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Abstract. Observations suggest that our universe is spatially flat on the largest observable
scales. Exactly six different compact orientable three-dimensional manifolds admit flat met-
rics. These six manifolds are therefore the most natural choices for building cosmological
models based on the present observations. This paper briefly describes these six manifolds
and the harmonic basis functions previously developed for representing arbitrary scalar fields
on them. The principal focus of this paper is the development of new harmonics for represent-
ing arbitrary vector and second-rank tensor fields on these manifolds. These new harmonics
are designed to be useful tools for analyzing the dynamics of electromagnetic and gravita-
tional fields on these spaces.
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1 Introduction

Current observations of the cosmic microwave radiation, together with observations of lower-
redshift distance indicators, show that the large-scale average density of the universe differs
by no more than 0.4% (the present observational error estimate) from the critical value that
implies the geometry of our universe is spatially flat on these largest observable scales [1].
There are eighteen different three-dimensional manifolds that admit flat metrics [2-5], so
these are the most natural manifolds on which to construct realistic cosmological models.
Ten of these flat manifolds are orientable, while eight are non-orientable. Spacetimes having
non-orientable spatial slices are not parallelizable (i.e. they do not admit collections of smooth
non-vanishing linearly independent vector fields), and (consequently) such manifolds do not
admit spinor structures [6, 7]. Representations of fermions depend on the existence of these
spinor structures, so unless (or perhaps until) new theoretical approaches for defining spinors
are developed, the non-orientable three-manifolds appear to be less physically relevant than
the orientable ones. A purely emperical approach to the analysis of cosmological observations
could justify the inclusion of the non-orientable cases anyway. But given the theoretical
spinor structure argument for excluding them, we have chosen to limit our analysis here
to the orientable cases. Of the ten orientable flat three-manifolds, six are compact while
the remaining four are non-compact. Current observations do not allow us to see the entire
universe, so we have no way of knowing whether or not our universe is spatially compact. For
computational convenience, we choose to limit consideration here to models having compact
spatial slices, i.e. models with finite spatial volumes.

Each of the six compact orientable three-dimensional manifolds that admits a flat metric
can be obtained as a quotient E3/T" of three-dimensional Euclidean space E? by an isometry
group I' of symmetries of E3. The classification of these spaces has long been known [2-5].
We use the notation Fi, Es, ..., Eg to refer to these spaces. The group action that defines
each of these spaces can be thought of as a particular representation of E? as a periodic
lattice of polytopes. The individual flat compact manifolds can be thought of as one of
these polytopes with identifications between its faces. Figure 1 of ref. [8] illustrates these
polytope-with-identifications representations of these manifolds. The spaces E1, Ey and Ej3
are based on rectangular lattice representations of E3. FEj is the simple three-torus, obtained
by identifying opposite faces of a rectangular solid. Es and E3 are obtained by identifying



the opposite x and y faces of a rectangular solid, but twisting by 7 before identifying opposite
z faces for the half-turn space Fs, or by 7/2 for the quarter-turn space F3. E4 and Ej5 are
obtained from representations of E? as a lattice of hexagonal prisms. These hexagonal prisms
have six rectangular faces, and two hexagonal faces. The opposing rectangular faces of these
prisms are identified in E4 and Ej, while the hexagonal faces are twisted by 27 /3 for the
third-turn space Ejy, or by 7/3 for the sixth-turn space F5. The Hantzsche-Wendt space,
FEg, is based on a representation of E3 by a lattice of rhombic dodecahedrons. The space Fg
is formed by a particular identification of the rhombic faces of one of these dodecahedrons.
Explicit descriptions of the symmetries used to create each of the spaces, Fy, Eo, ..., Eg, are
given in section 2 as part of our discussion of the scalar harmonics on these spaces.

