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1 Introduction

Given a Lorentzian manifold (M, g), it is said to satisfy Einstein’s Field Equa-
tions if

1
Ric — §Sg =T (1)

with S the Ricci scalar associated to the metric and T the energy-momentum
tensor, which is given by some physical conditions. Although the development
of the theory and the elements in the equation are based in tensorial analysis
and geometric constructions, the field equations themselves are, after a choice
of coordinates with respect to which calculations can be made, a system of
non-linear second order PDEs.

When we consider the equations as such, the usual questions about initial
conditions and existence and uniqueness of solutions arise. In this case, the
questions are harder because, in principle, the nature of M itself should be
related to the solution of equation

The groundbreaking result in those questions was made by Yvonne Choquet-
Bruhat in [5], who proved local existence and uniqueness for Einstein Field
Equations in the vacuum when initial data was given as (3,7, K), ¥ a spacelike
hypersurface of M, v a Riemannian metric over ¥ and K a symmetric bilinear
form over ¥ that plays the role of the second fundamental form in the final
solution. The result holds only when v and K toghether satisfy the so called
constraint equations, a geometric condition between those quantities and T that
emerge from the Gauss-Codazzi equations, which are themselves constraints
that couple the first and second fundamental forms over a hypersurface and the
geometry of the ambient manifold.

Choquet-Bruhat’s result in some sense finds the solution in a manifold that
is locally homeomorphic to X x I, I and interval of the real line. Later, Geroch
proved that a globally hyperbolic spacetime (which is the possible development
of a solution to Einstein Field Equations) is indeed topologically equivalent to
¥ x I ([6]), a result that was strengthened by Bernal and Sénchez for a smooth
splitting in [2]. In this setting, a clearer and more meaningful presentation
of Choquet-Bruhat’s result is possible, with the topology of M already well-
established.

In this work we present the necessary geometric background for the existence
and uniqueness result for Einstein’s Field Equations in section 2] followed by
Choquet-Bruhat’s existence result in section[3] Then, in section [d] we present the
conformal method, a technique to look for solutions of the constraint equations
and consequently for candidates to initial data of the Field Equations. Finally,



in appendix[A] we hide some gory calculations necessary for the theory of section
that are not easy to find.

2 Geometric Setting

We organize this section based on the approach in [I], but inverting the steps
for we judge that is clearer.

2.1 Geometric Constraints: Gauss-Codazzi Equations

In general, if (M"*1 g) is a (pseudo-)Riemanniarﬂ manifold and ¥ is a hyper-
surface with normal vector field n, one can define the second fundamental form,
a symmetric form over 3, by

K(X,Y):=¢g(Dxn,Y),X,Y € X(%)

with D the affine connection over M.

Now, D over M induces an affine connection V over . If we denote tensors
with superscript M to correspond to the connection D and with superscript X
to correspond to V and R is the (4,0)-tensor corresponding to the Riemann
curvature tensor, K presents a useful way to relate the RM restricted to TS to
R®: the Gauss-Codazzi equations. The Gauss equation (tangent part) is:

RM(X,Y,Z,W) = R*(X,Y, Z,W)+K(X,W)K(Y, Z) - K(X, Z)K(Y,W) (2)
and the Codazzi equation (normal part):
RM(X,Y,n,2) = Vx(K(Y,2)) - Vy(K(X,2)) (3)

in both cases, X, Y, Z, W € TX.

If we choose a local chart around a point p € 3 that is adapted to X, in the
sense that over X the 0-th coordinate vector is normal to ¥ and the others are
tangent to X, we can write the two equations in coordinates:

Rf;fkl = Rizjkl + KaKj, — KKy (2)

Rijow = Kjko — Ky (3)
with the indices going from 1 to n and ;¢ corresponding to the covariant deriva-
tive with respective to the connection V.

