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Abstract. In this survey, we provide a review of recent progresses in the local well-posedness problem of
Einstein equations in (3+1)-D with low regularity and its applications.

Résumé. Dans cette enquéte, nous rendons compte des progres récents dans le probleme de la bonne pose
locale des équations d’Einstein en (3+1)-D avec une faible régularité et ses applications.
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1. Introduction

Many fundamental theories of physics are modelled by nonlinear hyperbolic equations, such
as general relativity, gas and fluid mechanics, elastodynamics etc. The main theories of these
PDEs are on the well-posedness of the solution of the equation with certain initial or boundary
conditions, which are usually classified into local-in-time or global-in-time well-posedness.
Pioneered by Schauder [1], Choquet-Bruhat [2] and Leray [3], the local-in-time well-posedness of
classical solutions for nonlinear hyperbolic equations of multiple spatial dimension were studied
by physical methods such as energy methods, pointwise estimates based on Kirchhoff formulas.

In [2], without assuming analyticity for the Cauchy data, Choquet-Bruhat proved local exis-
tence result for the following second order hyperbolic system!

{ AWV (®,09)0,0,P = F(D,09),
@l =Po, 0:Pl=0 =D
where @ is a vector-valued function, the principal coefficients A*¥ and F are smooth functions

of their variables. In particular she provided an constructive proof for local existence and
uniqueness of solutions for Einstein vacuum equations under wave coordinates. Together with

(1.1)

1By default 3y = d; unless specified otherwise. Under the Einstein summation convention, the lowercase Latin indices
such as i, j, k start from 1, while the Greek indices such as i, v begin from 0. Here, 0 represents both the spatial and time
derivatives, while 0 without a subscript is reserved solely for spatial derivatives.
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Geroch, in [4], she also proved that for each initial data set, there is a unique maximal future
development.
Consider Einstein vacuum equations

Rop(@ =0 (1.2)

where R, g denotes Ricci curvature tensor of the Lorentzian spacetime (.4, g). An initial data set
for (1.2) consists of a three dimensional surface X together with a Riemmannian metric g and a
symmetric 2-tensor k satisfying the constraint equations
{ ijij—Vjtl‘kZO
Ry —|kI* + (Trk)* = 0
where V is the Levi-Civita connection of the metric g on Xy, and R; is the scalar curvature of
(%,8). For a given initial data set (g, k,Z), solving the Cauchy problem is to find a metric g
satisfying (1.2) and an embedding of % in .# such that the metric induced by g on %y is g and
the 2-tensor k is the second fundamental form of the hypersurface £y c 4.
With the wave coordinates x%, the metric takes

(1.3)

g=-n?ds’ +gij(dxi +vidn(dx/ +v/dn),

where 7 is the lapse function of x° = ¢ and the vector-valued function v’ is the shift of the metric,
gij is the induced Riemannian metric on X, the level set of ¢. Since g is Lorentzian, there is a
constant ¢ > 0 such that
¢ < gij€'E <P, nP-lulg=c.
Schematically, with ® = (g,,,), under the wave coordinates, the reduced Einstein equation system
takes the form
gt (©)0,0,P = N (D,00). (1.4)

g"” is the inverse metric of the Lorentz metric g; the function A" = (M) on the right-hand
side is smooth on its variables, and A" (®,0®) is quadratic in d®. The method Choquet-Bruhat
adopted is based on pointwise estimates and a generalized Kirchhoff formula, which later in-
spired important works such as the breakdown criterion for solutions of Einstein equations given
by Klainerman-Rodnianski in [5-7]. We will go back to this point in Section 5. Meanwhile, the
energy method adopted in [1,3] has become the classical method in studying hyperbolic PDEs.

A key motivation of the work [2] was to extend the Cauchy-Kowalevski theorem to non-
analytic Cauchy data, as the assumption of analyticity is meaningless in a physical theory where
coordinate changes are only restricted to be sufficiently differentiable. Furthermore, in [2],
Choquet-Bruhat noted: “It seemed to me that, for the problems considered by the theory of
relativity, it would be interesting to obtain, under the minimal possible amount of assumptions,
an existence theorem easy to use, enabling [one] to find properties of the solutions that can
be compared with the classical properties of light waves and gravitational potentials, and to
have formulas which can be an efficient method of calculating gravitational fields, at least
approximately, that correspond to given initial conditions.”

Since the seminal work [2] of Choquet-Bruhat, extensive work has been done on the well-
posedness of the quasi-linear wave equation (1.1) in R"*! for n = 2, including applications
to Einstein-vacuum equations. The assumptions regarding the regularity of the Cauchy data
have been significantly relaxed. The classical approach for proving local well-posedness relies
on energy methods, Sobolev embeddings, and the classical iteration argument. Constructing
solutions with lower regularity data may involve using Strichartz estimates or bilinear estimates
(when the equations satisfy the null form condition). These approaches may go beyond physical
methods, requiring constructing and controlling a parametrix and employing Fourier analysis,
which are challenging to extend to quasilinear equations.
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Next, we provide a detailed review of the local well-posedness results for Cauchy problems
concerning Einstein equations and similar types of quasilinear wave equations.

The classical local well-posedness result of Hughes-Kato-Marsden [8] in the Sobolev space H®
follows from the energy estimate

t
0P|l gs-1 < c[|ODP(0) ]| gys-1 - €xp (fo [[0D(T) IIL;odr), (1.5)

as well as the Sobolev embedding and a standard iteration argument. This result holds for any
s>n/2+1,since H' < L™ gives the control of 09|z .

Theorem 1 ([8,9]). Let (X, g, k) be an initial data set for the Einstein vacuum equation (1.2) in
(3+ 1) spacetime. Assume Xy can be covered by a locally finite system of coordinate charts, related
to each other by Ct diffeomorphisms, such that (g, k) € HISOC(ZO) X HISO’C1 (Zo) with s >5/2. Then

there exists a unique global hyperbolic development (L, g) verifying (1.2), for which X is a Cauchy
hypersurface.

One can refer to [10, pages 304-310] for the classical local existence result for Einstein vacuum
equations with maximal foliation, which means the mean curvature of the level set of # is trivial.
For Einstein vacuum equations with constant mean curvature foliation, which means the mean
curvature of the level set of ¢ equals ¢, with ¢ < 0, by setting on the level set of ¢ the spatial
harmonic gauge, Andersson-Moncrief proved the local well-posedness of the solution in [11],
for data (g, k) € H® x H5~! with s > 5/2.

In pursuit of an existence theorem for the Einstein vacuum equations with minimal regularity
assumptions, Klainerman proposed the bounded L? curvature conjecture in [12], which, in brief,
asserts that the local existence and uniqueness result for the Einstein vacuum equations can
be extended to Cauchy data with locally finite L? curvature and locally finite L? norm of first
order covariant derivatives of k (see Theorem 3 for a more precise statement). Additionally, in
connection with the global stability of Minkowski spacetime established by Christodoulou and
Klainerman in their seminal work [10], Klainerman posed the following problem in [13]:

Problem 1.1 (Strong stability of Minkowski space). Does there exists a scale invariant smallness
condition such that all developments, whose initial data sets (X, g, k) verify it, have complete
maximal future developments?

The bounded L? curvature conjecture was regarded as a highly challenging problem, a key
step toward resolving the above question. Significant progress was made in the early 2000s to
lower the regularity assumptions for local well-posedness results of quasilinear wave equations
of type (1.4).

