1 4 2 (g, — —— ).
( T 4 + 20( + )) 871'9728 7’2<m2 ml)(Tl 7"2)

Using the assumption that w < 2 we have w + 4 < 5, and therefore

w  bw —0,T9 1 1
< (142428 _—%2 ), _ - =
- ( * 4 + 20)8W9528UT2 (m2 ml)(?"l TQ)

2 ) 87520,y 2 Y\ o)

v2 v —87Q2r20,7|0,0|*
§27”2/ ((U2 — Ul)/ = dv + |¢1|2) v’
o o —81Q=20,rr?

2(ma—my)

=n<l

(3.17)
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Lemma 3.6. Assume that n > %, the initial data along C is not super-
charged, and D(0,v;) UR is free of trapped surfaces. Then

Q;Q&,TQ
Ql_Z&,rl
for all u € [ug, u.].

Proof. Dividing both sides of equation ([2.6) by Q729,r and integrating from
V1 to vg, we get

- _ Q_Q&ﬂ“ 2 r|0,0 2

1

By equation (2Z.15]) and the definition of the Hawking mass, we have

1
r—2m

Q2&,T) =820, 27T7“|8ng5|2
272 —4rQ=20,r0,r Opr

(8vm -

Hence for any u € [ug, u.],

-2 V2 2
In (QQT&)TQ> - —2/ 1 (8Um - @ &)r)dv
Q70,1 v T —2m 2r2

v Q?0,r -2 (™ Q?0,r
§—2/v ;(&,m— = )aleT—Q/v1 (&,m— )dv

2
) 2r

2 _ T2 2 r2 2
= _7(m2 m) —|— Q = —7}+ Q 5 dr.

T2 T2 Jr 22 T2

T1

By Lemma [3.4], we have
Q(u, v)?

r(u,v)?

_/ @ < _/ 2(m(u,v) —m(u,vl))dr
2r2 21y r(u,v

T1

w
< 2
-2

Hence,

<w

)
M2 Ty
T9 T 2

Combining the above estimates, we get:

-2
LRI P PR A
9128UT1 2

Exponentiating both sides of the above inequality gives us the desired result.
O
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n="o

v=u. =1
F1GURE 3. Idea of proof of Lemma [3.7 and Theorem

3.5. The proof of Theorem We are finally ready to prove a lower bound
on g—z. The presence of charge case poses some difficulties not present in the
uncharged case. This is because in order to apply Lemma [3.4] and 3.6l we
need to ensure that the n > % assumption always hold to get a lower bound
on le_Z' On the other hand, we exactly need this lower bound on g—z to prove the
assumption that n > %. Hence we need to do this using a bootstrap argument

again.

We will in fact prove something a little stronger: we show that n(u) > %
for u € [ug, u.]. We use a bootstrap argument to prove this in Lemma 37 As-
suming that the differential inequality holds for all u € [ug, u], where v’ < wu,,
then n(u) > % holds in a slightly larger region as well.

Lemma 3.7. Assume that the region D(0,v;) UR is free of trapped surfaces
and the initial data along C' is not super-charged. Then if ny > % + 9.,(d0),
we have n(z) > £ for all z(u) € [i’fgo, 1]. Over here, g,(z) is defined as:

)= L5 1 2% 1 s 2 1,

() = = z - —x — z° .

g =21 +22\\w ' 2075(1 1) w1t
(3.18)

Proof. We define v’ := sup{u € [ug, u]|n(s) > 22 for all s € [ug, u]}. We are

going to show that v’ = u,, where z(u,) = l?fgo' A sketch of this is provided
in figure
We calculate Z—z. The following computations holds for all u € [ug, u.]:
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dr  du/ du  Oyurs

dn _dn [dx rg(u0)< 20,79 2 )
T2 2

5 (mg —mq) + T—au(mz —my)

n 2 2y—2 2 2(7—2 2 Q30,2 Q30,1
==t %0 (=87mr585 “0yra| Dypo|* + 8mri Q7 “0yr1| Dy |” + 2 2 )
n 167?&,7“2(22_2 : : Q;Q&)rl 9 9 Q3
< T 2T (2Dl — 2 D, 2
- 20,79 72| Dutl Q520,15 rilDudnl” ) + xr3
20
where we used that (10ur: > 0. (3.19)

