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Abstract

We express the vacuum Einstein constraints in terms of differential forms—the
forms include one-forms constituting an orthonormal coframe of the spatial metric. We
show that if the metric is real-analytic, then the constraints can be always expressed
locally as a system of first order PDE’s—this system is obtained by a special choice
of the coframe, which reduces to zero all second order terms in the scalar constraint.

1 Introduction

In the initial data formulation of general relativity, the admissible initial data is forced to
satisfy so called Einstein constraints (see e.g. [1,2]), being four non-linear PDE’s imposed
on the data.

In the present paper we will prove that some simplified constraints [3] on the phase
space of the Teleparallel Equivalent of General Relativity (TEGR) are equivalent to the
Einstein constraints in vacuum with zero cosmological constant. Thereby we will obtain
a non-standard form of the Einstein constraints, which to the best of our knowledge has
not been (extensively) studied so far.

The initial data in general relativity is usually encoded in (i) the spatial (Riemannian)
metric induced on a Cauchy surface by the spacetime metric and (i) the extrinsic cur-
vature of the surface. In that non-standard form of the Einstein constraints, the spatial
metric is replaced by its orthonormal coframe (67), I € {1,2,3}, and the extrinsic curva-
ture by a collection of two-forms (ry), J € {1,2,3}, each being a momentum conjugate
to a one-form constituting the coframe. In [3] these constraints were expressed (i) in a
component-less form, where the forms are combined by means of the exterior and interior
products, the exterior derivative and the Hodge “star” given by the spatial metric and (73)
in a component form, where additionally the two-forms (df’) and (r;) were decomposed
pointwisely into irreducible representations of the Lie group SO(3).

Based on the latter version of the constraints, a conjecture was formulated in [3] that,
given spatial metric, all second order terms in the constraints can be annihilated by a
special choice of the orthonormal coframe. Applying a theorem by Bryant [4] we will show
that locally the conjecture holds true for every real-analytic metric. This will allow us to



rewrite the Einstein constraints as a system of first order PDE’s imposed on the fields (1)
and (7).

The non-standard forms of the vacuum Einstein constraints considered in the present
paper may prove fruitful for study of the initial value formulation of general relativity.
In particular, they can be used to derive exact solutions to the constraints as will be
illustrated with examples in the forthcoming paper [5].

The present paper is organised as follows. Section 2 contains preliminaries and a short
summary of the relevant results obtained in [3]. In Section 3 we will prove equivalence of
the TEGR constraints and the vacuum Einstein ones. In Section 4 we will study the issue
of the reduction of the Einstein constraints to a system of first order PDE’s by means of
a special choice of the coframe (#7). In Section 5 we will briefly describe other special
orthonormal coframes found in the literature. The paper will conclude with Section 6
containing a brief summary of the results.

2 Preliminaries

2.1 Phase space of TEGR

Let E be a three-dimensional real vector space equipped with a positive definite scalar
product §. We fix an orthonormal basis (e1,e2,e3) = (e7), I € {1,2,3}, of E and de-
note by (d77) the components of ¢ in the basis. In the dual space E* we choose a basis
(wh, w?, w3) = (w') dual to (e;). The scalar product ¢ induces on E* the dual scalar
product of components (67/) in the basis (w!). By means of the components (J77) and
(677) we will lower and raise indices I, J, K, L, . ...

Let us also fix a three-dimensional oriented manifold >—the manifold will play the role
of the standard leaf of a foliation being an element of 3 + 1 decomposition of a spacetime.
Consider now the following differential forms on ¥ : (i) £ and 6, being, respectively, a
zero-form (a function) and a one-form valued in E and (i) r and (, being, respectively,
a two-form and a three-form valued in E*. The forms can be expressed in the bases (ey)

and (w”):
E=¢ ey, 0=0" ey, r=rg@uwh, ¢ = (¢ @uwh.

The fields above constitute the phase space of the canonical formulation of TEGR
introduced in [6,7]: a collection (¢7,07 ry, (1) of real-valued differential forms on ¥ be-
longs to the phase space, provided the ordered set (#”7) of one-forms is a global coframe
on the manifold. The two-form 7 is the momentum conjugate to the one-form %, and
the three-form (7, is the momentum conjugate to the function ¢-.

2.2 The TEGR constraints

There are altogether ten constraints on the phase space of TEGR and all of them are of
first class [8]. Six primary constraints generate gauge transformations on the phase space
being an action of the Lorentz group [3,9]. There are four secondary constraints: three
vector constraints and a scalar one.

The primary result of [3] is that all the functions (£7) can be always gauge-transformed
to zero on the whole manifold . In this gauge (i) the constraints become much simpler



and (i) the coframe () becomes orthonormal with respect to the Riemannian metric ¢
induced on ¥ by the spacetime metric:

q=261,60"®6". (2.1)
In the gauge &/ = 0 the TEGR constraints read:
el ¢+ 05 Axd? =0, (2.2)
el yrp = 0,

drf +do" ne? Jrp =0,

(s A 07)][x(rs A 7)) — 3 [s(rr A 6D+

+2xd(0 5 A *d0”) + [*(dO; A O7)][x(dBs A O] — %[*(def AOD? = 0. (2.5)

In the formulas above (g;) is the frame dual to (67), and * denotes the Hodge dualization
(“star”) defined by the metric (2.1) and the orientation of ¥. The constraints (2.2) and
(2.3) were called in [9] boost and rotation constraint respectively—they constitute the set
of primary constraints of TEGR. The constraint (2.4) is the vector constraint, while (2.5)
is the scalar constraint.