To improve the classical results, one key objective is obtaining a better estimate on [|0®|| L
This boils down to deriving the Strichartz estimates for the wave operator g* (®)d,0 s which has
rough coefficients, only as smooth as ®. In this context, for s < n/2 + 1, Strichartz estimates
provide a pathway to improving regularity, which is crucial for enhancing classical results. One
can refer to [14-28] the works of Smith, Buhari, Chemin, Tataru, Klainerman, Rodnianki, Wang for
results of s < 5/2 for the quasilinear wave equation of the type of (1.4). In particular Klainerman
and Rodnianski gave the s > 2 result for Einstein vacuum equation under the wave coordinate
gauge in [22-24], which is sharp due to the counter example given by Lindblad-Ettinger [29].
And the result of Smith-Tataru [28]% and Wang [27] achieve the sharp s > 2 result for the general
equation, (which takes the form as (1.4), but the metric does not have trivial Ricci curvature,
see (2.2)). The counter example for the case of s =2 is given by Lindblad [30].

2The result is for the dimension 2 < n < 5, atleast sharpin n=2,3.
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Nevertheless, Strichartz estimates are established for the wave operator. When the nonlin-
earity A (®,0P) exhibits a more delicate structure, better results are expected, which cannot be
achieved solely through Strichartz estimates. For instance, for semilinear wave equations in R3*!

Up=AN(p,04), ¢0)=po, 0:$(0) =1,

using Strichartz estimate, the local-wellposedness was proved for (¢pg, ¢1) € H® x H*"! with s > 2
by Ponce-Sideris [31] and the result is sharp due to the counter example by Lindblad [32].
However if the quadratic forms are null forms (see (3.23)), the result is improved by Klainerman
and Machedon in [33] to s = 2 by establishing bilinear estimates.

For geometric wave equations, those are semilinear and exhibiting null conditions, including
wave map, Maxwell-Klein—-Gordon and Yang-Mills equations in Minkowski space, the study
of low-regularity solutions is driven by investigating global-in-time behavior. An important
example is the global finite energy solution for Maxwell-Klein-Gordon equations in Minkowski
space, established in [34], as well as for Yang—Mills equations in [35]. For both cases, the energy of
the curvature (together with the scalar field for Maxwell-Klein—-Gordon equations) is conserved
over time. In R3*!, Klainerman and Machedon [34, 35] proved in the 1990s that local solutions
can be constructed for initial data with finite energy. The conservation of energy allows these
local solutions to be extended globally in time. Their results were based on innovative bilinear
estimates for null forms, improving classical results by more than half a derivative.

Further progress on well-posedness for lower regularity solutions was made by employing bi-
linear estimates in the wave-Sobolev space, developed independently by Klainerman-Machedon
and Bourgain (see [33, 36, 37]). For instance, the scale-invariant, optimal regularity result on
Maxwell-Klein-Gordon equations in R**! was achieved by Liihrmann-Krieger [38] and Oh-
Tataru [39], where global well-posedness for finite energy data was proven; one can refer to
Krieger-Tataru [40] and Oh-Tataru [41] for the optimal regularity result in R**! for Yang-Mills
equations.

While bilinear estimates rely heavily on Fourier analysis and the null form condition, extend-
ing these estimates to quasilinear wave equations poses a fundamental challenge. In the case of
Einstein equations with maximal foliation, by using the Yang-Mills formalism and adopting the
spatial Coulomb gauge, the equations exhibit the structure of null forms. The s = 2 result for Ein-
stein vacuum equations is established by Klainerman, Rodnianski and Szeftel in [42] and [43-46]
by taking advantage of this structure, which is so far the best regularity result for Einstein vac-
uum equations. The counter example in [29] implies that, under wave coordinate gauge, the so-
called weak null form observed by Lindblad-Rodnianski [47] is insufficient to yield the result of
the bounded L2 curvature conjecture. In [42], it is suggested that, although the result is not op-
timal with respect to the standard scaling of the Einstein equation, this result may be sharp due
to “null scaling”, which is related to establishing a lower bound on the null radius of injectivity.
This bound is crucial for their parametrix construction and establishing bilinear and trilinear es-
timates. To control the lower bound, it relies on a series of sharp trace estimates along null hy-
persurfaces. We will review this set of estimates in Sections 4 and 5.

In Section 2, we review the s > 2 result for the Einstein vacuum equations and similar types
of equations. Section 3 provides a brief overview of work on resolving the bounded L? curvature
conjecture. In Section 4, we discuss methods for controlling causal geometry in rough Einstein
spacetimes. Finally, as applications of controlling null hypersurfaces with limited regularity, we
review works on breakdown criteria for the Einstein equations in Section 5.

2. Rough solutions for Einstein equations

In the section, we review the result of Klainerman and Rodnianski in [22-24].
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Theorem 2. Consider the classical solution of (1.4), the reduced Einstein equation under the wave
coordinates. Supposeg(0) is a continuous Lorentz metric, and SUp|yj=r Igaﬁ 0) —maﬁl — 0 asr—oo.
The time T of the existence depends only on the size of the form ||0gy (0)|| s for any fixed s > 2.

One can refer to the counter example given in [29], which shows that Theorem 2 is sharp. The
above result is extended to Einstein vacuum equation with CMC spatial harmonic gauge by Wang
in [25, 26].

Since one can approximate a given H* initial data set for the Einstein vacuum equations by
classical initial data sets, i.e. H' s' data sets with s’ > 5/2 for which the classical solutions exist and
unique. The above theorem allows one to pass to the limit and derive existence of solutions for
the given, rough, initial data set. In particular, one can refer to the result of Maxwell (which is for
s> 3/2) in [48] for justifying such approximation for the solutions of the constraint equations at
the initial slice.

Recall the energy estimates for the solution of (1.4) in n+ 1 spacetime. To achieve the result for
s> 2, one need to control exp(fot |lo®(T) lzs). In terms of Sobolev embedding

n
0@l S0Pl g5, s> 5

which is consistent with the classical result. For the solution of the linear wave equation Ll¢p =0
in Minkowski spacetime R™*1 there holds the Strichartz estimate

o
”a(p”L%o,nL?f =cT" (llgoll Hldrll ao1.o) 2.1

with o > 0 arbitrarily small.
Consider the following quasilinear wave equation, similar in form to (1.4),

{ —32p+ g ($)0i0;p = N (), 00), 02
Gli=o =0, 0:Pli=0 = P1 ’

with g%/ bounded, uniformly elliptic and smooth about its variable. To achieve a better result
than the classical one, it is important to recover the Strichartz estimate in (2.1) in the rough,
curved spacetime with the metric g = —dt* + g; jdxi dx/ depending on the solution. Strichartz
estimate for wave equations with rough coefficients was first studied by Smith [14]. The break-
through was then made by Bahouri-Chemin [18, 19] and by Tataru [15] using parametrix con-
structions. By establishing a Strichartz estimate for solutions to the linearized equation —6%(/) +
g'(¢)0;0¢ = 0 of the form

H%+%+a

109l 2 0 < c(lpoll gr2+a + llp1 Il ri+a)

with a loss of @ > 1/4, they obtained the well-posedness of (2.2) in H® with s > 2+ 1/4. This result
was later improved to s >2+1/6in [17].

An important next step was taken in [20] and [21], where in [20] Klainerman introduced
the commuting vectorfields approach for Strichartz estimates, with which he reproduced the
s> 2+1/6result. In particular he pointed out the regularity of null hypersurface can be improved
by adopting the following decomposition for Ry, the component of Ricci curvature of the metric
g contracted by the null vector-field L,

Ry =LP-11/L"g"P0,0pgu, +E 2.3)

with P roughly g-dg and E = g(@g)?. This important geometric treatment introduced in [20] is
crucially used in [21]. In [21], blended with the paradifferential calculus ideas initiated in [19], [16]
and [17], Klainerman and Rodnianski improved the local well-posedness of (2.2) in R1*3 to data
in the Sobolev space H® with s > 2 + (2—+/3)/2. According to the counter-examples in [30],
one can only expect to obtain the local well-posedness in H® with s > 2. Note that the metric
of (2.2) is more general in the sense that it does not verify Einstein vacuum equation (1.2).
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For (2.2), the optimal s > 2 result is achieved in [28] and [27], both of which take advantage of
the decomposition (2.3) to control the causal geometry.