With those two equations it is possible to find an expression for the Einstein
tensor over ¥ as a function of K, and thus to relate the matter information
(T') and the geometric information (metric and second fundamental form) over
3. Those will be the constraint equations. To get there we need to use
and to get the Ricci tensor and scalar over ¥. In coordinates, for i, 7,k €

{1,...,n},a,8 € {0,1,...,n}:

Ricjj = (R, )M = (R )™ + (RY,)™ + KK i — KF K,
= (R?OJ)M + R’iCij + K,’;K]Z — KfKZk
Richj = (Ri,0)" =

= (Rk?oo)M ‘L‘ ka - Kllj;i
- Ki;k - Kk;i

IThe calculations never involve the signature of g, see section 6.4 in [9].



thus, if S is the Ricci scalar:
SM — (RicX)M (Ric))™ + (ROOM + (Ric)” + Kf K} — KFK],

(Ric)™ + (RG)M + S* + (K})* - K[ K;,

g% (Ric% +( éoz-)M) + 8% + (K))? - KFK}

Now, due to our choice of chart, go; = 0 if i # 0 and hence g°°ggo = 1. So:

SM = g5t (Ricdd + (Rhy)™) + S= + (K))? — KF K]
= 2gpo Rich} + S* + (K})? — KFK]

So, replacing in G = Ric — %Sg:

Gif = Ricj) — 900 (2900 Ricdy + S + (K})? — K[ K})
= —5900(8™ + (K})? = KfK})

GMOZ = RZC(J)\;I - %SMQOZ‘
= Klk,k - Kl,cc,z

This expressions are quite general, but we will be interested particularly in the
case (M, g) is a spacetime and (X, v, K), v the induced metric by g, is a spacelike
(v is a Riemannian metric) hypersurface. In that case goo may be chosen to
be -1 and we demand that the metric satisfy Einstein’s Field Equation G = T.
Also, we define ||K|2 := KK} for short and we get the Einstein Constraint
Equations over X:

2GHE = 5% + (tr, K)* — ||K||2 = 2Ty @
Gl = Kl — Kp.y = Toi

The first equation is usually called “Hamiltonian constraint” while the vec-
tor relation given by the second expression is usually called “Momentum con-
straint”.

Notice that the conditions depend only on information of the metric and the
second fundamental form over ¥, not anywhere else in the manifold M.

These equations present a necessary condition, that is a constraint, for an
initial data set (X,~, K, T|x) to be a possible initial data set for Einstein’s Field
Equations. Notice that, as for the full equations, the constraints relate matter
and geometry, although only in an n-manifold %, not over the full spacetime.
In section |3| we will show a result first presented by Yvonne Choquet—Bruhatﬂ
in [5] that proves that the constraints are also a sufficient condition.

2.2 Geometry of Globally Hyperbolic Spacetimes

Since in the globally hyperbolic case the manifold M can be split as M = X x I,
3 a 3-manifold, I C R an interval, it can be folliated by spacelike hypersurfaces
diffeomorphic to X.

In order to do the calculations for this section, let’s structure that by a
diffeomorphism 7 : ¥ x I — M satisfying i(X x {s}) 1= i,(2) = E, is a
spacelike hypersurface of M. Denote ng the unitary future-directed timelike
normal vector field over X5 and -, the Riemannian metric induced on X by g.

2As a clarifying note it is useful to say that her surename by the date of the publication of
the original paper was Fourés-Bruhat, which justifies the different name in the bibliography.



Now, i is a diffeomorphism, so if we define local coordinates x over U C X,
they can be extended to (x,s) over U x I C M with the identification through
i, as local coordinates on M. Let {0s,0a}acq1,2,31 be the associated coordinate
basis. Note that, in this case, ds doesn’t have to be timelike, since 7 is an
arbitrary folliation, but it can be decomposed over ¥, as

0s := Nyng + X,

with N a scalar field and X a tangent vector field. In this case N is called the
lapse function and X, the shift vector associated to the folliation. This allows
one to write the metric g with respect to this coordinates as

g=—N2ds ®ds + v;j(dx’ + X'ds) @ (da? + X7 ds). (5)

What will be important in the next section is that if we are given a slice
(3,7), a Riemannian manifold, N5 a one-parameter family of non-vanishing
scalar fields and X of vector fields over 3, one can reverse engineer the previous
reasoning by setting g as in[b] a metric in ¥ x I and in that case you get that
the normal field over ¥, becomes

1

Ur
N

(85 - XS)

And then you can write the second fundamental form in those coordinates as:

1

Kij=—
2N

(33%‘,7' —Lx (%’j))

and if X, N, v;; (as functions) and K are prescribed, one can write down the
functions
9s7ij = 2N Kij + Lx (vi5)