120,19

Now we focus our attention on the region [ug,u']. Since n > % > % in
[/, 1], we can use Lemma (B6) to bound the factor in the second term:

Q720,r e
r3| Duthol” = S5 [ Dugn|” < r3| Dughol* — €2 Dy |

- @2 + 2@|Du¢1|rl + (1 - en(l_%))TaDuQZ)lP'

The last expression, being a quadratic in ©, can be bounded by a monic
quadratic polynomial in ©:

w 1
6% +20[Dydn|r1 + (1 — "= 2))ri| Dygn|? < (1 - 7>1> o’

en(lf %
1

< (1 + m) 0%  (3.20)

where we used the fact that 7(1—%) > 0 in the second inequality. Then (3.20)
combined with ([B.19) gives:

dn <N 160,150 2 1 o4 Q_%
) 5

AN b b e B (O R
dr = =z X0y To ( Jr77(1—% xry

Applying Lemma B.5] we have

dn noon w 1 Ty Q3
e T T 2 (1 —— V(2] =2, 21
ar = x+w<+2)<+n(1—£))(ﬁ )* (3.21)

Using Proposition B.3] we get

ro(u) — ri(u) To(ug) — 71(Up) B 0o

) )~ ) — () = 7o) — (o) — 1)) (18] — 0
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Combining with (3.21]), and using Lemma (3.4) to bound the term involving
(), we obtain

d :1:2 (1+60) —xdy = 1—%za(l+0)—0d ar3
- :1:21+50)—a:50 x 1—Szx(l4+d)—0 x2
n w do I+%1 do
SR T T -

. w w 144 .
Defining g(x) := 1—% — (1+5)m and f(z) := ﬁm, we obtain

the following differential inequality which holds for all z € [2/, 1]:
dy o) @) _

dx T T

To solve this differential inequality, we multiply by an integrating factor to
get:

d [ s e f(x)
a fx . ds f ds <
dz (6 n(x)) ="

1 g(s) =1 ! 9(8) f
::,{et S%naﬂ <(/‘ef todt +C,

t=x

where C' can be chosen to be any Value which makes the 1nequahty hold at the
initial point x = 1. Also denote G(z f g )ds and F(x f e G Lgs.
In this notation, we get

Ny — e’G(x)n(:L’) < F(x)+C.

Since 19 = n(x)|z=1 by definition, and F(1) = G(1) = 0, setting C = 0
makes the inequality tight. Hence, in the interval [z’, 1], we conclude that the
following inequality holds:

no — e @n(x) < F(z) (3.22)
Now we compute explicit expressions for G(x) and F(z):

1 w w
_ _ d
Gla) /z s s s(140g) — do °

/11—§+1+g_(1+§)(1+5o)
z S

ds

s s(1+dg) — do

. ((90(1 + 8o) _50)1+°5).

T2

T

:m<@a+&i—%fﬁ>
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1 2 1 1 w
F(z) = / : 1ty idS = / i 2 bos sz ds
v (s(L+38p) — &) 28 2 1 =5 (s(L+dp) —60)""2

1+ % do /1 ( (5(1 + 50) — o " do ds
. (s

1— 21+ 4 L+00) — 00)**%  (s(1+dg) — 6o)>F%
1% & /1 1 N % ds
1=51400 ), (s(1+30)—380)F% " (s(1+ ) —dp)>2
BT {_g 1 ! % }1
CI-5(H0?L w(s(1+a) —d0)? LT (s(1+d0) —ap) E L
NELS S S T % -2
L= 5 (002 \w (a(1+00) —d0)F @ 145 (a(l+0))—dp) 2 1+5/