Next we briefly summarize the main reduction steps for the proof of Theorem 2.

To prove Theorem 2, under the bootstrap assumption

o<1, .
”aq)”L%o,T]Lx 1 (2.4)
one needs to prove the energy estimate and Strichartz estimate below

10010 iy SIORO) ey, 0@ 0 < CT°, (2.5)

with some 6 > 0, C > 0 a universal constant depending on the bound of ||0®(0)|| ;1+y. The energy
estimate follows from (1.5) by using (2.4). Assuming the Strichartz estimate in (2.5), with T
sufficiently small, (2.4) is improved.

Step 1. Reduction to dyadic Strichartz estimate. To prove the Strichartz estimate in (2.5), it
suffices to prove
IPAO®I L2y S AT IOD(O) | 1oy (2.6)

~

where P} is the Littlewood-Paley projection with the frequency A € 27, and ¥ ¢; < 1. In fact, it
suffices to focus on a fixed dyadic frequency with A > Ay with A sufficiently large.

With ¢ fixed and 0 < €¢ < y/5, divide [0, T] into subintervals I with size = TA 80, On an
interval I consider the linearized equation

g*P0,05w =0 2.7)

where gzg =2 gcu=2-Mo) P”g“ﬁ , with M, > 0 a fixed large constant.
For the frequency localized data, satisfying

RTOV™oY )2 < V™Y Oz < 21V I9w ) 2
prove that with 6 > 0 such that 5¢¢ + 6 <y there holds
1PAOW I 2100 S TP IOW O . 2.8)
Step 2. Rescaling. With the metric
Hyy(t,x) =g A7 1,47 x)
consider the rescaled equation of (2.7)
HP (1, %0405y =0
in the region [0, £,] x R3, where ¢, < 1178, Then (2.8) can be obtained by showing
1Pyl 1o S 210W Oz,
where P = P;.

Step 3. Reduction to an L' — L decay estimate. By running a TT* type argument, the proof of
the dyadic strichartz estimate in Step 2 can be further reduced to an L' — L decay estimate. Let
1 be the solution of

Onyw =0 (2.9)
with data at ¢ = 1y € [0, £.]. Prove
1 m
Pyl o <|———— +d(s vEo (1 2.10
1PoViLe S| e + 40 kZ:Ou v (1)l (2.10)

for some integer m > 0, where 6 > 0 is sufficiently small, and ti “a raqo,r,) S 1 for some g > 2
sufficiently close to 2.
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Step 4. Reduction to a localized L? — L™ estimate. The next step is to further localize in space
and reduce (2.10) to the following result

m-—2
1POW (D)l < +d )| Y. IVFoy ()l 2, (2.11)

A +]2— 1o k=0
where v is the solution of (2.9) and with data supported within a geodesic ball of radius 1/2,
centered at the origin at X,.

In the spacetime slab [0, #.] x R3, let u be the optical function satisfying H 31')6 0qudpu =0, with
initial condition properly chosen, and u =2¢—u. Let

L'=-HPopude, b™'=—(L,T)=Tw).
Define the canonical null pair L and L by
L=bl/, L=2T-1I,
where T is the future-directed time-like unit normal of X, in the spacetime. Let

Quplf1=0af0pf — 3 Ha o Hiy)Ouf v f-
It is then reduced to bound the conformal energy, defined with the energy density constructed
by contracting the standard current 2%[y] = Qqp [w]TP with the Morawetz vector field K =
1/2) n(uzL + gZL), followed with a proper normalization.

To control the propagation of such energy, it is important to control the deformation tensor
of K, defined by (k)naﬁ = (DgK)g + (DgK)q. As aresult of rescaling, the original spacetime slab
stretches by the high frequency A > Ay, so the analysis is carried out in a spacetime with a metric
close to Minkowski. The derivatives of the mollified metric H(y, are bounded by powers of the
frequency A. Since K is conformal killing in Minkowskian space, it is expected to be nearly
conformal killing in the spacetime slab with the metric H(y,, with the error displaying smallness
in the form of negative powers of A.

The level surfaces of u, denoted by #,, are the outgoing lightcones. Using an arbitrary
orthonormal frame (e A)i:1 on Sy, =X N Ay, define the connection coefficients

XAB - DaLes), X,. - (DAL, ep) 212
(a=3DrLer), n,=3DLLes).
It is necessary to obtain sufficient decay in terms of A for try — 2/n(t — u), §,{,n and for the first
order derivatives of try. This can be accomplished by using a set of null structure equations, such
as the Raychaudhuri equation:

Lury + 2 (wp)® = -7 ~ R (Hopy) + -+

However, applying (2.3) with metric H(y, is insufficient to give the desired bound on the first order
derivatives of try. To improve the result of Klainerman—-Rodnianski in [21] to the s > 2 result in
Theorem 2, it is crucial to use the Einstein vacuum equation (1.2) to achieve sufficient decay for
the connection coefficients. To this end, it is shown in [24] that the Ricci tensor of H(y) and its
derivatives are close to zero in a certain sense, given that the original metric is Einstein vacuum.

To avoid establishing the delicate comparison estimates in [24], [25] adapts the reduction
procedure to bound the conformal energy of the lowest order within the domain of influence
of a unit ball in the original metric. The difficulty is reduced to obtain the necessary control
of the connection coefficients in the rough Einstein spacetime. This set of estimates is derived
by directly taking advantage of the geometric structure of Einstein vacuum spacetime in [26].
Additional challenges arise in the CMCSH gauge, where certain estimates, such as the time
derivative of the shift of the metric cannot be obtained. It is crucial in particular for providing
sufficient control of the null cones in the rough spacetime. This issue is circumvented by
normalizing the basic energy current.
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The adapted reduction procedure is used in [27] to prove the sharp s > 2 result for the gen-
eral equation (2.2). In [27] the construction of conformal energy is further adapted by using the
method of Dafermos—Rodnianski in [49], which additionally achieves the crucial conformal flux.
The added control relaxes slightly the requirements on the causal geometry in the rough space-
time. By using the conformal invariance of the null hypersurface, introduce a conformal change
of the spacetime metric with a well chosen conformal factor. Then with respect to the normal-
ized metric, the required control on the causal geometry to bound the newly constructed confor-
mal energy can be obtained in the rough spacetime. In [50], Wang further adapts the methods
in [25,27] to give the low-regularity well-posedness result for compressible Euler equation in 3-D.

3. The bounded L? curvature conjecture for Einstein vacuum equations

The bounded L? curvature conjecture for Einstein vacuum equations in (3 + 1) spacetime is
resolved in [42] and [43-46]. The conjecture states that

Theorem 3 ([42]). Let (#,g) be an asymptotically flat solution to the Einstein vacuum equa-
tions (1.2) together with a maximal foliation by space-like hypersurfaces X; defined as level hyper-
surfaces of a time function t. Assume that the initial slice (Zy,g, k) is such that the Ricci curva-
ture Ric,Vk € L2(Zy) and Xy has a strictly positive volume radius on scales < 1, i.e. 1yo(Zo,1) >
0. Then, there exists a time T = T(”RiC"LZ(zO): IIVkIILz(ZO),rvol(ZO,l)) > 0 and a constant C =
C(IRicll ;2 (sy), IVEll 12(5,), Tvol (Z0, 1)) > O such that the following control holdson0<t<T:

”R’Vk”L%’,nL%[ <C, and OsirtleTrvol(Zt,l) =1/C.
The above result can be regarded as a continuation principle for Einstein vacuum equation
under the maximal foliation gauge. Moreover, the above result is used by Czimek and Grafin [51]
to give the low regularity existence result for the spacelike-characteristic initial data problem in

Einstein spacetime.
Next we summarize the main idea and the main steps of the proof.