3 Well-Posedness of the Initial Value Problem

In this setting we are able to present the proof of existence and uniqueness of
a solution of Einstein’s equation in the vacuum (7" = 0) if the initial condition
satisfies the constraint equations. In more precise terms, the result is that there
is a local solution to the following problem:

Theorem 1 (Choquet-Bruhat). There is (M, g) a Lorentzian manifold satisfy-
ing:

Ric =0, in M;

3 C M is a spacelike hypersur face;

g=7v1inTY;

K(X,Y) = g(Dxn,Y),VY, X € X(%)

with D the Levi-Civita connection in M if K, satisfy the constraint equations:

2GH§ = 5% + (tr K)* — ||K[2 =0
GMoi™ = KF, — K, =0



The result was proved for the first time in [5] and relies on the local exis-
tence and uniqueness of solutions for the following initial value problem on a
Lorentzian manifold (M, g):

GUITL G + Hivi =0, in M
Theie = T, given in 3 )

Ta " = 9T % given in X

with ¥ a spacelike hypersurface, H****% a polynomial of the components of
g, g~ ', T and their first derivatives.

In fact, most of Choquet-Bruhat’s paper (chapters I-I1I) is devoted to build-
ing the corresponding theory of existence and uniqueness for hyperbolic PDEs
necessary in the final result for Einstein’s equations. In the following we will
assume that fact as given, and present the final result following the ideas of [I].

The proof of the existence theorem [I| involves a lot of technical unhelpful
manipulations of coordinates that are hidden in appendix[A] but in broad strokes
we have the following:

Step 1. If F(g) is a function of the components of g and g~!, but does
not involve any of its derivatives and we define the vector field W such that its
covariant form has components

1
Wa = _gpk (g)\a,p - 29,0)\,(1) + F(g)
the equation
1
Ric+ iﬁwg =0 (7)

is hyperbolic in the sense that it satisfies the conditions of system[6] Notice that
W is a function of g and if g is a solution to equation [7] for which W vanishes
identically, then the equation becomes

Ric=0

that is, g is a solution for Einstein’s Field Equations in the vacuum.
Step 2. If W satisfies equation then we can call A := %L’Wg and we have:

A = —Ric
trgA = -8
Ric— 1Sg=— (A - L(try4)g)

so, since the Einstein tensor is divergence-free, we have from the last identity
above that

1 we
D, (A - 2(t7”gA)g) =0
and hence W satisfies the hyperbolic equation:
1 14
SIS, + POV) =0 (5)

with P(W) a polynomial of the components of W, their first derivatives, which
components involve the components of g and ¢g—! and their first derivatives and



such that P(0) = 0. So, if we have an initial condition W* = W§ = 0 along X,
uniqueness gives that W = 0 is the only solution for the initial value problem
given by equation [§ with null initial condition.

Step 3. Given (X, v, K) satisfying the constraint equations for the vacuum,
it is possible to find g|x and dyg|x, such that (N # 0 and X € X(X) are given
by the choices of gg, according to equation :

g Lorentzian metric

gij|2 = Yij

Oogijls = 2N K + Lx (vi5)
Wis =0

Wpols =0

First, let’s show that we only have to guarantee Wy = 0, because then the
constraint condition guarantees that Wy|y = 0.

Theorem 2. In the setting of this step, assume g°° # 0 and g|s. is such that
Wis =0, then Wy|s = 0.

Proof. If W =0, (D,W)® = W’l;, for the other terms vanish, so, by equation

we have:

1
Ricag + 5 (95 Wls + gauW/5) =0

Now, if W = 0 along ¥, since the spatial coordinates are tangent to 3, W¢ =0
for any i # 0, so the only non-trivial components of the Ricci tensor along %
are:

Ricoa = =3 (9auWj) ;o # 0

RiCOO = — (gOlJ«W,IS) , X = 0
Also

RicS =

(o3

-3 (W +wWs2)
= —W%

Finally, by the constraint equations, G2 = 0. But

Gy = Ry — d(Rict)ql
= ¢"Ricua + sWH8Y
If a #0:
1
0= G = —59"9a W5
and
0=G) = ¢"Ricy, + %W,%

- T g
= *?g gOqu(’) — 551/ ,16 + §W,o
= 3990 W

So, if g°° # 0 we the following system for the components W:

0= gowVVf(l)

Multiplying by the inverse of g in both sides we get that all time derivatives of
the components of W vanish identically. O



So the only thing we need to do is to be able to solve the system W, = 0, Va
by choosing the components of g and dyg along ¥ in a way that agrees with the
initial condition on v and K.