We use the term harmonics in this paper to refer to the eigenfunctions of the covari-
ant Laplace operator. These eigenfunctions form a complete set of smooth functions on
these compact orientable manifolds, and can therefore be used as a basis for representing
arbitrary square integrable functions on them. These harmonics can be thought of as gen-
eralizations of the Fourier basis functions used to construct representations of functions:
f(x) =Y fret®*. Scalar harmonics have been developed for each of the six flat compact
orientable three-dimensional manifolds, and these harmonics have been used to model the
temperature variations in the cosmic microwave background radiation that would be observed
on these spaces [8]. Scalar harmonics, however, are not adequate to model the full dynamics
of the gravitational or the electromagnetic fields. For example, an analysis of the polarization
properties of the cosmic microwave background radiation would require representations of the
full vector structure of the electromagnetic field. A number of studies have been carried out on
the vector and tensor harmonics on the (less physically relevant) manifolds with the topology
of the three-sphere, S* [9-15]. But little attention has been paid to such matters on the less-
familiar three-manifolds that admit flat metrics. There has been some work on constructing
second-rank tensor basis functions for Fj in the context of studying the effects of inhomoge-
neous initial conditions on inflation [16], or the possibility of gravitational wave turbulence
in the early universe [17]. Here we significantly generalize these studies by constructing com-
plete vector harmonic and second-rank tensor harmonic basis functions on all six flat compact
orientable three-manifolds. To facilitate the analysis of the dynamics of the gravitational and
electromagnetic fields on these manifolds, we have organized these new harmonics into sub-
sets that maximize the number of classes having vanishing divergence and trace. These new
harmonics were also constructed to satisfy nice orthonormality conditions that make it easy
to represent arbitrary scalar and second-rank tensor fields on these manifolds.

The remainder of this paper is organized as follows. Explicit expressions for the sym-
metries used to construct each of the flat compact orientable three-manifolds, F1, Es, ..., Eg,
are given in section 2, along with explicit expressions for the (suitably re-normalized) scalar
harmonics developed in ref. [8]. The analogous vector and anti-symmetric second-rank ten-
sor harmonics are developed in section 3. Two classes of these new vector harmonics are
divergence free, so they provide a natural way to represent the transverse parts of dynamical
electromagnetic fields. Symmetric second-rank tensor harmonics are developed in section 4.
These new tensor harmonics include five classes of trace-free harmonics, two of which are also
divergence-free. These new tensor harmonics are well suited therefore for representing the
transverse-traceless parts (i.e. the dynamical gravitational wave parts) of the gravitational
fields on these flat compact orientable three-manifolds. Section 5 contains a brief summary
and discussion of the new results. Several useful technical lemmas needed in the construction
of the new vector and tensor harmonics are given in an appendix.



2 Scalar harmonics

The scalar harmonics are defined here to be eigenfunctions of the covariant Laplace operator:
ViV, Y = —k%Y. (2.1)

We use the notation Y [E;]k to denote the harmonics on the manifold E; (for j =1,2,...,6),
where k = k, = (k1, ke, k3) are parameters that identify a particular harmonic. On the
three-torus, F1, these harmonics are (up to normalizations) just the Fourier basis functions:

ezkvx

VI1LyL3'
where L1, Lo, and L3, are the lengths of the three principal axes of E;. The parameters k

are chosen to ensure that the harmonics have the appropriate periodicities on E? to make
them smooth functions on Ej:

Y[E1]x = (2.2)

ny ng N3
k=k, =27 —,—,— . 2.3

a 7T (Ll’ Lg’ Lg) ( )
This requires the n, (for a = 1,2,3) to be integers, n, € Z. The eigenvalues for these
solutions to eq. (2.1) are given by

K2 = kO%q = kI + k2 + K2 (2.4)

The normalization has been chosen in eq. (2.2) to ensure that these harmonics satisfy the
orthonormality conditions,

Li/2 Ly/2 L3/2
/ Y[El] k Y[El:lil dx dy dz = 6n1n1’ 5n2n2’ 5n3n3’- (2.5)

—L1/2J~Ly/2J—L3/2

The harmonics for the remaining flat manifolds, Es, ..., Es, were derived in ref. [8] by
using the fact that each scalar harmonic Yy of E3/T lifts to a I'—periodic harmonic Y of E3,
i.e. to a scalar harmonic of E? that is invariant under the action of the isometry group T.
Finding the scalar harmonics of the flat space E3/I" is equivalent, therefore, to finding the
I'-periodic scalar harmonics of E3. Each element of an isometry group I' of Euclidean space
[E3, can be written as a rotation /reflection M followed by a translation T: i.e. these isometries
map points x € E3? to the points X’ = M - x + T, or equivalently in component notation
x/® = M% b + T°. These transformations are isometries so they preserve the forms of the
metric g = g, = diag(1,1,1) and the inverse metric g=! = g% = diag(1,1,1). This implies
that gop = M M%, geq and g* = M. M?°; g, and consequently that k% = k%, = g 1(k k)
and k2 = ko M%. ky M°3 g°¢ = g=1(kM, kM) for these isometries.