3.1. The Yang—Mills formalism

Let {ew}z:0 be an orthonormal frame on .4, i.e.
gleq,ep) =myg = diag(-1,1,...,1),

with ey = T. Consistent with Cartan formalism, define the connection 1-form

Aqp(X) =g(Dxeg, eq)
where X is an arbitrary vectorfield in 7.4 . Then

R(ea: eﬁy ayr av) = ap (Av)aﬁ - 61/ (Ay)aﬁ + [Ap;Av]aﬁ (31)
where
(A A ap = Aua  (Ay)ys — (AL ALy p.
Denote
(Fuv)ap = Rapuv-

Using (1.2), it follows from the Bianchi identity that

D*Fy + A, Fpy] = 0.
It then follows by using the above identity, (1.2), (3.1) and the fact that 4, (Ay) —dy(Ay) = DAy —

DA, that
DgAv -D, (D”Ap) =Jy 3.2)



Qian Wang 159

where
Iv = Du([Ay;AV]) - [Au»F,m/];
and it is direct to check that D,,J# = 0.
Let Ag=Ay, eg and A; = Aﬂef . It is straightforward to see that
(Aidoj = (Ajdoi =—kij, 1,j=12,3
(Ao)oi = —n'V;n, i=1,2,3.
Note that there is freedom to choose a frame ey, ey, e3 such that the corresponding connection
A satisfies the Coulomb gauge condition (see [42, Lemma 4.3])

V(A =0.
With 8 = (09, 9)3 and A = (A, 4;), (3.2) is then reduced to
AAy=A0A+AJ A +A3 (3.3
ClgA; +0;(30A0) = AJ0; A + AJ0; Aj + AgOA+ AD Ay +A°. (3.4)

The spatial derivative estimates of Ay can be obtained by using elliptic estimates and (3.3). It is
more important to control A = A;, for which one may need to employ the wave equation (3.4). For
this purpose, one needs eliminate the term 9; (9 Ap) in (3.4), which would be done by projecting
the equation onto divergence free vector-fields with the help of a non-local operator if following
the treatment in [35]. However, adapting this approach to the Einstein vacuum equations is too
complicated. In [42], by introducing

Bi = (-A)"(curl (A))), (3.5)

instead of directly using (3.4) to control A, the problem reduces to controlling 0B, based on the
comparison estimate [42, Lemma 6.5]

A=curlB+E (3.6)

where E is a controllable error. In [42], the authors rely on UgB to obtain derivative estimates of
B.

3.2. Bilinear and Trilinear estimates

The proof of Theorem 3 relies on bilinear and trilinear estimates, which will be outlined in this
subsection.

The first step is to reduce the proof of Theorem 3 to a small data problem (see [42, Section
2.3]). Under the assumption in Theorem 3, one can use [52, 53] to obtain the lower bound of
harmonic radius depending on ||R||;2 =0 and the lower bound of initial volume radius. Within
the geodesic ball of radius no more than the lower bound, there are coordinates with respect to
which the metric is comparable to Euclidean metric and is bounded in H?. Using this result, by
localizing, rescaling and adapting the gluing process in [54, 55], Theorem 3 is reduced to

Theorem 4 ([42, Theorem 2.10]). Let (./,g) be an asymptotically flat solution to the Einstein
vacuum equations (1.2) together with a maximal foliation by space-like hypersurfaces X; defined
as level hypersurfaces of a time function t. Assume that the initial slice (X9, g, k) is such that:

”R||L2(ZO) <g | k,Vk”LZ(zo) <E, TIyl(Zo, 1) = %;
then there exists a small universal constant £g> 0 such that if 0 < € < €, the following control holds
on0=tr=<l1

1
IR, kka”L?&”LZ(z[) e rolZp1) =g

360 = 0Oey,0; = O¢;, and denote for simplicity 4 = 9;.
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Theorem 4 is proved by using a bootstrap argument.

Assumption 3.1. Let M = 1 be a large enough constant, to be chosen later in terms only of
universal constants. By choosing € > 0 small, Me can be small enough.
Assume in the spacetime slab Ucpo 112 ¢,
"A”LC;OLz(Z;) +||6A”LC;OL2(Z ) _ME (38)

where F denotes the null hypersurface in the spacetime slab, with future directed normal L,
normalized by (L, T) = —1; assume the following bilinear and trilinear estimates,

||kl]6l(l)||L2(ﬂ) < MZESup ||W¢||L2(<7f) +M£”6¢”L?°L2(Z[) (39)
T
U Qijyokeyeddtt| < ute® (3.10)

with Q; jys components of the Bel-Robinson tensor; and assume a set of estimates on Ay and its
derivatives in the spacetime slab. (See the full set of bootstrap assumptions in [42, Section 5.3].)

Next we follow the steps given in [42] to improve the bootstrap assumptions.

3.2.1. Improvement of (3.7)
Under the bootstrap assumptions, one can obtain by elliptic estimates that

||I’l 1, Vn||L00(L/ﬂ)<M€ (3.11)

To improve (3.7), one may use the Bel-Robinson tensor
Qupys =Ra "y Rprso + “Ra’y 7 R0

Let Py = Qapys eg eg eg. Then

DYPy =3Qapy s P ej e), (3.12)
where 7tq5 = Do Tg + DgTy. With heg = gap + 2(€0)a(€0) g, define the norm |- | for a spacetime
tensor U by

|U)? = Ual"'akUa’I---a;Chalal . KO
Note the following standard property of Bel-Robinson tensor
Pyed =R?, P,L*=|R-LI%

Integrating (3.12) over a spacetime region, bounded by Xy, X; and ./, it is direct to obtain

IRI2 f IR-LI” SIRIZ> 5, + f Qupyom®Peled| S e+ f Qupysm®Peled|.  (3.13)
Noting that the nontrivial components of 71, are
mij=—2kij, To;=n"'Vintrk=0, (3.14)
the last term on the right-hand side of (3.13) can be treated by using (3.10) and (3.11)
f QapysT ﬁeoeo U Qm,,sk eoe0 sl 1V neoeo
< M+ ||Vn||Loo||R||LooLz(Z )
< Mied + (Me)d. (3.15)

Substituting the above estimate into (3.13) yields

f|R|2+f IR-LI* <2+ M3 + (Me). (3.16)
X S
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Here we remark that schematically

fj[ Qijys kijegeg fj{ kR?
With || k|| L bounded, we can control the right-hand side by
‘ f |, Qiirokejed

Nevertheless one would not expect to control | k| ;1 50 since this requires the initial data to satisfy
13
(g, k) € H**€(Zg) x H'*€(Z). Therefore it is crucial to rely on the assumption (3.10) instead.

~

2

3.2.2. Improvement of (3.8)

Next we discuss the improvement over (3.8), which is reduced to control derivatives of B, based
on the following result

Proposition 5 ([42, Proposition 4.4, Lemma 6.5 and Section 11.1.11). Theerror E in (3.6) satisfies

10BN o125, + I1EN 200z, S MPe™. (3.17)
There hold
OgB=F (3.18)
with
F=(-0)""Og AlB+ (-A) 'Tglcurl A),
and

1A,0Bl 2(5,) + 10@B) | 25y S &  10Fll 20 S MPE2. (3.19)
We will treat (3.18) by using the following set of estimates

Lemma6. Let F be a scalar function on 4, and let ¢y and ¢y be two scalar functions on Zy. Let
¢ be the solution of the following wave equation on  :

{ Ugp=F
Plsy =Po, 0:Pls, = 1.