Notice that there is no restriction to the choice of dygo, along ¥, so it is a
matter of solving the system of n + 1 equations

1
0= 79,0)\ (g)\a,p - 29;))\,(1) + F(g)

for (goas 9oa,0)- Given the high degree of underdetermination of the system, one
can choose g|x. freely (only assuming g°° # 0) and then solve the resulting linear
system above with F'(g) =0 to get:

{901',0 = g% (%gp)\gp/\,i - Zp2+)\2750 gp/\g)\i,p) 77; 7& 0
900,0 = _g% Zp2+)\27g0 gp)\ (gka”o - %gp)\,a)

then W vanishes identically over ¥ and we get the existence result for Einstein’s
Field Equations as a consequence.

In the same work Choquet-Bruhat proves a uniqueness result for the theorem
in a similar way, but in the sense that if there is a metric g that also solves the
initial value problem for the same initial data on 3, there is an isometric change
of variables on M that is the identity over 3 taking one solution to the other.

Another question related to this problem is that of maximality of the solu-
tion. Indeed, there is a maximal solution for each initial value problem (in the
sense that other solutions may be isometrically imbedded inside the larger one)
as was proved in [3].

Finally, the result concerns only the vacuum case of the field equations. In
order to be able to answer the question in the presence of matter, one needs a
model for the tensor T, and then the question of existence depends also on the
mathematical conditions that determine the energy momentum tensor, being
impossible to answer in general. A good point to start covering that direction
of the existence theory for the field equations with matter is by looking at the
references given in section 2.4 of [12].

Example (Minkowski space)

Let’s see how those considerations play out in the case of the flat Minkowski
metric in R*. In that case we can adopt as initial condition (3,v) = (R?,7),
where 7 is the Euclidean metric in R3. In that case S* = 0, the musical
isomorphisms are trivial and the covariant derivative is the normal derivative
on the space. In the vacuum case the constraint equations for K become:

(Kf)? = KjK] =0
sz,k - Kl’i,i =0

if we assume, for example, that the mean curvature of R? in our problem is
constant and equal to 0, we will get }°, (K7)? = 0, so K = 0 and, by uniqueness,
the only solution to Einstein’s equation is Minkowski space.

Now, if we follow the steps of the proof of Choquet-Bruhat’s theorem for the
initial data (y = n, K = 0), we have to choose a Lorentzian metric g,3 over &



such that g;; = 6;; and Opgap satisfying

095 = Lx(9ij)
gp)\ (g)\a,p - %gp)\,a) =0

But for any constant vector field X, since v;; is constant over g, Lxv;; = 0
and we can take dpg = 0 over X. Assuming X constant amounts to assuming
all the coefficients g.s constant, acording to expression [5| for the metric g in a
neighborhood of 3. Summing up, we can solve the initial value problem

Ric =0, in M;
Jgag = const., on X

00gap =0, on X

the solution to this initial value problem is, as we know, Minkowski space with
metric gog constant and equal to the values at ¥. The different possible choices
of goa are different choices of charts that folliate R* with copies of ¥ along more
or less tilted lines parallel to X + N9; with N = \/=goo, X* = goi-

In the opposite direction, if we want (R?,7) to have a prescribed constant
mean curvatura 7 inside an Einsteinian spacetime M, for example, we can choose

T

T . .
K= —dz' @ dz' +
3 V3

(dnc1 ®@di? +di’ ® dxl)
and then ) o
(1) = KK =

and the pair (7, K) satisfies the constraint equations, so there should be a space-
time M such that (¥, n, K) is a hypersurface of M satisfying Einstein’s equations
“bent” with constant mean curvature 7.

4 Conformal Method

Since the constraint equations are a necessary and sufficient condition for initial
data for Einstein’s Field Equations, an interesting question becomes how to find
(7, K) over ¥ satisfying the constraint equations. One prolific way to solve this
problem is the conformal method.