Observe that F'(z) is monotonically decreasing and hence obtains its maximum

at x = l?fgo on the interval [ngo’ 1]. Therefore,
36 1+% 3§ 2% s 2 1 —5 _ 0
P < () = T (o - S e )
148 1—% (1+do) w w  2773(1+3) L+35
L+s 1 ((21—% ! )w 2 ! )
— I 8y 2 — 26y — 62
1_%<1_'_50>2 w 21+§(1+%> 0 wO 1—|—%0
:gw(do)'

Substituting the expressions for F'(z) and G(z) into (3.22), for all z € [2/,1],
we get

n(z) > e (o — F(z))

(2(1+ 6o) — 69) ' T2
$2

1+¢ 1 21=3% 1 e 2 1
(-1 a2 )
(770 1—%(1+5O)2<<w 21+5(1+§))0 w ° 1+2°

l‘(l + 50) — 50
= 2 (M0 = 9(d))- (3.23)
For the last identity, we use the definition of g, (x) in (3I8).
2

m is monotonically increasing, we get:

>

+

Since w < % implies that

2
T
su =1.

p w
TE[T+,1] (l‘(l + 50) — 50)1+2
Combining this with the hypothesis that

13€
Mo > — +gw(50)7
w
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we obtain the inequality:

13¢ 13¢ x?
Mo > — + guw(do) > — 5=
W W (l‘(l + 50) - 50) 2

for x € [2/,1]. Substituting the above into (3.23)) gives us:

1
n(x) > %, for all x € [2/,1].

+ 9.,(d0)

However, by the continuity of n(x), we can find 2” < 2’ such that n(z) > £¢ for

all z € [27,1], i.e. n(u) > 22 for all u € [ug,u”], contradicting the supremum

property of u’. O
We are now ready to prove the main theorem of this paper.

Proof. (Theorem[1.3) We prove the theorem by contradiction. Suppose that R
contains no trapped surfaces or MOTS, in particular d,rs > 0 for u € [ug, u.].
Then Lemma applies and ([8:22)) holds for = € [z,, 1]. Rearranging (3.22))

gives us

no < e”@n(x) + F(z) < e %@ 1 F(2), for all z € [z., 1]

where we used the assumption that n(z) = Q(Mii;ml) < 27% < 1 in the second
inequality. In particular, by letting z = x, = ffgo, we get:
G x:
e 9@ L P(g,) < * s + g.,(o)

(2.(1+ 6o) — o)
B 9
= '21-1-%(1 + 50)2

1%

dg 2 + gw(do), giving us the desired contradiction.
U

5o % + g (d0),

9
and hence < -
Mo 21+7(1+50)2

4. APPENDIX

4.1. Trapped Surface Formation for the Einstein Scalar Field. Here
we provide a proof of Christodolou’s sharp trapped surface formation criterion
as in [9]. In the case for the real scalar field, the system of equations (2.4 to

[2.12)) is reduced to

2

rOyOur + OyrOyr = I (4.1)
0u(Q720,7) = —47rQ 2|0,/ (4.2)
0y (Q720,r) = —4mrQ2|0,0|?, (4.3)
70y 0y ® + 0y1r0yd + 0yrdyd = 0. (4.4)

Also, the derivatives of the Hawking mass become:
Oym == —81r*Q20,7(0,0|?, (4.5)
Oym = —8wr*Q20,7|0,0/%.
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For convenience, we restate theorem [L.T] here.

Theorem 1.1. Define the function

E(z) = ﬁlln (%) +5—x].

Consider the system (LLI)) with characteristic initial data along u = ug and
v = v;. For initial mass input 7y along u = wy, if the following lower bound
holds:

No > E(50)7

then a trapped surface S,,, with properties 9,7 (u,v) < 0 and 9,r(u,v) < 0,
forms in the region [ug, u.| X [v1,vs] C R.

In this section, we will first give a few technical estimates to the dynamical
quantities in the strip [ug,0] X [vy,vs]. These will be used in the proof for
Theorem [Tl We start off by showing that 0,7 is negative and bounded away
from 0.