Then ¢ satisfies the following energy estimate

(3.20)

"6¢||L‘;°L2(Zt) + S}P("W(PHLZ(J& + ||L¢||L2(Jf))

S, ||V(P0||L2(zo) + 1 ||L2(20) + ||F||L2((/¢{); (3.21)

where F€ denotes null hypersurface with future directed normal L such that (L,T) = -1, Y denotes
the Levi-Civita connection on S; = /N XZ; with respect to the induced metricy. There also hold the
higher order estimates,

||60(P||L?0L2();[) + ||63¢||L2(‘,ﬂ) +sup (”W(G(P)HLZ(W) + | L(O¢p) ”Lz(jf))
A
,S ”VZ(PO”LZ(Z()) + IV ”LZ(ZO) + ||VF||L2(J;[);

and
I0g0P 1 12 i) < ME(”VZ(PO”LZ(ZO) +IVoLl 2y + IVFI 2 i)

Proof of Lemma 6. Recall that the standard energy momentum tensor Qg on .4 is given by
Qaplf1=0af0pf - 38ap8" Oufov .
Let 2y = Qqol¢l. In view of (3.20), it is straightforward to derive
D P = D*Quol$] + Qapl@ID TP = Fdop + 3 QuplpIn®’.
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Integrating in the region bounded by 2y, 2, and ./ gives

2 2 2
101125, * Sup (1912, 1 + 12612 )

J.

where d.# = ndrdug denotes the volume element in the spacetime .4, with dug the area
element in %;. Using (3.14) the last term can be computed further

| Quptoin®au = 2| qgikiaus | n9inQuipida
M M M

—2[ 6i¢6j(pkijdﬂ+f n~'Vind;pdypd.u .
M

SV g, + 1911, + +| [ Quploinau (3.22)

One would not expect to control | k|l;1 1go- Similar to the analysis for improving (3.7), to control
the standard energy of ¢, one has to rely on (3.9) and also use (3.11) to derive

‘ fﬂ Qaﬁmn"‘f’dﬂ‘ S Nki0' Glli2 i 1001 2y + IV Rl o) 1012,
S MPesup 1Vl 2070 1001124y + MeNODl 1210 012 -
S t

Substituting the above estimate into (3.22) gives (3.21). To prove the higher order estimates, it
requires more bilinear estimates than listed in Assumption 3.1. For simplicity, we skip the proof
of the higher order estimates in Lemma 6. g

It follows by applying Lemma 6 to ¢ = B with the help of (3.19) that
100BlI o p2(5,) S €+ M€,
Using the above estimate, (3.6) and (3.17) gives
10AN o 25,y S I0curl Bll o2z, + 10BN o125,y S €+ M€,
In view of the schematic formula g A; = Ag + R+ A-A and using (3.16) and (3.8)
100 A1l o2z S0 Aol o s,y + MPe? + M.
Assuming the estimates for Ag
3
Il Aoll peora s,y < Mg, ||6jA0||L§°L2(z,) S (Me)?2
then we arrive at
3
”aAO”L‘;OLZ():[) S E+ M2£2 .
By integrating the above bound in t € [0, 1] with the help of (3.8), we obtain
3
”A“LZ(ZZ) 5 E+ MZEE,

as desired. We refer the reader to [42, Section 9.3] for more details.

3.3. Construction of parametrix

To prove the bilinear estimate (3.9) and the trilinear estimate (3.10), it relies on constructing
parametrix in the curved spacetime. In [6], Klainerman and Rodnianski gave the construction
of parametrix for the linear wave equation (3.20) in Lorentzian spacetime. By applying the
construction in Minkowski space, they proved the standard bilinear estimates for free waves,
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Proposition 7 ([6]). Consider ¢, v solutions of the flat wave equation U¢p = Uy = 0 and Q(¢p, y)
one of the null forms in

Qo)) =0ap-0"Y,  Qap(p,y) =0up-0py ~0pp-0ay,Va # b, 3.23)
then
1Qd, Y) Il 2gs+1y S IPION 2 g3y 1 [01 1] 1 3,
where for f[0] = (f(0),0,f(0)),
I F1011 e w3y == I f (Ol a3y + 10 ¢ f (O) ] a1 3)-

Moreover, they also provided the bilinear estimate for parametrix and the solution of the wave
equations in the Lorentzian spacetime.

In the sequel we sketch the approach to improve the bilinear and trilinear bootstrap assump-
tions (3.9) and (3.10) by constructing parametrix for solution of (3.20) (see [42, Section 10]).

Let u. be two families of scalar functions defined on the spacetime .# and indexed by w € X
satisfying the eikonal equation g*fd, u+0gus = 0 for each w € S2. The initial data for u, are
set in [43] such that u. at Xy asymptotically approach x-w. Let /6, denote the null level
hypersurfaces of “u.. Let L. be their null normals, fixed by the condition that g(“L.,T) = F1.
For any pair of functions f. on R3, define

. X e
Wi, f1(2,%) = f 2 f A1 (09 £ (A A2dAdo + f 2 f 109 £ (1) A2d A do.
SEA S J0

We refer to the following theorem for constructing parametrix

Theorem 8 ([43, Theorem 2.11] and [45, Theorem 2.17]). Let ¢g and ¢, be two scalar functions
on . Then there is a unique pair of functions (f, f-) such that

Yife, [z = o, 0cylfs, f-DIg, = 1.
And f. satisfy the following estimates®,
A full 2y S IV Dol 2isg) + IV il 25y £=1,2.
Ugy [ f+, f-] satisfies the following estimates
10" O fer f-1 120y S MUV ol p25y) + IV 11l 25, §=0,1.

Due to the above theorem, associated to any pair of functions ¢g,¢; on Xy the function
Y omlo, P11 defined for (£, x) € A

Yomlpo, P11 =wlifs, f-1.

Moreover, for any pair of functions f; onR3, and for any s € R, define the following scalar function
on./:

4 i1w,S t i1w,S
Wl fe, f21(1,%,5) = f ) f e U0 £ (Aw) A2 dA o + f ) f e U= £ Aw)12dAdo,
S$=J0o $2Jo
(3.24)

where ®*u, are the optical functions similarly defined as for “ u.., except that they are initialized
at X as in [43]. There are analogous estimates for [ f5, f-] as those for w[f}, f-] in Theorem 8.
Next for any s € R, associated to (¢, ¢1) = (0, —nF) a pair of functions (f%, f-) on Z; such that
Yslfe, fAllz, =0, Or(wslfs, f-1ls) = —nF
Define
W(t, 9F =yslfy, f~1(0).

4The superscript on V or d denotes the order of the derivative.
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Clearly
Ug (f()t‘l’(t, s)F(s)ds) =F(1) +j(;th‘P(t, s)F(s)ds. (3.25)
Similar to Theorem 8 and using (3.11), there holds
10' 0¥ (2, ) Fll 20y S MelIV' Fll2(s,y, 1=0,1. (3.26)

Based on the above notations and estimates, we are ready to give the representation formula for
the solution of (3.20) (see [42, Theorem 10.8]).

Proposition 9. There holds the following representation formula for the solution of (3.20). Let
¢ = opnlo, p11+ fo Wi, 9FO(s,0ds, FO = F
and forj=1
o = fot W1, )FP(s,)ds, FO = —Cgg¥=V + FUD

then -
p=3 ¢

j=0
Proof. We first derive from (3.25) that
, t ,
FU = —f Og¥ (5, 5)FU™V(s), j=2.
0

Due to (3.26), we have
10°FPN 1200 SMeIVEY ™D 1200 22, (3.27)
and Theorem 8 implies
10" F ™M 2y S MeUV  poll 250y + IV D1l 125y + 10" Fll 2 a)- (3.28)
It follows by using Lemmas 6, (3.27), (3.28) and the construction of <p‘f ) that
||aia(,b(j) ”L?OLZ(Et) + ||0iF(j) "L2(_,ﬂ)
S M) IV Poll 12y + IV Prll 25y + 10" Fll 249, 1=0,1. (3.29)
Since

N
Dg(z (p(])) = F— FIN+D,
j=0
(3.29) implies as N — oo,
5.5 .
|:|g (Z (p(])) =F
Jj=0
Noting that ' .
¢z, =0, 09V =¢1, ¢z, =0, 9,9V =0, j=1
we thus conclude the representation in Proposition 9. g

Using Proposition 9, we will prove

Proposition 10. Denote by 6 (U, V) the contraction with respect to one index between a tensor
U and V¢, for ¢ a solution of the scalar wave equation (3.20) with F, ¢y, ;1 satisfying the estimate

IV2Poll 2y + V11l 25y + 10F N 12 ) S M,

there holds
1€ WU, VOl 2y S Me sup 16U, “N)ll o 1207,

weS?
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To see the above result, we let
U, f] fzf Aol (U, “Ny) f(Aw) A*dAdw, (3.30)
S

where N, = V?u.,/|V®u.| and “b 1= |V(®uy)| is the null lapse. For convenience, we may drop
+ or — signs in (3.30) s1mu1taneously
Similar to [6, Theorem 3.3], one can derive the following result (see [42, Section 11.1])

Lemma 11. Assuming|“b~!| <15, there holds
€U, flll 2 S A2 fll2@s) sup 16 (U, “N) ||L<x> [2(Hw )

weS?