The geometric idea behind the method is very simple. First, one fixes an
arbitrary Riemannian metric h over . Then, one assumes v = e h, n the
dimension of Xﬂ is a metric conformal to h over ¥ and look at the resulting
system of PDEs for u obtained by plugging this form of ~ in the constraint
equations. We will present the calculations involved in the following as presented
in section 1.3 of [7].

First, let’s assume T is given as the energy-momentum tensor of a scalar
field ¥ : M — R, given by

1
Tij = 0pp00p — ig‘w&aw@@ibgij —V(¥)gs;

3In this section the theory can be easily developed without assuming the spacetime is 341-
dimensional. To get results for the usual theory of General Relativity, simply assume n = 3
throughout.



with V(1) a scalar potential. Now, calling 7 := dotp, 7P7* K,; Kis = ||KH3Y,
the constraint equations become:

{55 (1 K)? — || K|[2 = 272 — g8 0,40510900 — 2V (1) oo o

Ky — KF, = m07) — 19°P0a1p0s1g0; — V(1) goi

Now we want to turn that into an equation only over 3, so we will assume we
are in a coordinate chart in which we can write

g=—dt’ +~

with v a Riemannian metric over ¥ as before. Then the equation becomes (since

goo = —1, goi = 0):

SY + (1K) = ||| = % +9H 001 + 2V () w0)
Klk’k - K]]:ﬂ = Walw

Now we apply the conformal method. Assume 1, 7 scalar fields, h a Riemannian
metric and K a symmetric bilinear form are all given over ¥ and consider
v = w2 b satisfies equation To get an equation for u we must see how each
component of the equation changes under conformal transformations:

From the theory related to the Yamabe problem (see for example section 1.1
of [7]), we get that

n+2 (4(n—1
S =y s <(:_2)Ahu+s,?u>

¥
Also \ - .
Yij =un—2h;; = Y =u »—2pY
So ,
YOy = u= =2 (WM oppor)
and

- in_ i 4 a4 __8_
1K1 = KGK] = 7P  Kjp K = w™ 72 u” 72 hP IV K Ky, = u™ 72 || K[}
So we can already write the Hamiltonian constraint:

n+2

WS (DAt SPu) = w4 (uTTE (WM00) ) + 2V (1)
K (1, K)?

Notice we didn’t write the change of tr, K := 7, the mean curvature of ¥ in M.
The reason is that we are going to consider that as an initial condition of our
final system.

With that assumption, the momentum constraint becomes

sz,k = Waﬂb-i-T;i =m0 + O

To get the momentum constraint we will have to find the relation between

the Christoffel symbols f‘fj associated to v and the Ffj, Christoffel symbols



associated to h:

Pk
I,

2V iwg + Vipg = Vi)
qu T2 WP (W hap) o+ (W7 hyp) i —
SHRP(hip i + hjpi — hijp)

4 4 4
1, — =251 kp 27 n-37 n-271
Fgu 2R w i u T by —uly b

_4
(um=2hij) p)

T8 + gty (6% + w05 hkpu phi;)

Ffj + (%l“_z) (uj0F + u, 6k) hk U phij
’ykaip;k

VP (Kip = T3 Koy = T3, o)

WP (g — %Ksp (w08 + 1,i07)

+(2u hglulhlesp o 72)[(18 (uké +u, 6)
+(n Q)hSlulhkazs)
,% k 2u” ;ng 2u iﬂé k
u "*QSKHC) ey Kfug — WSKk)h“,i
+21(L nz) ul(spKl 21(Ln—n2)2 Kfug 21(Ln—n2_)2 Kfup
+ 1{71 nz)z hju K - .
k 2" gk 20" n3 k
"‘Q(sz)!ﬁ‘( )WK Uk = “(n=2) (K%),u
1
n?(Kk b+ 2u” n?Kkuk—ﬁTuZ

Again, we want to treat 7 as a given function, although it is a quantity of the

target manifold.