The fact that in the gauge ¢/ = 0 the coframe (6”) is orthonormal w.r.t. the metric
¢, motivated the author of [3] (i) to describe tensor fields occuring in the constraints by
means of their components in (67) and (i) to decompose pointwisely the fields (r!) and
(df') into irreducible representations of the SO(3) group preserving the scalar product §
on E. In the resulting expressions, except the components of the momenta (r!) and (¢;),
there appear components of the derivatives (df!) and those of the volume form ¢ on ¥
defined by the metric ¢ and the orientation of the manifold:

rl=rl k07 @ 0K, 0" = B 07 @ 0K, (2.6)
CI:CIJKL0J®9K®9L, EZEJKL9J®9K®9L.

The decomposition of () and (df”) reads:

1 . 1
T'IJK — §T1L6LJK, TIL — TIJKEJKL _ T[IL] + TIL + ngK(;IL7 (2'7)
1 o 1
Blox = 5B ey, B = Bl = U BT SRyt (28
1
pUL = LT, Br = §€IJK5JK, (2.9)

where (#/7) and (,60’1 1) are fields on ¥, which are valued in traceless symmetric 3 x 3
matrices. The fields (/1) and (B;) will be called antisymmetric part of the derivatives

(do’), (ﬂol 7Y traceless symmetric part and finally 5% g will be called trace of (df'). Similar
terminology will be used w.r.t. (rl//1), (#7) and ¥ k. Let us also note that

2xrl =pl 07, 2% do’ = 81,67, (2.10)

In the gauge &/ = 0 the boost and rotation constraints, when expressed in terms of
the decomposition above, take the following form:

1
Coxr+ - Breskr =0, ritl = 0. (2.11)



Clearly, this simple formulas can be treated as general solutions to the primary constraints:
the momentum (7 is fully determined as a function of the coframe ('), and the antisym-
metric part of (r/) must vanish. In the same gauge the vector and the scalar constraints
read, respectively,

2 o o 9o 2

ngK’J + 2r‘]M7M + 30 M By + #M By ey = 0, (2.12)
° ° 1 o o 1

iy = k) + 8811+ 68181+ BT By — 2 (B k) =0, (2.13)

In both expressions above we used the following notation:

fr=erf, fl=s"f,=¢r.

where f is a function on ¥, and (g;) is the frame dual to (67).

Note now that to solve all the TEGR constraints in the gauge ¢/ = 0 it is sufficient
to solve the rotation constraint being an algebraic condition and the vector and scalar
constraints being PDE’s imposed on the coframe (67) and the momenta (7). Once we
have a solution to the three constraints we can easily solve the boost constraints for the
momenta ((r). Therefore the boost constraint will be neglected in our considerations
below.

3 The TEGR constraints versus the vacuum Einstein con-
straints

Since in the case of zero cosmological constant TEGR is dynamically equivalent to vacuum
general relativity, one can expect that the TEGR constraints are equivalent to the vacuum
FEinstein constraints. Below we will show by direct calculation that the rotation, vector and
scalar constraints of TEGR in the gauge ¢ = 0 are equivalent to the Einstein constraints.
In the calculations below the following well-known formulas will be used repeatedly:

GIJKGLMK = 25[IL5J]M, EIJKELJK = 2(51L, *(91/\9‘7/\9[() = K, (31)
Moreover, we will also refer to equations
d9[+F[J/\9J=0, T'yy=-Tyg, (3.2)

which are satisfied by the Levi-Civita connections one-forms (I'r;) given by the metric
(2.1) and expressed in its orthonormal coframe (6).

Suppose now that a coframe (/') and momenta (r5) satisfy the three TEGR constraints.
Then the first equation in (3.2) allows us to rewrite the second term at the Lh.s. of the
vector constraint (2.4) as follows:

do’ ne’ | ry = —FIK/\GK/\EJ_I ry = &‘J_I(PIKLQL/\QK)/\T] = PIKJQK/\T‘]—FIJLQL/\T[

(here we used the components (I'' i) of (I'' k) in the coframe (67)). The first of the two
resulting terms vanishes. To show this let us act on it by the Hodge “star” and express
rr in terms of the components (r77) (see the first equations in (2.6) and (2.7)),

1
ry = ZTILGLMN oM A N, (33)



This gives us what follows:

1 1
* (FIKJHK VAN 7“[) = *(FIKJHK A ZTILGLMN 9M A QN) = ZFIKJT]LELMNeKMN =

TS A
2

1
KT = §F1KJT‘IK =0

—the last equality holds by virtue of the second equation in (3.2) and the lack of the
antisymmetric part in (/%) implied by the rotation constraint. Thus

do’ VAN 8‘]4 rr = —FIJL o- NTr
and the vector constraint takes thereby the following simple form:
dT’J*FIJ/\T[:O.