The isometry group I' of the half-turn space, Es, consists of pure translations by L1, Lo
or Lj in the principal directions, plus a compound rotation-translation defined by

-100 0
M[E;]=| 0 —10 ], TE]=1| 0 |. (2.6)
0 01 +L3

The scalar harmonics invariant under these transformations are given by [8],

Y[E2]k = \}5 [Y[El]k + (_1)H3Y[E1]kM[E2}]

for (nl €Z% ny,n3 € Z) or (n1 =0,n9€Z" n3 € Z) , (2.7)
Y[EQ](O,O,kg) = Y[Eﬂ(o’()’]%) for (n1 =n9 =0,n3 € QZ) s (28)



where the Y[Ei]x are the basic E; harmonics given in eq. (2.2), and k = (k1, ko, k3) =

2w <Z—1, %7 %2) These harmonics have the same eigenvalues as the F; harmonics, eq. (2.4),
and satisfy orthonormality conditions analogous to eq. (2.5).
The isometry group of the quarter-turn space, E3, consists of pure translations by L1,

Lo or Lg in the principal directions, plus a compound rotation-translation defined by

0-10 0
M[Es]= {10 0], TE ] =| 0 |. (2.9)
001 1L3

These symmetries imply that Ly = Lo in the E3 case. The scalar harmonics invariant under
these transformations are given by [8],

1 . on 3n
Y[Es] =5 [Y[El]k + 3Y[E1]kM[E3] +i? 3Y[El]kM[Eg]? +i? 3Y[E1]kM[E3]3

2
for (m € Z+,n2 eZtu {0}, ng € Z) , (2.10)
Y[Es] 0045 = YE 00k for (m1=n2=0,n3¢€4dZ), (2.11)

where the Y[Fi]kx are the basic F; harmonics given in eq. (2.2), and k = (ky, ke, k3) =

21 (%, %, %g) These harmonics have the same eigenvalues as the E; harmonics, eq. (2.4),
and satisfy orthonormality conditions analogous to eq. (2.5).
The spaces E4 and Ej5 are constructed from a hexagonal prism lattice representation of

3 that is generated by the four pure-translation symmetries

Ll _%Ll _%Ll 0
™= 0], Ty=| 2L, |, Ts= | 3L, |, Ty=| 0
0 0 0 Ls

(2.12)
The isometry group of the third-turn space, E4, consists of the pure translations given in
eq. (2.12) plus a compound rotation-translation defined by

M[E4] = § -1 : T[E4 = 10 : (2.13)
0 0 1 §L3

These symmetries imply that Ly = Lo in the E4 case. The scalar harmonics invariant under
these transformations are given by [§],

1 n, e
Y[E4]y = ﬁ Y[E], + w? 3Y[E1]kM[E4] +w! 3Y[E1}kM[E4P}

for (n1 € Z",ny e Z* U{0},n3 € Z), (2.14)
Y[E4](070,k3) = Y[El](O,O,kg) for (m =n9g = 0, ng € 3Z) s (2.15)

where the Y[E1]x are the basic E; harmonics given in eq. (2.2), and w = e¢*™/3. To pre-

serve the hexagonal translation symmetry in this case we must also take k = (ki, ko, k3) =

21 (—Z—f, 27\1/1372"2, Z—i) These harmonics have the same eigenvalues as the F; harmonics,
2

eq. (2.4), and satisfy orthonormality conditions analogous to eq. (2.5).