Lemma 4.1. 9,r < —10? everywhere in D(0,v1) U ([uo, 0] X [v7,00))
Proof. Rewrite (A1) as
QZ

av (TauT) = —Z

Note that Q2 = 1 along C. Integrating both sides from 0 to v and dividing by
T

v
- =9, ). 4.7
4r(ug, v) Dur (tto, v) (47)
Setting v = 0 in the above gives us
1 1
-_ = w s —= —8,0 y v 5 = —. 4.
10, (00.0) Oy (g, 0) r(up,0) = 0yr(ug,0) 5 (4.8)

Since Q2 = 1 on C as well, ([£3)) gives us that 9,0,r <0, i.e. r is concave with
respect to v. Combining this with the fact that r(ug,0) = v(ug,0) = 0, we

have:

%(u(]u U) S 8UT<U0, 0)

Hence,

r
;(Uo, 'U) S

N | —

Substitute this into (L7, we get
1
Our(ug,v) < —3

By (&3), 2720,r is decreasing along incoming null geodesics. Hence for a
general point in D(0, v;) U ([uo, 0] x [v1, oo)), we have Q720,r < —%. O

Remark 8. m(u,v) > 0 for all (u,v) € D(0,v1) U ([ug, 0] x [v1,00))
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Proof. Given any point (u,v) € R, we can extend the outgoing null geodesic
backwards until it intersects I" at some coordinate (u,v.), so that r(u,v.) = 0.
Using (4.G), we have

Oym = —8mr*Q20,r(0,6|%,

and since 0,r < 0 by Lemma [£1] we get that d,m > 0. Combining with the
fact that m(u,v.) = 0, we obtain the desired result. O

Next, we show that the mixed derivative of r is always negative. This places

a upper bound on the growth on the ratio 2

Proposition 4.2. Assume that D(0,v;) UR is free of trapped surfaces. Then
i) 9,0,r <0in R and ii) 6(x) ;=2 — 1 < £ for u € [ug, us).
T1
Proof. We rewrite (A1) into the following equivalent form:
2%m
OOy = ———. 4.9
" 2 r? (4.9)

Since m > 0, the right side of the above equation is non-positive. This proves
the first part of the lemma.

Integrating with respect to u, we get:

Opr(u) — 0y (ug)< 0 = Opr(u) < 9yr(ug).
Integrating the above inequality with respect to v,
ro(u) — ry(u) < ro(ug) — ri(ug), for all u € [ug, u,].

Hence, we can use the above inequality to compute a bound for §(u):

9 To —T1 TQ(UQ)—Tl(UQ)
ou)=——-1=
(u) r ry = (ra —r1) = ra(u) = (ra(ue) — r1(uo))
do do

< = for all «)s

_%_50 NORET or all u € [ug, u.]
(4.10)
where x(u) = ro(u)/ra(ug). Recall ro(u,) = l‘zfgo - r9(up) and since z(u) is

monotonically decreasing, we have

z(u) > z(u,) = 1?f050 for u € [ug, u.l,
and hence
5(u)<ﬁ:1forallu€[uo Us).
= 20, 2 T

O

Next we prove two key lemmas. In the first one we bound the difference in
r0,¢ between v = v; and v = v9. Then in the second we bound the ratio of
0,7 between v = v; and v = v,.
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Lemma 4.3. Define © := 150,09 — r10,¢1. Suppose that D(0,v;) UR is free
of trapped surfaces. Then

Oyr 1 1
0" < gt (ma — ) (- = (W
for all u € [ug, u.l.
Proof. We can write the wave equation (L) as
0y (roug) = —0urdug.