Applying again Equation (3.3) and the first equation in (3.2) we transform the con-
straint further:

0= d(TJLELMN 9M A GN) — FIJKT'[LGLMN % A 9M VAN 9N =

= 'I“JL7K6LMN QK/\QM/\QN—QTJLELMN FM]K GK/\QI/\HN—FIJKT]LELMN QK/\GM/\QN.
Let us now apply the Hodge “star” to both sides of the equation above:

L KMN L M _KIN I L KMN
0=rjr.ke MNE —2rjre"un T 1K€ — IV yrrice” mne =

= 2(""JL’L - IJuML?"JL - FLKKTJL - FIJLT[L) = 27"JL;L (34)

—here in the last step we used the second equation in (3.2) to zero the contraction I'™ /%,
The semicolon in the result above denotes obviously the Levi-Civita covariant derivative
given by the metric q.

It is shown in Appendix A that if ¢/ = 0, then the momenta () obtained by a suitable
Legendre transformation (and a subsequent canonical transformation), are related to the
extrinsic curvature! K = K707 ® 87 of ¥ as follows?:

1 1
TIJZQ(K]J—KLL5]J), KIJ:§7“IJ—Z7°KK51Jy (3-5)
7*LL:—4I(LL7 ﬁIJ:2I%IJ7 (36)

where IO(IJ = K7 — K% 677/3 is the traceless part of K.
Now, to obtain the standard vector constraint (expressed in an orthonormal coframe),

(Kry— K*p615)7 =0, (3.7)

it is enough to replace in (3.4) the variables (r17) by (K1) according to the first equation
in (3.5).

'Let us recall that the extrinsic curvature K is symmetric: K7y = K.

2In Equations (3.5) the components (rry) are symmetric: r7; = rjr, which means that the two-forms
(rr) satisfy the rotation constraints r(; s = 0. This is because this constraint is a primary one and canonical
variables belonging to the image of the Legendre transformation have to satisfy all the primary constraints.



Regarding the scalar constraint, if (#’) is an orthonormal coframe of a Riemannian
metric ¢, then the Ricci scalar p of ¢ can be written as a function of the irreducible parts
of (df"):

p= —% (85K,K + 685 By + Bri K — %(BKK)Q) (3.8)

(for a derivation of this formula see Appendix B). Applying this equation as well as the
formulas (3.6) to the scalar constraint (2.13) one easily obtains the following equation

p— KiK' + (K")* =0 (3.9)

being the standard vacuum scalar constraint.

The conclusion is that the rotation, vector and scalar constraints of TEGR in the gauge
&' = 0 imply the vacuum Einstein constraints.

On the other hand, let us assume that a metric ¢ and an extrinsic curvature K on %
satisfy the vacuum Einstein constraints. Let us choose an orthonormal coframe (67) of the
metric ¢ and define the corresponding momenta (r7) by combining Equation (3.3) and the
first formula in (3.5). Note that the latter formula guarantees that () = 0, which means
that the resulting (rx) satisfy the rotation constraint. Then starting from the constraints
(3.7) and (3.9) one can arrive at the vector and scalar constraints of TEGR by performing
in reverse order the calculations presented above.

Thus the rotation, vector and scalar constraints of TEGR in the gauge &/ = 0 are
equivalent to the vacuum Einstein constraints. Therefore the former constraints can be
treated as an equivalent form of the latter ones.

4 The Einstein constraints as a system of first order PDE’s

The paper [3] considered a possibility of further simplifying the TEGR constraints. It
was noted there that in the constraints in the gauge &/ = 0, there is only one term,
which contains second derivatives, namely the term 3! ; in the scalar constraint (2.13).
Consequently, if the derivatives (df!) of a coframe lack their antisymmetric part, 3; = 0,
then the scalar constraint reduces to a first order PDE. A conjecture was formulated
that every Riemannian metric ¢ on ¥ admits an orthonormal coframe (6”) such that the
antisymmetric part of (dHI ) vanishes. However, in that paper the conjecture was left
without any proof.

Below we will show that the conjecture is locally true for real-analytic metrics. Then
we will express the constraints as a system of first order PDE’s.

4.1 Antisymmetric part of (df')

The antisymmetric part of (df) is related to various quantities, as shown in the following
formulas, where either 3; or B! appears:

1
8715 = B, 01 A xdf’ = §ﬁ[l‘”91 NOy, (4.1)
07 (ler.e]) = —Br, Le,&=—Pré, (4.2)
5516 = ﬂ[ €, ddi Er = B[, (4.3)
«d(07 A 07) = gl wdx 0! =Bl (4.4)
I’ =Br (4.5)



Let us now explain the meaning of some symbols used in these equations. L., denotes the
Lie derivative w.r.t. the vector field £; being an element of the frame dual to (67) (i.e.
07(er) = 67). If X is a vector field, then div, X is its divergence given by the Levi-Civita
covariant derivative derived from the metric (2.1)—in a local coordinate system (z¢) on
Ydivg X = X ZZ The symbol £ denotes a totally antisymmetric tensor field of type (g)
defined as the exterior product® of the vector fields (¢;):

E:=¢e1 Neg Nes.