The isometry group of the sixth-turn space, Ej5, consists of the pure hexagonal lattice
translations given in eq. (2.12), plus a compound rotation-translation defined by

M|[E5] = § ! : T[E;5) = 1o : (2.16)
0 0 1 +L3

These symmetries imply that L; = L in the E5 case. The scalar harmonics invariant under
these transformations are given by [§],

1 mn. .
Y[Es], = 76 Y[E\]y + WY [Ellimss) + @Y [Elk mizs)2 +@*™Y [E1lk mip,)
+ WY [E1]i mpsp + w5n3Y[E1]kM[E5]5]
for (m < Z+,n2 eZtu {0},”2 < ni,ngc Z) s (2.17)
Y[Es]00,k5) = Y[Er 004y for (m1=n2=0,n3¢€6Z), (2.18)
i7r/3'

where the Y[FEi]x are the basic E; harmonics given in eq. (2.2), and w = e To pre-
serve the hexagonal translation symmetry in this case we must also take k = (kq, ko, k3) =

L1’ /3Ly ’ Ls
eq. (2.4), and satisfy orthonormality conditions analogous to eq. (2.5).
The isometry group of the Hantzsche-Wendt space, Eg, consists of pure translations by
Ly, Ly or Ls in the principal directions, plus compound rotation-translations defined by

2w (—@ Iny—ny ﬂ) These harmonics have the same eigenvalues as the F; harmonics,

10 0 1L,
MI[EG] = 0-10 ) Tl[EG] = %LZ )
00 —1 0
-10 0 0
Ms[Eg)=| 0 1 0 |, Ts[Eg] = %LQ : (2.19)
00-1 iLs
-100 5Ly
Ms[Eg]=| 0 -10 ], T3[Es] = | 0
0 01 iL;

The scalar harmonics invariant under these transformations are given by [8],
1 _
VIBoh= 5 [¥ 1Bl (-1 Y (Bl s
+ (—1)n2*n3Y[E1]kM2 2 —+ (_]_)n:),*nl Y[El]kMg[Eﬁ]}
for (nl,n2€Z+,n3€Z) or (n1:0,n2,n3€Z+)
(n2:0,n1,n3€Z+) , (2.20)

YI:EG](k1707O) = _Y[El:l(k17070)+Y|:E1](_k17070)_ for (nl E 2Z+,TL2 == n3 == 0) 5 (221)

Y[E6)(0,15,0) =

YIE k00t Y [Erl o 1y)|  for (ng €22 ,ny=n3=0), (2.22)

Y[EG](O,O,kg) =

SIS

Y[El](o,oﬁkg)+Y[E1](070’_k3)_ for (n3€2Z",ni=ny=0), (2.23)



where the Y[Ei]x are the basic E; harmonics given in eq. (2.2), and k = (k1, ko, k3) =

2w <%, = %) These harmonics have the same eigenvalues as the F; harmonics, eq. (2.4),
1 2 3

and satisfy orthonormality conditions analogous to eq. (2.5).

3 Vector harmonics

This section constructs vector harmonics on the six flat compact orientable three-manifolds.
While these harmonics are not unique and can be chosen in a variety of different ways, our
goal here is to choose harmonics having three useful properties: first, the vector harmonics
constructed here will be eigenfunctions of the covariant Laplace operator:

VOV, Y =~V (3.1)

This ensures that these harmonics will form a complete basis for the (square integrable) vec-
tor fields on these manifolds. We use the notation Y [E; ]( )k (for A =0,1,2) to denote the
three linearly independent classes of vector harmonics that satisfy eq. (3.1) on the space Ej
(for j =1,2,...,6). Second, the vector harmonics constructed here will satisfy nice orthonor-
mality condltlons ie. Y[E; ]( )1 and Y[E;]? il{arye Will be orthogonal under the standard Ly
inner product unless k = k/ and A = A’. And third, the vector harmonics constructed here
in classes A =1 and A = 2 will be divergence free.