Now, in order to get a nicer expression for K Zkk, let’s split K into a trace-free
and an expansion part with respect to 7 in the following way

Kij = U_QHJ' + Z’yij <~ P; =u (Kl
n

Tt 251)

n

where =2 P is trace-free with respect to 7.
Then, taking the divergence with respect to h we have

(Kﬁk) h

SO

e (K
"/ h

g ()
k),
- (Pi]fk>h + () PF+ (mn42>

-2 (Pi’fk>h —2u3u  PF +

52

)Tu ’U,”Z -1

un2+(

24n
u (P»k ) — oy ey wPF
ik h , 7

Tiy 4 0oyt
o T ey T

10



Replacing in the expression for the left hand side of the momentum constraint:

(Kik;k)7 = unee (Pi’fk)h — 2u_%_2u7ku2 (Kf — %uﬁcﬂ“)
+ 4 ﬁm@iu—l + 2u_%Kfu,k - %TU’Z‘
= uTnr (Pi]fk)h Frutu T ey T = GRuT
= u (Pilfk)h+%

with the magic cancelations justifying the choices of the exponents. Finally,
replacing on the expression of the momentum constraint we get

(n—1)

Uz (Pi’fk)h =70;v) + ot

or, equivalently

2n —1
(Plk), = u™s (waiw 4L - )aﬂ)

Notice that, by now, we have replaced the initial condition K by its trace-free
part v~ 2P and its trace 7. It can be proved that only the divergent-free portion
of P is relevant. Indeed, write

P=oc+H

with o trace-free, divergent-free. Then the divergence of P is the divergence of
H.
Now, let’s introduce the conformal Killing operator for X € X(X):

(LrX)ij = (V;X)i + (ViX); — %Vkahij
and the conformal Laplacian operator:
(Ancons X)i = Vi(LaX)E
Then it is known that the equation
(Apcons.X) =Y

can be solved if Y is orthogonal to all the solutions Z to L£,Z = 0, called
conformal Killing fields. On the other hand, it can also be proven that the
vector equivalent to the divergence of P (that is, equivalent to the divergence
of H) is indeed orthogonal to all conformal Killing fields, so there is X € X(X)
such that £,(X) = H.

We finally find our desired form of the momentum constraint:

(Ahcons X) = un-z (m—w + (n ; D) aﬂ>

which has a solution as soon as the vector with coordinates mwd;1) + @an is
orthogonal to all conformal Killing fields.

11



So in the end we get a system of PDEs giving the conformal form of the
constraint equations. As a last resort to decoupling the system we define the
2n
artificial variable T = u»—27 and the system becomes:

W (DAt SPu) = wTTE (BMOa) + 72) + 2V ()

n—2
u” K]} - 7

(Ah,conf.X)i = 7~Taz¢ + u"2f2
(11)
with K = u=2(0 + £,X) + Zuw2h.

The initial data for the system is (h,o,v, 7,7, V), all defined over ¥, and it
should be solved for X and u. If u is found we get our metric - satisfying the
constraint equations along with K.

If 7 is constant, the system can be decoupled and the Hamiltonian constraint
becomes an elliptic PDE called Lichnerowicz equation. There is a wide range of
results concerning the existence of positive solutions to the equation in a variety
of settings, usually under some conditions on the initial data, for example on
compact manifolds ([8]), on compact manifolds with boundary ([I0]), among
others. There are also some results on existence and stability of the whole
system, such as for assymptotically flat manifolds ([4]) as well as stability results
such as ([I1]).

Example (Minkowski space) - Second version

Let’s use the conformal method to try to find a metric v that is conformally
flat in R3, that is h = 7 is the Euclidean metric, and that is a possible initial
condition for the Einstein equations in the vacuum case, that is V =9 =71 =0,
with constant mean curvature 7. Say v = unz 7. In this case the momentum
constraint becomes:

(Acont. X)i =0 <= (L, X)F =0

which has a trivial solution £,X = 0. Now, this can be solved, for example
X = 0 is a trivial solution, but all the information we need to find u is £,X,
since:

K=u?P+ guﬁn =u (o + L, X)+ guﬁn

and we can write the Hamiltonian constraint, since S, = 0,4, = A:

2
8Au=u"3 Hufzo + %nH —ubr?
n

Notice that o is still to be prescribed. For example, even if we make 7 = 0, in
which case K = v~ 20 is trace-free, the solutions to
—7 i g
8Au =u""o;0]
are not constants if o # 0, which does NOT contradict what we discussed in the
last example because the metric that must satisfy the constraint equations is
not h, but 7. Indeed, that shows that if the second fundamental form is trace-
free but non-zero, the Euclidean metric (which would correspond to a constant

solution u = C), but some deformation of it.