Proof of Proposition 10. In view of Proposition 9, we write

00 t .
€U, V) =€ U, V(¥omldo, p11)+ Y fo €U, V¥ (t,5)FV(s,)ds.
j=0

Note
C WU, V¥ omlpo, 1) =CH (U, fr] + €U, f1.

Applying Lemma 11 to the first term in the above and also using Theorem 8 gives

1€ (U, V(¥ omlepo, P11 ))”LZ(,%) < sup €U, wN)”Loo 2 (Hw,) (”V (PO”LZ(EO) + ||V¢1||L2(20)

weS?

Similarly, it follows by using Theorem 8 and (3.29) that

t .
U G U, VY(t,s)FV(s,-))ds
0 L2(H)
< ||6F I ”LZ(‘/%) sup ”(g(U N)”Loo LZ(wau)

weS?
< (ME)J(HVZ(PO”LZ(ZO) + ||V(P1||L2(zo) + ”6F”L2(./ﬂ)) sup |6 (U, “N) "LOO 12 (Hw )

weS?
Summing over j =0,..., we conclude Proposition 10. g

Next, we use Propositions 10 to improve (3.9) and (3.10).

3.4. Improvement of (3.9) and (3.10)

We will first consider (3.9). Noting that k;. = Aj, we need control A. In view of (3.6), to
improve (3.9), we first bound the leading term ||(curl B)/0 Pl 120y
Since B satisfies (3.18), we can apply the representation formula in Proposition 9 to B,

0 t
B=Yomlpo,p11+ Y. | W(t,5)F(s,)ds. 3.31)
=070

Note ) )
(curl B)/0¢p = 0,,Bre’ "0 ¢,
where /™" is the volume form on Z,. In this case, applying Proposition 10 with U = /"9 i, we
calculate )
€ U,“N) =0;pe! "Ny, =€eapV aeh,
and then derive by using (3.19) that
||(CurlB)]a]¢||L2(ﬂ) S (”VZ(POHLZ(ZI) +IVhrllz2z,) + 10F 12 ) Sup €W, wN)||L°° L2 (o)

< UV ls,) + 1961 iz, + 10 124) SUp 1905 WL o)
weS?

S Me sup IVl 127,

weS?

5We assume this estimate in the sequel for simplicity. This estimate can be proved via the bootstrap argument.
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Using (3.6) and (3.17), we conclude
1k70;ll 20y S Me sup IVl 0 12070, + M2 10l 10125,
weS?
which improves (3.9).
To improve (3.10), it relies on the observation that

/M 9N,,Qj.. =R+ (R- L) (3.32)
where Q;... denotes the Bel-Robinson tensor with one component being j. Using (3.6), we derive
U Qijyskelel| = f Qijys(curl B+ E) el el]. (3.33)

Note symbolically Q;.. =R-R
‘ fﬂ Qijys-Begeq| S IEN 2100 IR o ) < Me! (3.34)

where we used (3.7) and (3.17) to derive the last inequality.
For the part of curl B contributed from the first term on the right-hand side of (3.31), it is
reduced bound the term

o0 W .
= ‘f fzf el)L ”(t'wa_lejm""”NmQj...f(/lw)/l?’d/ldwdﬂ'
S

where, in view of (3.19), [[A% | ;2 @3y S Me.
Similar to improving (3.9), it is direct to bound

. S )
1< fz II‘”b_l(e]m"-‘”NmQj...)f e ulD) f A A3 1 gy dw

< sup 1967 e sup 1™ -ONm QN2 g1, f§ I Fo)l do

weS? weS?

< sup ||€]mn wNmQ] ”LZ LA (o, )||/l fli2 (R3)
weS?

< Me sup lefmn. ““Np Q. 1173 LN ()
weS?

Substituting into (3.33) the remaining part of curl B contributed by the remaining term of (3.31),
we can similarly obtain

‘f f Q,”,g(curl‘lf(t S)F(l)(s, ))]eoeodsdﬂ

SHOF PN 240 sup 1€/ N Qj 2 -
weS?

Thus, with the help of (3.29) and (3.19), we arrive at
U Qijys(curl B e} €| < Me 8352 e/ "N Q.. 2 e

By using (3.7), (3.32) and (3.34), we deduce fr:m the above that
f Qijysk'leg |

which improves (3.10).
It is highly nontrivial and challenging to prove Theorem 8. The control of parametrix is
established by Szeftel in [43-45]. Note that with

o .
$7(0,1) = f 2 f 1400 (1) 12dA do,
S=J0

w)”

< Mesup IR-R-Dll iz 1107, o+ (M) S (Me)®

weS?

the error is oo
Ef(t,x)=0gpp(t,x) =i f ) f Og? uet” "% f(Aw)1*dA dw.
S Jo
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Note that the quantity “b[Jg® u = try is the null expansion of #w,,. In Minkowski space (g u = 0,
nevertheless try is nontrivial in the curved spacetime .# . Thus, controlling the null expansion is
crucial for proving Theorem 8. In particular, it is necessary to derive at least the bound

ltryllrocm S€

under the bootstrap assumptions. The control of causal geometry under regularity assumptions
consistent with the bounded L? curvature conjecture was first given in [56-58], while an extensive
set of such control is established in [44]. In the sequel, we briefly review the result of causal
geometry in the rough Einstein vacuum spacetime.

4. Causal geometry of Einstein spacetime with finite curvature flux

One of the central challenges in proving the bounded L? curvature conjecture is controlling
the causal geometry in the rough spacetime. Consistent with Theorem 3, only a bound on
the curvature |[R- L|| ;27 is expected. Given this bound, Klainerman and Rodnianski provided
the control of L*°(A#) bound of try in [56-58]. Unlike the set-up in [42], their result applies
to truncated null cones rather than null hyperplanes, as used in [42] and [43-46]. The result
from [56] was extended to null cones including the vertex in [59, 60], and to null cones with time
foliation in [61] (a companion paper to [62]). It was also extended to the Einstein equations with
certain matter fields (see [63]) and to null hyperplanes in the Einstein vacuum spacetime with
canonical foliation in [64], a companion paper to [51].

Consider a null hypersurface # in Einstein vacuum space. Let L be the null geodesic
generator of A4

(L,L)=0, DrL=0.

The null geodesics are parametrized by s such that L(s) = 1 and s = 0 at the initial 2-D surface Sy,
which is diffeomorphic to 2-sphere.