It is easy to construct one nice class of vector harmonics on all the flat compact orientable
three-manifolds. These harmonics, which we call the class A = 0 harmonics, are defined as
the gradients of the scalar harmonics on each manifold:

Y[Ejl{oyx = &~ VY [Ejlk, (3.2)

where V¢ = ¢V, and «? is the corresponding eigenvalue of the covariant scalar Laplace
operator, eq. (2.4). Since the scalar harmonics Y [E;]x are smooth eigenfunctions of the
Laplace operator, their gradients are automatically smooth eigenfunctions having the same
eigenvalues on these flat manifolds. The normalization factor in eq. (3.2) is chosen to ensure
that these harmonics satisfy the nice orthonormality conditions

Lq/2 Lo/2 L3/2 b
/ / / gabY (0) kY[EJ](O) K’ dzr dy dz = 6nln1/ 6n2n2’ (5n3n3/ . (33)
L1/2 Lo/2 L3/2

The divergences of these class A = 0 harmonics are given by
VaY[Ej](g) = —RY[Ej]k- (3.4)

The construction of the class A = 1 and A = 2 vector harmonics is less straightforward.
We have developed three different approaches that produce vector harmonics satisfying the
three useful properties listed above. The first approach produces the simplest expressions
for the vector harmonics, but this approach only works in the space E;. A somewhat more
general approach can be used to derive fairly simple expressions for these vector harmonics
in the spaces Fi,...,Es5, but not in Eg. We have also developed an even more general
approach capable of constructing vector harmonics in all the E; spaces, but the resulting
expressions produced in this way are quite complicated. Here we report the results of this
general approach only for the otherwise intractable Ejg case.



The first approach to constructing the needed vector harmonics is based on the fact
that any covariently constant vector field ¢* is invariant under the pure translation symme-
try group of the three-torus, Fj. Any vector field of the form ¢*Y[Ej]k is an eigenfunction
of the covariant Laplace operator, and therefore a candidate vector harmonic. The choices
for three linearly independent vectors ¢* will define the three classes of vector harmonics
for this case. The class A = 0 vector harmonics defined in eq. (3.2) for the space E; have
this form, Y[El](o)k = ik g™k Y [Er ] with ¢® = ik g%k, All that is needed to com-
plete this simple approach is to choose two additional constant vectors to define the class
A =1 and A = 2 harmonics. Any unit vectors orthogonal to k, will do. One choice is
by = (—ky — k3, k1 — k3, k1 + ko) and my = gape?kely, where €€ is the covariantly con-
stant, V,e*@ = 0, totally antisymmetric tensor volume element. For convenience, these
vectors can be normalized by setting l%a =k k,, @a = \"Y,, and m, = kA" Im,, where
N =0y = (ko + k3)? + (k1 — k3)? + (k1 + ko)?. Vector harmonlcs defined in terms of the
orthonormal constant vectors k% = g“bkb fo = g“b&,, and m® = g™y, are given by

Y[Er](py)k = i kY Bk, (3.5)
Y[Edfyk = i0°Y [y, (3.6)
Y[E)fy)y = i Y [k (3.7)

Special forms for l;:a, éa, and m, are needed when Kk = 0 or A = 0. In the Kk = 0 case we
can define k, = (1,0,0), ¢, = (0,1,0) and 11, = (0,0,1). In the A\ = 0 but k # 0 case
ko = %(1, —1,1) so we can simply define £, = 7(1, 1,0) and m, = %(—1, 1,2). All these
vector harmonics defined in egs. (3.5)—(3.7) satisfy each of the useful properties listed above.
They are eigenfunctions of the covariant Laplace operator with eigenvalue —x?, and satisfy

the following orthonormality conditions,

Li/2 Ly/2 Ls/2 .
/ / / gabY E1 (A) Y[El](*B) K’ dx dy dz = (SAB 5n1n1’ 5n2n2’ (5n3n3’ . (3.8)
Li/2 Ly/2 L3/2

The divergences of these vector harmonics on the space F; satisfy,

VaY[El]((lO)k = —/{Y[El]k, (39)
VoY 1y = VaY [Eily) . = 0. (3.10)

The divergences of these class A = 1 and A = 2 vector harmonics vanish whenever ¢, and
m, are chosen to be orthogonal to k.