By integrating the above equation, we get

0% = (T28u¢2 - T18u¢1)2

v 2 V2 2
/ —0,,r0yPdv §</ —8ur|6vgb|dv>

v1
Our
202
where we have applied Holder’s inequality for the last inequality.
The first integral can be written in terms of the hawking mass:

v2 V2
/ —87Tr28u7“(2_2|8v¢|2dv:/ dym dv

= Mo — M. (412)

To bound the second integral, we apply Proposition to get 0,0,r < 0,
and hence 9,7 > 9,75. Also, equation (&3) implies that Q520,75 < Q729,r.
Combining these two pieces of information, we have

2 Or "2 Oy,r "2 1
—— 2 _dv = ——__dr < =0, —d
/v1 r2()—2 v /7"1 r2Q-20,r "< =0 /T1 r2Q-20,r "

< —0yT2 /r2 L Oyra ,1 1 )
=020,y )y, 12 O, 20,r9 "9 T
Substituting (4.12) and ([4I3]) back into ([AIT]) gives us the desired result. O
Lemma 4.4. Assume that D(0,v) UR is free of trapped surfaces. Then
Q520,75
Q20,1

1 V2 v2
< — —87r20,rQ%|0,6|*dv /

=87 Sy,

dv (4.11)

v1

(4.13)

(u) < e

for all u € [ug, u.].

Proof. Dividing both sides of equation (&3) by Q720,r and integrating from
V1 to vg, we get

B _ 05 20,r Y2 |0, 0|2
In |Q5 20,72 — In|Q%0,71| = In <Qi‘26‘v:) = —47r/v de.
By equation (4.0 and the definition of the Hawking mass, we have
Oym —81r?Q20,r|0,0°  2mr|0,0|

1

r—2m  —4rQ-20,r0,r Oy
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FIGURE 4. Idea of Proof of Theorem [Tl

Hence for any u € [ug, u,]

972 ) V2 3 V2 1
In # :—2/ Oum dv§—2/ -d,m dv
Q70,1 o T —2m o T

-2 2 2 —
S_/ ym dy = — 22 =)
T9 1 T9

Exponentiating both sides of the above inequality gives us the desired result.
O

Now we are ready to prove Theorem [L.II

Proof. (Theorem[I1) We consider the dimensionless length scale z(u) := 2

r9 (uo) :
Note that x decreases as u increases and x(ug) = 1. We will show that Z—Z is

bounded from above, i.e. % is bounded from below, and hence obtain a lower
bound for n(u,). If this lower bound is greater than 1, this implies S(u., vy) is
a trapped surface, for

2 — 2
n(u.) = M(u*) >1 = ) > 1
T2 T2

= S(us,v) is a trapped surface.
See Figure [4] for an illustration.
To be precise, we prove a Gronwall-like inequality under the assumption

that there is no trapped surface formed before u,. In particular, we assume
that O,ra(u) > 0 for all u € [ug, us]. We show that this assumption will lead
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to a contradiction.

Assuming that 9,7(u) > 0 for all u € [ug, u,], the following chain of identi-
ties hold in the region [ug, u.] X [v1, v

d77 o @ d.r . T2<u0> ( . 28ur2 (mz _ ml) + 38 (m2 . ml))

de  du/ du  Oyre
2
1 (=873 20y 19| 0upa|? + 8730 20,1001 %)

r3 To

T TOuT
n 167?&,7“2(22_2 9 9 Ql_Z&,rl 9 9
o 2 _ . 4.14
T 20,72 7210us| Q;Q&JQ 110t ( )

Using Lemma [4.4] we can bound the factor in the second term:

9_28 T
oo 1110un|® < 7310ude|* — €[00

— 1

T§|au¢2|2 -
= 0%+ 200,111 + (1 — e")r{| 0.1 .
The last expression, being a quadratic in ©, can be bounded by a monic

quadratic polynomial in ©:

1 1
0% + 200,411 + (1 — e")ri|du¢n|* < (1 oz 1)@2 < (1 T 5) o7,

since 17 > 0. This last inequality combines with (ELI4]) to give:

@ < o 16707982, 2 1 +1 o
dz x X012 n

Applying Lemma E3], we have

d 2 1 1 1
b2 () (2
dx A n ro T
1
:_ﬂ+ﬂ<1+—)(2—1). (4.15)
x x n ™

Using (410) we get
o —T1 Tz(uo)—ﬁ(uo) _ do
ro — (g — 1) ~ ro(u) — (r2(ug) — r1(ug)) (1 +dg) — b