Theorem 12 ([56]). Consider an outgoing null hypersurface /€ intiating on a closed 2-surface Sy
diffeomorphic to S?, foliated by level set of s with 0 < s < 1. Assume that both the set of initial data
Fo and the curvature flux Zo = ||R- Ll ;2 5, are sufficiently small. Then

S Lo+ Ry,
Lo (H)

with r = \/(4m)~1|Ssl, |1S;s| the area of S5 with respect to the induced metric on S, and additional
estimates hold for ¥,(, x.

tr 2
Xr

Unlike the choice of L in Section 2, let L, the conjugate null vector field, satisfy
(L)L>:_2)<L;X>:O, VXE TSS,
where S; is the level set of s in the null hypersurface . Recall (2.12) for the definition of the set

of connection coeflicients (see also [10, Section 13.1]). Under the geodesic foliation, { +7 = 0.
For (ea)fl=1 the orthonormal basis on T'S;, the null components of curvature tensor R are given

by
@ap =R(L,eq,L,ep), Pa=3R(eq L, L L),
p=3R(LLLL), 0=1"RLLLL).

Below we recall a set of null structure equations for the connection coefficients and a sets of null
Bianchi identities (see the detailed derivations in [10, Chapter 7]).

Liry = -3 (trp)® - 317 4.1)
Vi = —tryi—«a 4.2)
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divy = -8+ %Wtrx + %trx(—(-)z (4.3)

L(trl) = 2dl[VQ+ 2p— %trx-trl—pz-z+2|ﬂ|2 (4.4)
Vip+2tyf = diva+ 20 +na (4.5)
Lp+%tr)(p:dlvﬁ—%i-a+(-ﬁ+2g-ﬁ (4.6)
LU+%tr}(U:—cdrlﬁ+%i/\a—(/\ﬁ—2g/\ﬁ. 4.7)

Using (4.1), the L®(#) bound on try —2/r can be obtained if f; |§1*ds’ can be bounded. Here the
integral is taken along an outgoing null geodesic initiated from Sy. Since a is merely in L2 (),
this quantity can not be controlled by using (4.2).

Using B € L?(#), in view of the Codazzi equation (4.3), it is only expected that V§ € L? ().
Suppose the following trace inequality holds for U being try and f ©,

||U||L2,°L§§ ”WU”LZ(]f) (48)

Together with using (4.1), one could obtain the estimate in Theorem 12. However the trace
inequality (4.8) does not hold. To have the valid bound on || U]| 1313 one needs a stronger bound
than the right-hand side of (4.8).

In [56], Klainerman and Rodnianski relied on the Besov norm and the structures of (4.3)
and (4.6) to provide a sharp trace inequality to achieve the control of || ¥ || L2127

Define the following norms’

||F||90 L= Z ||P)LF||L2(]5) + ||F||L2(%)

Azl
ME): = IVLF 200 + WVl 2070 + 1 F 120
1Pl : = Sup l PAFll oop2gsyy + 1 Flliso2(s,)-

A=1

Remark 13. For tensor field F, the standard Littlewood-Paley decomposition for F is applied
to the components of F with respect to a set of suitably chosen parallel-transported frames.
Klainerman and Rodnianski in [58] developed an intrinsic Littlewood-Paley decomposition that
is directly applicable to tensor fields. For the definitions of 2° and 2°, the two types of
Littlewood-Paley decompositions are equivalent on a rough null hypersurface (see [59,60] for the
comparison estimates between them). As we shall see when discussing the sharp trace inequality,
introducing the intrinsic Littlewood—-Paley decomposition is essential to completing the proof.

With f = [;1/°ds’, schematically, there holds
VIV =207 4+

fred -

WLWU‘X = —tertrX_ZWX.XJ,. e

N
fV/x-JZ
0

6The norm | - | oo 2 Means first taking the I? norm along a null geodesic initiated from Sq along #, followed with
w S

Hence

1V fllgo <

Similarly, differentiating (4.1), we can derive

Hence

IVtryllgo < Fo+ o

80

taking the supremum over the initial point in Sp.
7Along the truncated null cone .#, the area element on S is comparable to the one in Sp for 0 < s < 1. Therefore, we
regard 12 (Ss) as LZ(SO) for simplicity.
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Instead of relying on ||V {ll g0 to control the right-hand side, which is unobtainable with merely
the bounded curvature flux, they first use (4.3) to write that

Vi=Y2,'8+Y2, ' Viry---
where 2, is the operator that takes a 2-covariant, symmetric, traceless tensor ¢ into the 1-
form divé. Denote by 2, the operator that takes any 1-form ¢ on S; into the pair of functions
(divé, curl¢). They observe that, in view of (4.6) and (4.7), using the normalized pair of functions
(0,0) which are constructed to eliminate the quadratic term containing the bad term j on the
right-hand side, -

B=27 LB, )+ ) +-+)
which, symbolically, gives

Vi =Y2,' 27 L(p,5) + VD, Viry +---
= V.Y9,' 271 (0,5) + VD, Viry + (V2,27 L1(5,6) +--- .
Hence for Y, they obtain the decomposition
Vi=V.P+E (4.9)
where
P=Y2,'27 (p,6)+-, E=Y2,'Vtry+--

are tensors of the same type as Y §.

To take advantage of such a decomposition, in [57], they establish the following sharp trace
inequality with the help of integration by parts along the null geodesic.

Theorem 14 ([57, Theorem 4.1, Theorem 4.3]). Consider the transport equation

V.W=VY.P-F
with W, B F all tensor fields tangent to Sg. There holds the sharp trace inequality
Wlgo S I1Wls, ”Bgl(so) + M(PYN(F) + I Fll foy2)- (4.10)
For S tangent tensor fields W, E, F satisfying
ViW=E-F
there holds
[Wilgo S I1Wls, ”Bgl(so) +Ellgoo (N (F) + | Fll joo 2). (4.11)

Applying Theorem 14 to F = § and B, E in (4.9) gives
IVtrxllgo < Fo+ (AR + £ oo r2) (A1 (P) + [ Ell o).

Due to Calderon-Zygmund theorem, || E|l g0 = |Vtry| go + - - -, it follows by using Sobolev embed-
ding 712, ., < I fllgo and Theorem 14 that

LYI5 ™~
IIQZIIiooLz_ S MDD 1R o 2) (M P+ IV Erxligoo +---).
We then derive
120 o2 S MQ)+MP)+IVtryllgo + -
Substituting the above estimate to the estimate of || Vtry |l o yields
IVtryllgo S Lo+ (M (F) + A (P) + 1Vtryll o) (A (P) + [ Viry |l g0)

where we dropped the additional error terms for simplicity.

M ({) can be bounded by using (4.2) and (4.3). .4, (P) can be controlled by using (4.6), (4.7),
Calderon-Zygmund theorem with the help of proper commutation. Since these bounds are
expected to be small, || Vtry|l o can be controlled, which gives the estimate of [try —2/r].
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In the above sketched proof, we neglected all the terms involved with {. In fact, { and the
mass aspect function y = —div{ — ¢ +||? are related in a similar pattern as the pair of quantities
(%, Ytry). To control them, Klainerman and Rodnianski provided a trace decomposition for V{ as
the one for V§. Having such a particular structure allows them to apply Theorem 14 to obtain the
control of ||{]| oor2 and || pllgzo, which are necessary to complete the proof for Theorem 12.

Now consider (4.10) in Theorem 14. If P is a tensor, we assume w1thout loss of generality that P
is a one form. Relative to a set of parallel-transported frames x! } =1 (see [57, Proposition 3.28]),
note that

IV(PXDN 200 < IVP- X N 200 + 1P - VX 120,

and one can obtain by transport equations that X! € L® and VX' € LéOL‘s’O with bounded
curvature flux. To establish the equivalence between [V P| 24, and Zml IV(PXH)| 12(7¢) it
requires that P € L°°L2 With 2 either 2, or 25, from (4.9), schematically, P = 2~ LR-L). With
bounded curvature ﬂux, P would not be bounded in L""L2 Therefore, proving (4.10) without
scalarizing the tensor field P becomes crucial. However in the proof, one must perform a
Littlewood-Paley projection, which is typically defined for scalar functions. To solve this issue,
n [58], Klainerman and Rodnianski introduced a geometric Littlewood-Paley decomposition
using heat flow on weakly regular 2-D closed surfaces, which can be directly applied to tensor
fields. They recovered the essential analytic properties of the standard Littlewood-Paley theory
for their geometric version in weakly regular 2-surfaces, such as S;. Further simplifications for
proving Theorem 14 were developed in [59,60] and [65]. In particular, a nice alternative treatment
to the geometric Littlewood-Paley theory was given in [65], based on deriving improved regularity
for the parallel frames.