The second approach to constructing vector harmonics uses the fact that the unit vector
along the z-axis, 2%, is the only unit vector field invariant under all the symmetry groups of
the manifolds Ei, ..., Es. Therefore 2°Y [Ej]x (for j = 1,...,5) is an eigenfunction of the
covariant Laplace operator, and can be used in the Constructlon of the vector harmonics on
these spaces in much the same way the constant vectors ¢ were used in the first approach.
We note that 2V,Y [E;]x = i k3Y [Ej]x in all of these cases. The vector harmonics for these



manifolds can therefore be taken to be

a 1 a
Y[El{oyx = - VY [Ejl (3.11)
1
Y[E;%, = ———— (k%2298" — k2¢®°) V, Y [Ej]x, 3.12
[ J}(l)k K,kg\/m ( 39 ) b [ ]]k ( )
1 .
Y[Eilyk = —F5—5 ¢ 5V Y [Ejk, (3.13)

so long as k% # 0, k3 # 0, and £? # k3. When k2 = 0, the vector harmonics must be spatially
constant vector fields. Three linearly independent spatially constant vector fields exist in the
space F1, so any orthonormal set can be used as x = 0 harmonics in that space. In the spaces
FEs, ..., E5 the only spatially constant unit vector field is 2%, so it becomes the only x = 0
vector field on those spaces. When k3 = 0 and « # 0 the vector harmonics are independent
of z, i.e. they depend only on x and y. In this case the class A = 0 and A = 2 harmonics
are given by egs. (3.11) and (3.13), but the expression for the A = 1 harmonic must be
replaced by Y[Ej]‘(ll)k = 2%V [E;]x. Finally if x? = k% and k # 0 the vector harmonics are
independent of x and y, i.e. the harmonics depend only on z. In this case there is only the
single class of vector harmonics given by eq. (3.11). It is straightforward to show that the
vector harmonics defined in eqs. (3.11)—(3.13) are eigenfunctions of the covariant Laplace
operator with eigenvalue —x?, satisfy orthonormality conditions that are the analogs of those
given in eq. (3.8), and satisfy divergence identities that are the analogs of those given in
egs. (3.9) and (3.10).

The third (most general) approach to constructing vector harmonics on these compact
orientable flat spaces, Ej, is based on the fact that these spaces are quotients, E3 /T, of Eu-
clidean space E3 and an isometry group I'. Therefore the problem of finding vector harmonics
on the Ej; spaces is equivalent to finding the I'-invariant vector harmonics on E3. This can
be done using the method developed in ref. [8] to derive expressions for the scalar harmon-
ics. The Vector Action Lemma and the Vector Invariance Lemma described in the appendix
to this paper provide the tools needed to construct linear combinations of the E? vector
harmonics that are invariant under all the elements of the symmetry groups I'. The vector
harmonics obtained using this method on the spaces E1, ..., E5 are more complicated than
those derived using the first two approaches. So here we report only the vector harmonics
Y[EG]? ')k obtained in this way for the otherwise intractable Eg case:

a 1 a ni—n a
YIEsltane =5 [YIEEapct (=1)™ ™ M BelsY B ay s, o

+(*1)n27n3M2[Eﬁ}abY[El]l()A)kMz[EG]+(*1)"37"1Mg[Eﬁ]abY[El]?A)kmg[Eﬁ]} :

for (nl,n2€Z+,n3€Z) or (nlzo,ng,n3€Z+)

or  (n2=0,n1,n3€Z%), (3.14)
a 1 a a
Y[Es](a) (k1,0,0) = /2 [Y[El](A)(k-l,O,O)+Y[E1](A)(—k1,0,0)] , for (ny €2Z% ,ny=n3=0), (3.15)
a 1 a a
Y[Es|(4)(0,k2,0) = NG [Y[El](A) (0,k2,0) T Y [E1]{ay (0,—k2,0)] , for (ng €277 ,ny =n3=0), (3.16)

a 1 a a
Y[Es](4)(0,0,ks) = NG [Y[El](A) (0,0,65) TY [E1]Cay (o,o,—kg)] , for (ng €2Z% ,ny =ny=0), (3.17)

where Y[El]‘(l Ak Aare the vector harmonics on Iy described above, and A = 0,1,2. We note
that the expressions in egs. (3.14)—(3.17) for the A = 0 case are equivalent to eq. (3.2).



It is straightforward to show that the vector harmonics defined in egs. (3.14)-(3.17) are
eigenfunctions of the covariant Laplace operator with eigenvalue —x?2, satisfy orthonormality
conditions that are the analogs of those given in eq. (3.8), and satisfy divergence identities that
are the analogs of those given in egs. (3.9) and (3.10). The proofs of these properties use the
fact that the matrices M that define the symmetries of these spaces preserve the inner product
of vectors, e.g. for arbitrary vectors u and v, u-v = g(u,v) = g(M-u,M-v) = (M-u)-(M-v).