Finally, (I'7 sk ) are components of the connection one-forms (I'7y) (see (3.2)) in the coframe
(0%).

The left equation in (4.1) is a simple consequence of the definition of (f8r) (the second
equation in (2.9)) and the definition of (37/) (the second equation in (2.8)). Note that this
equation allows to express () in a very simple way without any reference to the metric
q given by (7).

The right equation in (4.1) was proven in [3].

It follows from (2.6) that

Bl = (d0") (e, ex). (4.6)
On the other hand it is well-known that for any one-form w and any vector fields X and
Y
(dw)(X,Y) = X(w(Y)) = Y(w(X)) — w([X,Y]).
These two formulas applied in turn to the left equation in (4.1) gives us the left equation
in (4.2).

To justify the right equation in (4.2) let us calculate the Lie derivative? of the field £
w.r.t. er:

Le,€ =[er,e1] Nea Neg+e1 A er,e2) Nes+e1 Aea Aler, e3).

Since
ler,er] = 05 ([er, er))ex,

the Lie derivative can be expressed as follows:

Le, €= 91([51,51])51 Neg Neg +e1 A 92([61,62])52 Nes+er ANeg A 93([61,63])63 =
=07 (er,e4]) € = —Br €,

where in the last step we used the left equation in (4.2).
Similarly,

Lo, (0" NP NOP) = (L, 0)NOP NP+ 0" A (L, 02) NP +0" NO? A (L,0%).  (4.7)
The Lie derivative of each one-form 67 reads

Lo,07 =eradb’ +d(er07) =erodo’,

3Suppose that 7 and 7 are totally antisymmetric tensor fields of type, respectively (’S) and (ﬁ) Then

o (k+ k) _
TAT = e AT ® 7),

where A(7T ® 7) denotes the antisymmetrization of the tensor field 7 ® 7 w.r.t. all its arguments/indices.

4For any totally antisymmetric tensor fields 7 and 7 of type, respectively, (g) and (E) and any vector
field X the standard Leibniz rule is satisfied: Lx (7 A7) = (LxT) AT+ 7 A LxT.



since 7107 = 67 is constant. On the other hand, every one-form w is equal to w(ef ) 6.
Therefore
L.,07 = (e72d07)(ex) 05 = db7 (er,ex) 6% = 8711 0%,

where in the last step we used (4.6). Inserting this result to (4.7) we obtain
Lo, (0NN =BEL 08 N2 N3 =310 NO? NG

Clearly, the three-form 6! A 6% A 63 is equal modulo the factor 41 to the volume form € of
the metric g, so the left equation in (4.3) follows.
It is well-known that for every vector field X

Lxe = (divg X)e.

Comparing this equation with the left one in (4.3) we obtain the right equation in (4.3).
Using (2.6) and (2.8) we calculate:

1 1 1
«(do' A 97 = *(iﬁfMN oM AN /\eJ) = S8 NN = g, (4.8)
Consequently,
1
#(d(0" A 07)) = x(d0" A 07 — 07 A db7) = x(do" N 07 — b7 A 0T) = (8" — p7T) = BT,

Thus we obtain the left equation in (4.4).
Contracting both sides of the equation above with ¢/;;/2 and taking into account that

1
§€L]J91 AG7 = x0T

we obtain the right equation in (4.4).

Finally, Equation (4.5) is a direct consequence of Equation (B.5).

Based on the equations (4.1)—(4.5) one sees that the derivatives (df”) lack their anti-
symmetric part if and only if any of the following conditions holds:

By =0, 07 A xdo’ =0,
07 ([er,e4]) = 0, L.,E=0, (4.9)
Le,e=0, divgaer =0, (4.10)
de’ A7) =0, xdx 0" =0, (4.11)
' =o. (4.12)

4.2 Metrics admitting coclosed orthonormal coframes

Let ¢ be a Riemannian metric on ¥. We will say that its orthonormal coframe (67) is
coclosed, if
xd 07 = 0.

By virtue of the right equation in (4.11) we can state that the antisymmetric part of the
derivatives (df”) vanishes, 87 = 0, if and only if the coframe (6”) is coclosed.
The following theorem was proven by Bryant in [4] (see Remark 3 therein):

Theorem 4.1. Let q be a real-analytic Riemannian metric defined on a three-dimensional
manifold. Then there exists locally an orthonormal coframe of the metric that is coclosed.