Combining the above with ({TI5]), we obtain

5:

d?? 50 1 50

- =7 —— |+ :

dx 22(1+09) — 209 22(1 4+ 6g) — xdy
Defining g(x) :=1 — m(lgﬁ and f(x) := Mﬁ, we obtain the following
differential inequality:

dy | ol@) f@) _

dx T T
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To solve this differential inequality, we multiply by an integrating factor then
integrate with respect to z:

d (e le g(sS)dsT]<x‘)) e le g(ss)dsf<37) S 0

dzx x

'—1

—fl 9(5) g / v ! —fl g(s)dsf ’

= |e o s () < [ e s dz'.
=z z

!
We denote G(z) := fxl L;)ds and F(x) := fxl e*G(:’:')%dx’. In this notation, we
get
o — e “Wn(z) < Fz) = n(a) > e (= F(z) + ).

Hence, in the region [ug, u.] X [v1, v5] free of trapped surfaces, we conclude that
the following inequality holds:

n(z) > e““(—F(z) + ). (4.16)

Now, we compute explicit expressions for G(z) and F(z):

1 1 5o
Glz) —/x PR R N

B S 2
). s s s(L+6) — o

=In <S(1+Z—Z)—5o) 1 =1In <W)

xT

B 1 82 f B 1 508
F@”‘l:q1+%>—%§“‘]l<q1+%>—%y“

do /1 1 Jo
= + ds
1+50 - S(1+50) —50 ($(1+50) —50)2
do ! 08 1
=——1 1+4+09)—0 —
u+5@2“(“ 0) 0) (11 60) 5(1 + 00) — o
do 1 1
— | In(————— — 1) ).
(1+50)2( n(:p(1+50)—50) (x(1+50)—50 ))
Using the assumption that there is no trapped surface or MOTS, we have

n(x) = Q(mzri;ml) < 27% <1forxe [ffgo, 1]. Rearranging (4.16]) results in

x T

+ o

30
o < e—G(w)n<x) + F(z) < e G@) 4 F(z), forall x € L +05 ,1}-
0

In particular, we can substitute x = ffgo into the above equation and get
do 1
< FE(y) = ——==|log (=) +5—0do]|-
< B) = s og (5) +5 - o)

This gives us the desired contradiction. 0
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4.2. A Special Case of Minkowskian incoming characteristic initial
data. Prescribe Minkowskian data along v = vy, we can improve the lower
bound required on 7 in Theorem [L.1]

Theorem 1.2. Assume that Minkowskian data are prescribed along v = v,
and require ¢(u,v;) = 0. Suppose that the following lower bound on 79 holds:

9
Mo > 5507
then there exist a MOTS or a trapped surface in [ug, u.] X [v1,v2] C R, i.e.
Oyr < 0 at some point in [ug, u.] X [v1, va).

Proof. (Theorem[1.2) In this special case, we have ¢; = 0 and m; = 0. Equa-
tion (A.I4) now reads:

dn N 16m0,re82; >
L L
and we also have
0% = r3]0u0s*.

Combining the above equations, followed by applying Lemma [4.3] we get:

d 160,105 2 2/1 1
a0 OO e o M 22 2 (mg — m1)
dx T 20,79 T T \Try T
:_E+E<E_1>
r T \n
< N, %
— x xzz(l+4d) — o

Integrating the above inequality:

1 | 5o L9 1+ &
Sdn< | 24— _ge— | E4 TR 4
/gﬁnn_/x 5+ss(1+50)—508 /x s+s(1+50)—508

= (i) =» (Gara)

33‘2

l’(l +50) - 50'

Under the assumption of no trapped surfaces or MOTS, we have n(x) < 1 for
all © € [2%- 1], hence

= 1 < n(x)

1+680’
.T2 350
<——— forallz € J1.
770_.T<1+50)—(50 |:1+50 :|
In particular, choosing x = 1?f§0 we have

9
T}O < 550

This gives us the desired contradiction to the hypothesis. U
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