Anti-symmetric tensor fields, wy, = —wpe, on orientable three-manifolds are dual to
the vector fields v®. Thus, for every wg, there exists a vector field v* so that wg, = €4p:0°.
Therefore, any anti-symmetric tensor field can be represented as a sum of vector harmonics.

4 Tensor harmonics

This section constructs symmetric second-rank tensor harmonics on the six flat compact
orientable three-manifolds. While these harmonics are not unique and can be chosen in a
variety of ways, our goal here is to choose harmonics having three useful properties: first, the
tensor harmonics constructed here will be eigenfunctions of the covariant Laplace operator:

VeV Y = 2y, (4.1)

This ensures that these harmonics will form a complete basis for the (square integrable)
symmetric second-rank tensor fields on these manifolds. We use the notation Y[Ej]?z)k (for
A=0,...,5) to denote the six linearly independent classes of tensor harmonics that satisfy
eq. (4.1) on the space E; (for j =1,...,6). Second, the tensor harmonics constructed here
will satisfy nice orthonormality conditions, i.e. Y[Ej]? )k and Y[E ]( A Will be orthogonal
under the standard Lo inner product unless k = k' and A = A’. And third, the tensor
harmonics constructed here in classes A = 1,...,5 will be trace free, and those in classes
A =4 and A =5 will be divergence free.

It is easy to construct four classes of tensor harmonics that satisfy these properties on
all the flat compact orientable three-manifolds. These harmonics, which we call the class
A =0,...,3 harmonics, are defined as,

V(B = \}gg“bY[Ej]k, (4.2)
YIE]®, = \}6 (3572V VY (Bl + gV [Ejli) (4.3)
VIS = 5 (Y IE o+ VYIEL) ). (4.4
VI = —= (VYL + VY Bl (45)

where 2 is the corresponding eigenvalue of the covariant scalar Laplace operator, eq. (2.4).
Since the scalar harmonics Y [E;]i are smooth eigenfunctions of the Laplace operator, their
gradients are automatically smooth eigenfunctions having the same eigenvalues on these flat
manifolds. The normalization factors in eqgs. (4.2)—(4.5) are chosen to ensure that these
harmonics satisfy the nice orthonormality conditions

L./2 Lo/2 Ls/2 cds
/ / / gacgde E ]( )kY[E]](B) K’ da: dy dZ = (5AB 5n1n1/ 5n2n2’ (5n3n3/ s (46)
Li/2 Lo/2 Ls/2



for A=0,...,3and B=0,...,3. The traces of these tensor harmonics are given by,

9abY [Ejl{gp = V3Y [Ejlk, (4.7)
g Y [E ](A)k = for A=1,...,3, (4.8)
while the divergences are given by
a K
VGY[Ej](g)k - ﬁY[Ej]I()o)w (4.9)
@ 2K
VaY[Ej](f)k = _%Y[Ej]l()o)ka (4.10)
a K
VoY (Bl = _EY[EJ]I()l)k7 (4.11)
“ K
VaY[Ej](?If)k = _*Y[Ej]l()z)k‘ (4.12)

The construction of the class A = 4 and A = 5 symmetric second-rank tensor harmonics
is less straightforward. Our approach to finding these harmonics is analogous to the methods
described in section 3 for deriving the class A = 1 and A = 2 vector harmonics. We have
developed three different approaches that produce tensor harmonics satisfying the three useful
properties listed above. The first approach produces the simplest expressions for the tensor
harmonics, but this approach only works on the space E1. A somewhat more general approach
can be used to derive fairly simple expressions for these tensor harmonics on the spaces
Fi, ..., E5, but not on Fg. We have also developed an even more general approach capable
of constructing tensor harmonics in all the E; spaces, but the resulting expressions produced
in this way are quite complicated. Here we report the results of this general approach only
for the otherwise intractable Eg case.