4.3 The system of first order PDE’s

Suppose that a real-analytic metric ¢ and an extrinsic curvature K on . satisfy the vacuum
Einstein constraints. Let (67) be a local coclosed coframe on ¥, which is orthonormal w.r.t.
q—its existence is guaranteed by Theorem 4.1. Then (67) and the corresponding momenta
(ry) satisfy the following equations:

2 . o

Br=0, ngK’J+2rJM,M+r1Mﬁ1NeJNM:0, (4.13)
o o 1 o o 1

L2 — PR, E(TKK)Q B3, — E(BKK)z -0 (4.14)

—clearly, we obtained these equations by inserting 57 = 0 into the vector (2.12) and scalar
(2.13) constraints and by rewriting the rotation constraint unchanged. Conversely, if the
fields (91 ,77) satisfy the equations above, then the corresponding metric ¢ (now ¢ does
not have to be real-analytic) and curvature K satisfy the vacuum Einstein constraints.
Therefore the system of equations (4.13) and (4.14) can be treated as a first order form of
the Einstein constraints, at least in the case of real-analytic metrics.

There is a partial symmetry in the equations (4.13) and (4.14) regarding the two-forms
(df") and (r7). Taking into account that the condition B/ = 0 is equivalent to S/l = 0
we see that the equations except the vector constraint are invariant with respect to the
exchange (df') < (rl).

Let us also note that the Lh.s. of the scalar constraint (4.14) can be seen as a sum
of two values of the same quadratic form of signature (5, 1,0) defined on 3 x 3 symmetric
matrices. It follows from Equation (3.8) that now the value of this form on the matrix
(B17) = (BU9)) is (up to a factor) the Ricci scalar of the metric ¢:

_ _} aIJp } K_\2
p=—7(8"B1s - S (8% x)?). (4.15)

There is another algebraic interpretation of the r.h.s. of the equation above which
is worth mentioning. The components (I';;jx) of the Levi-Civita connections one-forms
('7s) in the coframe (6%) are antisymmetric in their first two indices (see the second
Equation in (3.2)). Therefore the connection one-forms admit a pointwise decomposition
into irreducible representation of SO(3) analogous to that of (df?):

1 1 o 1
Tk = s vox = sens” (7[LK} + YLK + *WNNcSLK),

2 2 3

where Y g = VLK) — YN NdrK /3. Tt turns out that the irreducible parts of the con-
nection one-forms are proportional (with different factors) to the corresponding parts of
the derivatives (df!)—see Equations (B.4) for details. This means in particular that the
condition S7] = 0 implies that the matrix (7vr7) is symmetric and diagonalizable thereby.
As noted in [4], the Ricci scalar p can be expressed by means of the second elementary
function of the symmetric matrix (v77). Indeed, if A\;, A2 and A3 are the eigenvalues of
(v17), then Equation (4.15) can be transformed by means of (B.4) to®

1
p= 5()\1)\2 + A2A3 + AsAq).

°In [4] instead of (y;s) the matrix (yrs/2) is used (and denoted by (Sk;)). This gives slightly different
relation between the Ricci scalar and the second elementary function.




4.4 Dual frames

Let (67) be a (local) coframe on . We know that the antisymmetric part of (d6?) is zero,
Br = 0, if and only if the dual frame (g;) satisfies the second equation in (4.9). It turns
out that it is not difficult to derive a general local form of such a frame.

To this end let us express the tensor field € in a (local) coordinate system (z°):

E=E(2?) 0, A2 A 0ys,
where E is a function. If X = X'9,:, then
LxE=(E; X'~ EX";)0 Ay AOys.
The condition Lx& = 0 is thus equivalent to the following equation:
(In|E|),; X" = X",. (4.16)

Since the vector field e3 is non-zero everywhere, it is always possible to construct a
local coordinate system (x,y, z) such that

€1 = a0y + b0y + 0., €9 = cOp + €0y + ho,, g3 = 0,. (4.17)
Then
E=¢e1Negy /\53:E8$/\6y/\82
with
E = ae — be.
Now, applying Equation (4.16) we see that the three conditions £.,€ = 0 are equivalent
to the following equations:

a(ln|E]) z +b(In|E[) 4 + f(In|E]) ; =az +by + [, (4.18)
c(n|E)) s +e(In|E|) y + h(In|E|), =cz+ey+ h, (4.19)
(In|E]). =0.

Note that the last equation means that (i) F is a function of x and y only:
ae —bc = E(z,y) # 0, (4.20)

and (4i) the terms with f and h at the Lh.s. of Equations (4.18) and (4.19) disappear.
Since E does not depend on either f or h, these two equations can be solved for f and h
as follows:

- / (a(ln|E) .0+ b |E]), — ap — by)dz + f(z,y) = (4.21)
= (1n|E])@/a,dz + (lnE\),y/bdz - /(a@ +b,y)dz + f(z,y),
h = / (cn|E|)z+e(In|E])y — co — ey)dz + h(z,y) = (4.22)

_ (1n|Ey),x/cdz+(1n|E|),y/edz—/(c,ﬁe,y)dz%(x,y).

10



We thus conclude that every frame (1) satisfying £.,€ = 0 can be always expressed
locally in the form (4.17), where the functions a, b, ¢ and e are restricted by the condition
(4.20), while the functions f and h are given by the integrals (4.21) and (4.22) respectively.