12



On the other hand, if ¢ = 0,7 = 0 the solutions are harmonic functions, but
we are looking for strictly positive solutions v > 0, since the conformal factor
should not vanish, so the only harmonic solutions bounded from below in the
entire R? are constant functions. That is more or less a converse to what we
discussed in the previous example: if K = 0, S = 0, so the only conformally
flat Riemannian metric with zero mean curvature over R? is the constant metric.

Another thing we can assume is that K is shear-free, that is ¢ = 0. In that
case the Lichnerowicz equation becomes

-3
8Ay = 72 <u9 - u5>

which solution gives conformally flat metrics with constant mean curvature 7
inside their respective spacetime solutions to Einstein Field Equations.

A Appendix: Calculations for Theorem

In this section we present the technical manipulations behind the steps of the
proof of theorem [I]in section
In a coordinate chart we have that:

Ricopg = li‘ga,p — Fgﬁ)a + FzAl“gﬁ — I‘Z/\F;‘ﬁ
29°" (98p,ap + Gop,8p — GaB,pn)
597" (Gpu.Ba + ppe — pBopa)
+59°% (98u,a + Gap,8 — Japu)
_%g,po’f (9pu,8 + 98,0 — 9pBoss)
0\ T0s —Thslhg

If we group all the terms involving zeroth and first derivatives of the metric only
in Log we get:
Ricop = _%gp“gaﬁ,pu + %gp“ (Gap.8p = Gou.Ba + Gpsua) + Las

so, to prove that equation [7] is indeed hyperbolic we only have to prove that

1 1
i(ﬁwg)aﬁ = _ig/w (9,80 = Gpppa + Gppua) + Hap

with H,s a polynomial depending only on the components of g and g~ as well

as in their first derivatives. In that case we will have that equation [7] becomes:

o1 1
Ric + 5Lwg = =50" dop o+ Hop 1 Lap =0

Indeed

1 1
i(LWQ)aﬁ = 5 (gﬁu(DaW)u + ga#(DﬁW)M)

and
(D W) = W + T8, W
Wh = g W, = —g"g” (grv.p = 39pa0) + 9" F(g)
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so the terms in (Lywg)qs that do not involve derivatives of W and that involve
F(g) do not have second order derivatives, let’s group those into H,g. Then

980 (9" 9° (9700 — 59020))
5 (9o (9797 (9300 — 39030)) 5

+Ho(B

%(‘CWg)aB = -

= o=

but gg,g"" = d3. Also, the two terms of the type

1
gﬂ/t(g“’/gp)‘)va <g/\u,p - 29p)\,y)

do not involve second derivatives of the metric, so they can be grouped with

H,s in a term H,g that only involve lower order terms. Then:

_lgp)\ (g/\ﬁ,pa - %gp/\,ﬁa) - %gp)\ (g)\a,ﬁp - %gp)\,aﬁ) + Haﬁ
= 7§gp)\ (gkﬁ,pa + Ira,pB — gpA,aﬁ) + Haﬁ

3(Lwg)ap

Renaming the indices A — p and p — p in the first and third factors and A — u
in the second we get the expected expression.

*

We have

D, (A- %(trgA)g)W =0
Since (Lwg)ag = (DaW)g + (DgW)4:

{A = 1Lwy

A = 5 (WS4 TEW7) + g (W4 + T4, W0))
(DAY = Ary 4T AN 4 T0 Al
(Du(A39))" = A3 g™ + AJghy + T, g™ + T}, Alg™
Ay = (WA + 13,0
So, since A" is a polynomial on the components of W and their first derivatives

which coefficients themselves are polynomials on the components of g, g~' and
their first derivatives and that vanishes at W = 0, we can write

1 " v 1 v D
D, (A - 2(trgA)g) = Amv — §A§1#g“ + P(W)

with P a polynomial satisfying said conditions. Also, when we do take the
derivatives of A we can reduce the expression to

1 " 1 A v 1 N i 1 v A
Dy, (A - 2(tTgA)g> = 59” Wie + 59 Wi, — 59“ Wi, +PW)

with P satisfying the same properties as P. If in the third factor we rename the
indices A = p, u — A we see that it cancels the second factor and we finally get

1 | 5
‘D;U' (A — Z(t'l"gA)g> = igMAWV)\# + P(W) = 0

as desired.
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