5. The breakdown criterion of Einstein spacetime

Theorem 12 was initially motivated by the goal of proving the bounded L? curvature conjecture.
In [7] it also provides control over the null radius of conjugacy, which played a key role in [5]
in establishing the breakdown criterion for Einstein spacetimes. It is not immediately clear
how controlling causal geometry under low regularity assumptions on the null cone relates to
establishing a breakdown criterion for classical solutions of the Einstein vacuum equations. We
will explain this connection while introducing the results of [5, 7].
Recall the standard energy argument for bounding the Bel-Robinson energy in (3.15), assum-
ing N
Ukl + 1V lognlz)de < oo 5.1)
the Bel-Robinson energy at X, Wit(il t € (o, t.) can be directly bounded in terms of its value at the

initial slice Z( and the bound of the quantity in (5.1).
In [5], Klainerman-Rodnianski proved that

Theorem 15 ([5]). The Einstein vacuum spacetime with CMC foliation X; with t < 0 can be
extended beyond at t.. < 0 provided that
sup (Iklize +IVIognlle) = Ay < oo. (5.2)
telto, tx)

Clearly (5.2) implies (5.1) which gives the control of Bel-Robinson energy on X; for ¢ € (#y, £.).
However only the lowest order energy is directly bounded by using (5.2) and the initial data. To
extend the solution beyond t,, they managed to bound |D=?R|| 2@z, for & < t < . under the
assumption (5.2). To control the higher order energy, they bounded |R| 1~ in the spacetime slab
with the help of the equation

OgR=R*R

which is obtained by using Bianchi equation and (1.2).
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In the same spirit to Sobolev [66] and Choquet-Bruhat [2], Klainerman and Rodnianski estab-
lished a Kirchoff formula in the curved spacetime in [67] (see [68] for a simplification), by which
they represented at a point p in the spacetime by

R(p):—f A-RxR+& (5.3)
N~ (p1)

where & denotes all other terms, A is a 4-covariant tensor defined as a solution of a transport
equation along the backward light-cone A"~ (p, 1) initiated from p in the time interval [¢(p) —
7, t(p)l.

The representation holds within the null radius of injectivity i. (p). To define i.(p), we denote
the backward null geodesic initiated from p by Y (w, s), with w € $2, 5(0) = p and L(s) = 1 for the
null geodesic generator L, normalized by (L, T)(p) = —1. With w € $? fixed, we parameterize s
using the temporal parameter T = f, — £ so that s = s(w, 7). i« (p) is the supremum of 7 such that
the exponential map sending (w,7) — Y(w, s(7,)) by the past null geodesics remains a global
diffeomorphism between S$? x (0, 7) and its image along the backward null cone .4~ (p). The null
radius of injectivity i, (p) = min(s«(p), L« (p)), where s.(p) denotes the null radius of conjugacy
and I, (p) is the radius of past null cut locus at p 8. To control the higher order energies of R, it is
crucial to obtain a uniform lower bound of null radius of injectivity for all p €  x (fy, ,), which is
given in [7].

Next we briefly sketch the proof of [7]. We first note that only Bel-Robison energy on X, t €
(fo, t«) and the curvature flux on A~ (p,7) with 7 < i.(p) is bounded by universal constants.
These constants depend only on the initial Bel-Robinson energy, the initial volume |Z|, the
initial metric bound Iy such that I < (gi i) < Iy, #p and ... Consequently, only limited regularity
control is obtained directly on the null cone. Prior to [7], existing results in the literature relied on
pointwise bounds of the Riemann curvature tensor for controlling the injectivity radius. However,
such results do not provide a uniform lower bound on the null injectivity radius in terms of
universal constants.

The crucial next step is to show that

S« (p) >min(l,(p),6+)

where 6. > 0 is a universal constant. This is achieved by showing that

2
try——|=C (5.4)

N

sup

N~ (p,7)
with 7 = min(l. (p),6+) and C a universal constant. The proof is done by rescaling the result of
causal geometry analysis in [56] and [59, 60] and also by a continuity argument.

The next step is to find a good system of local space-time coordinates under which g is
comparable with the Minkowski metric. More precisely, for a sufficiently small constant € >
0, one needs to show that there exists a constant’ §, > 0, depending only on ¢ and some
universal constants, for which each geodesic ball Bs, (p) with p € Z; admits local coordinates
x = (x!,x%,x%) such that under the corresponding transport coordinates x° = t,x',x?, x% the
metric g = —n?dr? + g,-jdxidxj with

In—n(p)l<e and |g;j—6;jl<e (5.5)

on Bs, (p) x [t(p) — 6+, t(p)]. Note that the first estimate can be achieved by controlling 6;n via
elliptic estimates; the second one is obtained by using (5.2) and

atgij:—an,-j. (5.6)

854 (p), L+ (p) are both measured in terms of the temporal parameter.
9The constant is no greater than &, appeared in the above. We still use §+ to denote it.
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The existence of such local coordinates together with (5.4) will enable one to show that A/~ (p,d )
is close to the flat cone and consequently I, (p) > 8. '°. Therefore the null radius of injectivity
verifies

ix(p)>min(b., t(p) — fo).

Then going back to (5.3), there is a uniform lower bound . > 0 of 7 for the formula to hold.
Due to the structure of R x R, one of the curvature component can be controlled by the curvature
flux along the backward null cone. Moreover one can achieve [|All ;24— p D) < 712 This leads to

1/2
RO ST sup [IR(t) g + 1€ 1.
t'e(t—1,t)

For &, suppose'!

-1 <2
|éa| 5 Sup T I|D< R”LZ(Z[;)-
t’e[t—r,t—%r]

Combining the above estimates implies

IRl ST™" sup (Rl + DRIz, + DR 2 )

! z
1-21st'st-5

with 7 > 0 sufficiently small and fixed.
Then with the step length (1/2)7, after finitely many steps, it follows from the above estimate
that

IRl g2z, S IR g2s), o <T<ts,

which enables the continuation of the solution beyond ¢..

The results on the breakdown criterion and the lower bound for the radius of injectivity
of null hypersurfaces were improved in [61, 62] to depend on the weaker assumption (5.1)
rather than (5.2). To control both the null radius of conjugacy and the radius of the null
cut locus, the proof of Klainerman-Rodnianski relied on L* bounds for k and Ylogn. With
careful analysis, and assuming (5.1), it still requires universal bounds on ftt((;))_r Ik(x, )]2d¢’ and
[l7tzll L2 (p,1) for all p in the spacetime slab to control the null radius of injectivity. In view
of (5.6), bounding the first quantity yields the second estimate in (5.5). Based on a delicate
bootstrap argument, [62] achieves the first bound by representing k using the wave equation for
k. To obtain the second bound, it relies on decomposing Y (7t; 1) into the form of ¥V P+ E, followed
with applying the sharp trace estimates given in Theorem 14. The latter is achieved together
with controlling try — 2/s and other connection coefficients in [61], using the wave equation
for k.

The result of Klainerman-Rodnianski in [5] was also extended by Shao in [63] to Einstein-scalar
field and Einstein—-Maxwell equations.
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10gee [7] for the detailed geometric argument and [62, Section 4] for the reduction to quantitative control.
HHere for simplicity we skip a cutoff step, which is involved with giving the desired bound of &.
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