An other conclusion is that given a non-zero vector field e3, there are many vector
fields 1 and €2, which altogether satisfy £.,€ = 0—the set of all such vector fields ; and
€9 is labelled by six functions a, b, ¢, e, f and h such that

ae —cd # 0, 53(ae—cd):53f:€3i~z:0.

Let us note finally that if the frame (¢7) derived above is orthonormal with respect to
a Riemannian metric ¢, then by virtue of the second equation in (4.10), each vector field
ey is divergence-free.

5 Other gauges

The Einstein constraints in the form (2.11)-(2.13) are imposed not on a Riemannian metric
on X, but rather on its orthonormal coframe. This gives a possibility to describe the same
initial data in terms of different orthonormal coframes, which means that there is a local
SO(3) gauge freedom here. In the previous section we used this freedom to zero the second
order terms in the scalar constraint. Below we will describe briefly two other gauges found
in the literature.

5.1 Darboux gauge

It was proven by Darboux [10] (see also [11]) that for every Riemannian metric ¢ on ¥ it
is possible to find around every point of the manifold, a local coordinate system (z,y, z),
such that the metric is diagonal in the coordinates:

q = A%dz* + Bdy® + C*d2? (5.1)

for some everywhere non-zero functions A, B and C. This implies the existence of a local
orthonormal coframe of ¢ of the following simple form:

0! = Adx, 0?> = Bdy, 02 = Cdz. (5.2)
It follows from these equations that
do' Aol =0 (5.3)

for every I. This result together with Equation (4.8) allows us to conclude that for the
coframe (5.2) all the diagonal components of (3!7) vanish:

g =0 (5.4)

—Ilet us emphasize that there is no summation over I in the equation above.

On the other hand, let us suppose that (5.4) holds for I = 1. This by virtue of Equation
(4.8) gives us (5.3) with I = 1. Let us consider two cases: df! = 0 and df' # 0. In the
first case, by virtue of the Poincare lemma we have locally #! = dz for a function z. In
the second case we note that df' A df* = 0 since ¥ is 3-dimensional. This means that df!
is of rank® 1. Then df' = Adx for some functions A and z—this form of df' is implied
by the following theorem [12]:

Let w be a two-form. We say that w is of rank r, if (¢) the exterior product of r factors w is non-zero
and (4¢) the exterior product of r + 1 factors w is zero.
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Theorem 5.1. Suppose « is a one-form on an m-dimensional manifold such that its
derivative da is of rank r and the product of o and r factors da is zero: aNdaA...Nda = 0.
Then there exists a local coordinate system (y',y?, ... y", z', ..., 2™ ") such that

a=ytdet + ... +y dz".

We thus see that if 41! = 0, then in general df' = Adx.

Consequently, if (5.4) holds for every I, then (5.2) holds on a common domain of all
the functions A, B, C and z, y, 2. Since (#!) is a coframe, then dx A dy A dz # 0, which
means that the functions (z,y, z) form a local coordinate system.

We conclude that the condition (5.4) is equivalent to (5.2) and that it implies the
diagonal form (5.1) of the metric q.

In [3] a general local form of a coframe was found that satisfies both gauges 5; = 0 and
(5.4). Each coframe of this sort is described by three functions F', G and H of coordinates
(z,y, z) such that each function depends merely on two of the three coordinates:

G(y,2) F(z,y)
F(z,y)H (z, z) H(z,2)G(y, 2)

H(z,z2)

1 _ [ S
r== (s, 2)F(z.)

de, 60*>=+ dy, 03= dz.

5.2 Nester gauge

Both gauges considered so far, f; = 0 and 5! = 0, impose first order PDE’s on a coframe.
Nester in [13-15] considered a gauge defined by some second order PDE’s imposed on a
coframe (67):

dQ =0, xd+xQ =0, (5.5)
where
Q :=eradd’, Q:=0; Ando.

Using (2.6) and the first equation in (4.1) one obtains

~ A~ 1

Q= _/31917 Q= iﬁ[JKQIAQJAQK.
Let us now insert these two formulas to (5.5). Applying Equations (2.8)—(2.10), (3.1) and

(07 N 07) ="K
we rewrite the conditions (5.5) in terms of the irreducible parts of (df?):
1sq 1
KBy g+ 55”5.} + gﬁKKﬁl =0, Bk =0.

The above form of the conditions show that the Nester gauge is essentially different
from both first order gauges considered above. It seems also that in general the Nester
gauge does not annihilate the second order term 7 ; in the scalar constraint (2.13).

It was proven in [16] that, given a Riemannian metric on ¥, the existence and unique-
ness of its orthonormal coframe satisfying the Nester conditions (5.5) is equivalent to the
existence and uniqueness of solutions to a Dirac equation.
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6 Summary and outlook

In this paper we showed that the TEGR constraints in the gauge ¢/ = 0 considered in [3]
are equivalent to the Einstein constraints in vacuum with zero cosmological constant. The
transition from the former constraints to the latter ones was achieved by replacing the
one-forms (the coframe) (#!) and the conjugate momenta (r;) by the Riemannian metric
g and the extrinsic curvature K according to the following formulas:

1
g=61,0" 20" =0, 20, K:91®*r1—§*(rK/\¢9K)01®91.

The last formula is equivalent to the previously used equations (3.5) and it shows explicitly
that K is actually a fairly non-trivial function of both variables (67) and (7).

The TEGR constraints can be thus regarded as a “teleparallel” form of the Einstein
constraints. It seems that this form have not yet been subjected to deeper analysis.

The scalar constraint in both standard and “teleparallel” form is a PDE of second
order. The order of the “teleparallel” scalar constraint can be reduced by 1 at the cost
of imposing first order equations 57 = 0 on the coframe [3]. We invoked here the Bryant
theorem 4.1 to prove that these equations can be always solved locally, if the spatial metric
q is real-analytic. This led us to the conclusion that the standard Einstein constraints
imposed on a real-analytic metric are locally equivalent to the system (4.13)—(4.14) of
first order PDE’s. This system certainly deserves further study. In particular, it would be
interesting to check whether the equivalence holds also for smooth metrics (or even for ones
of regularity lower than smooth). Another intriguing property of the system (4.13)—(4.14)
worth of closer look, is its partial symmetry w.r.t. to the exchange (df’) < (r!).

We also found a general form of a frame such that its dual coframe satisfy the equations
Br = 0.

In the forthcoming paper [5] we will apply the “teleparallel” form of the Einstein
constraints and the system (4.13)—(4.14) to derive some exact solutions to the constraints.

Acknowledgments We are very grateful to Piotr Chrusciel, Pawet Nurowski and Adam
Szereszewski for valuable discussions, hints and help.

A The momenta (r;) versus the extrinsic curvature

In this section we will derive a relation between the momenta (r;) and the extrinsic
curvature of the manifold ¥ regarded as a spatial slice of a spacetime. The relation will
be obtained based on the gauge ¢/ = 0.

In [9] a Hamiltonian formulation of TEGR was derived, where a point in the TEGR
phase space was described as a collection of four one-forms (64) and four two-forms (pp),
A, B € {0,1,2,3}, defined on . Then in [7] the variables (#4, pg) were transformed into
the variables (¢7,67, 7, (1) used in the present paper. Below to achieve our goal we will
refer to both the Hamiltonian formulation of TEGR presented in [9] and to the canonical
transformation introduced in [7].

The departure point of [9] is a Lagrangian formulation of TEGR, where the configura-
tion variables are four one-forms (84) constituting a global coframe on a (four dimensional)
manifold M = R x X. The forms are assumed to define a spacetime (Lorentzian) metric

g =TNAB 9A®937 (77AB) :diag(_1717171)7 (Al)
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such that the metric ¢ induced on {t} x ¥ C M is spatial (Riemannian) for every moment
t € R. In the formalism the matrix (n4p) and its inverse (nA5) are used to, respectively,
lower and raise up indices A, B,C, D € {0,1,2,3}.

Once 3 4+ 1 decomposition of the fields (84) w.r.t. the product R x X is done, we are
left with t-dependent fields (N, N, 64) on ¥, where N is the (standard) lapse function, N
the (standard) shift vector field, while (#4) are one-forms on X.. Then a suitable Legendre
transformation gives the following momentum conjugate to the form 64:

pa = N’I(GB A#[07 N0 — N(dEB N O4 — dOP NE,) — L7 A4

1 )
— 504 £[07 A0 — N(dEB N Op — 6P N &p) — Lg0° /\93]>, (A.2)

being a two-form on ¥. In the formula above, 04 denotes the time derivative of 64 (i.e.
the derivative of §4 w.r.t. t), Ly does the Lie derivative on ¥ w.r.t. N, and tisa
function on ¥ defined as

1
"= —epop * (07 A 09 AOP), (A.3)
where (i) eapcp is a totally antisymmetric symbol such that eg123 = 1, and (i7) * denotes
the Hodge “star” given by the spatial metric q.
In [7] new canonical variables (¢7,67,rx, (1) were introduced—they are related to the
original variables (84, pp) as follows:

60 = 67 B S o1 or = o7, A4
po = sgn(07)v/1+ K07 ¢, pr=rr—£07.C, (A.5)

where

') 1 if (#7) is compatible with the orientation of ¥
sgn = .
8 —1 otherwise

The spatial metric g, when expressed in terms of the new variables, takes the following
form:

3
a=as0' 26" = (61 - ﬁ)eﬂ 26’ (A.6)

Suppose now that the original variables N, N, (07) and (0‘] ) give raise to canonical
variables (¢ = 0,07 rx,(;). Then by virtue of (A.4), (A.5) and (A.3)

1
rr = pr, 6° = 0, ¢l = —5510JK « (00 A 07 A OKY =0,

Inserting these three equations to (A.2) gives us

J
0 — L 67
T‘[ZQ]/\*[*NN

J
— L0’

/\6[} —;61/\*[9 N AHJ]. (A.7)

Denoting
6" — £ 07

J J ol
o =a’10
N



we transform (A.7) further”:
1
rr = OéJK(GK[L QJ A HL — §€KJL Or N 9L>

Applying the “star” x to both sides of the equation above we obtain

1
*Tp = aJK(eKILe‘]LN - §€KJL€[LN)9N = i (=087 5N + 5 N7 — 5K[N5‘]I])9N =

= (—a" k61N + agny)0Y
Comparing this result with first equation in (2.10) we conclude that if ¢/ = 0, then
TIN = 2(a(rn) — aKKle). (A.8)

Note that we got symmetric components: r;; = rj7, which means that the corre-
sponding momenta (r7) satisfy the rotation constraint. This is not a surprise because the
momenta are obtained via the Legendre transformation and therefore they must satisfy
that constraint being a primary one.

On the other hand, the 3 + 1 decomposition of the spacetime metric (A.1) w.r.t. to
the product R x X gives us the same lapse function IV, the same shift vector field NV and
the Riemannian metric ¢ as t-dependent fields on X. It is well known that the extrinsic
curvature K of ¥ embedded in the spacetime M can be expressed as

_ 94— Lyq

K
2N

(A.9)
where again the dot over q denotes the derivative w.r.t. time ¢.
To calculate ¢ we use (A.6) and obtain

L Er a1+ E5¢k) — 26658k 5
q= (14 K g )2 0" 07+

§1&

(0= Feg

)(éf ©07 +6' ©07).
But if ¢/ = 0, then the above formula reduces to
(?29.1®91+91®9.I.
Similarly, if ¢/ = 0, then
Liq=(Lgb0") @0+ 6@ Lgh".
Inserting the last two results to (A.9) we obtain

v i
0 — L0 0 — L0 1
=__ N7 TN (o Iy _ I N
K = N ®0r+0r® N 2(a RO +0r@a’) =aqnb @07,

"We assumed that ¢/ = 0. Therefore now by virtue of (A.6) the coframe (8”) is orthonormal w.r.t. the
metric q.
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Thus in the gauge ¢/ = 0 the components of K in the coframe (67) read
Kin = agny.
Inserting this into (A.8) we obtain

rry = 2(Kry— K*161)).

Consequently,
rbp = —4K'p, Try = QIO(IJ,
. 4, 1 -
rrg=2Kp; — gK 1917, Ky = ST T 4" KO1J.

where IO(U = K17 — K¥1 677/3 is the traceless part of K.

B Ricci tensor and Ricci scalar

Suppose that (67) is a (local) orthonormal coframe of a Riemannian metric ¢ on . Below
we will express the components (pr;) of the Ricci tensor and the Ricci scalar p of the
metric as functions of the irreducible parts of the derivatives (df’).

Denote by (prsir) the components of the (covariant) Riemann tensor of ¢ in the
coframe (7). As it is well-known

1
SPIIKL 0K NOL =dTy; + T ATM

where
U1y =Tk 0%

are the Levi-Civita connection one-forms of ¢ expressed in the coframe (§7). Inserting the
last equation into the previous one give us

procr =Tripx —Troxr + Trom B kr + T T™ jp — T TY k.
Therefore the components of the Ricci tensor in the coframe (67) read
por=p g =T g0 =Ty + T B 1 + Ty T g — T, TM (B.1)

In order to express the components (p;) as functions of the irreducible parts of (df?)
let us first describe the connection coefficients (I'77x) in terms of these parts. Inserting
the second equation in (2.6) into the first equation in (3.2) we obtain

1
§5IJK9J AOE + PIJKQK A0 = 0,

which implies that
Brak =Tk — Tk (B.2)

By virtue of the second equation in (3.2), we have the following decomposition:

1 o 1
Ik = §€IJL'YLK7 YLK = VLK) T YLK + g'YNN(SLK =" Tk, (B.3)
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where (Y7 k) is a field on ¥ valued in traceless symmetric 3 x 3 matrices. Contracting both
sides of (B.2) with ¢/ and applying the first equation in (2.8) and the decomposition
(B.3) we obtain

o 2
Brr =20 ke’ L = er/Nywke’™ L = —yur + YN NO1L = v — i + §’YNN5IL-
Comparing this result with the second equation in (2.8) we conclude that
o ° 1
YL = BiL)s YL = —BiL; Yy = iﬁNN. (B.4)
Consequently,
) ]_ o 1
viL = B — Bre + gﬁNNélL = ernBY — Brr + gﬂNN(SIL
and ) )
Ik = 5 (51K5J — 0skBr — ers™ Buk + 661JK5NN>- (B.5)

Inserting the decompositions (B.5) and (2.8) to (B.1) and taking into account that the
Ricci tensor is symmetric, pjr, = p(sr), one obtains (after tedious calculations)

1 o o o o
pIL=—3 (5(J,L) + 6,085 k + €T Bk + 608" Br + €' 1By Bk — Brx BN L+
1 o O TK 1 o K i K 2)
+50LBf BBk 365JL(5 K)°).
This formula implies the following form of the Ricci scalar:

p=psd’t = —i (85K,K + 685 Bk + Br K — é(ﬁKK)Q)-
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