The first approach to constructing the needed tensor harmonics is based on the fact
that any covariantly constant tensor field ¢ is invariant under the pure translation sym-
metry group of the three-torus, Ej. Therefore any tensor field of the form cabY[El]k is
an eigenfunction of the covariant Laplace operator, and therefore a candidate tensor har-
monic. The choices for six linearly independent symmetric tensors ¢ will define the six
classes of tensor harmonics for this case. The class A = 0 and A = 1 tensor harmonics de-
fined in eqs. (4.2) and (4.3) for the space E; have this form: Y[El](o)( %g“bY[El]k and

Y[El]%’)(k = % (ga — 3k“kb> Y[E1]x. All that is needed to complete this simple approach
are choices for four additional constant tensors to define the class A = 2,...,5 harmonics.

These choices are easy to construct using the set of orthonormal vectors k%, ¢* and m“
constructed in section 3:

Y[E, = 7 (RBP4 4+ i) ¥ (B, (4.13)
1 T

Y, = G (820 + i — %R ) Y[Ey (4.14)
1 /e

Y[El]((lg)k = _ﬁ (k“ﬁb + kb£a> Y[Eﬂk, (415)

Y[El](g)k = 7 (k:“ + l%bm“> Y[Ei]x, (4.16)
a 1 pa pb ~a b

VB = ( P — e ) Y[Eilk, (4.17)
1 pa .~ b ob ~ a

VB = (it + ) Y [Bx (4.18)
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The class A = 0,...,3 harmonics given in egs. (4.13)—(4.16) are equivalent to the expressions
given in egs. (4.2)—(4.5). All these tensor harmonics defined in eqs. (4.13)—(4.18) satisfy
each of the useful properties listed above. They are eigenfunctions of the covariant Laplace
operator with eigenvalue —x?, and satisfy the following orthonormality conditions,

Li/2 Ly/2 Ls/2
/ / / gacgde El](A)k [El]( B) K dx dy dz = 5AB 6n1n1’ 6n2n2’ 5n3n3 (419)
Ly/2 Ly/2 L3/2

The traces of these tensor harmonics on E; are given by,

9arY [V = V3Y [Eilk, (4.20)
gabY[El](A)k =0, for A=1,...,5, (4.21)
and their divergences are given by,
ab K b
VGY[El](O)k - ﬁY[El](O)ka (422)
ab B 2K
VaY[El](l)k \/EY[El](O) (4.23)
ab _ K b
ab _ K b
VoY [Ei]l) = VaY [E1]f) = 0. (4.26)

The second approach to constructing tensor harmonics uses the fact that the vec-
tor 2%, the metric ¢g? and the tensor 2%2° (where 2% is the unit vector along the z-axis)
are the only covariantly constant vector and tensor fields invariant under all the symme-
try groups of the manifolds Ey,..., E5. Therefore tensors like gV [E;]k, 292°Y[Ejk, and
'Y [E; ]( Akt 2 Y E; ]( Ak (for A=0,1,2 and j =1,...,5) are eigenfunctions of the covari-
ant Laplace operator that can be used in the constructlon of the tensor harmonics on these
spaces. We note that 2°V,Y [Ejlx = i k3Y[Ej]x and 2°V,Y[E ]( Ak = =iksY[E ](A)k in all of
these cases. The tensor harmonics for these manifolds can therefore be taken to be

a 1 Qa
Y(Elf) = Wei Y [Ejlk, (4.27)
a 1 a a
VIBlh= 57 (3V V'Y (B + g2V (B (4.28)
a 1 a a
VIEIE = —5 (VY yct VY BT (4.29)
a 1 a a
VIE IS = —5 (VY yct VY L) (4:30)
1
Y[E; %, = [k: o (vay + VY >
[E5]{4) x o I D) 3 (K 3) [E }(1)1( Y[E;]tx
+ir® (k* — 3k3) (éa (Bt + 2 Y[Eﬂal)k>
20/ K2 — K2 ( 2050 _ k2 ab) Y[Ej]k} . (4.31)
YIER), = S — [k'B (VaY[Ej](Q)k +VYI[E ](z)k)
K/2 (K2 — kg)

— ir? (2Y Byl + 2V (Bl | (432)

- 11 -



so long as the vector harmonics Y[Ej]‘(ll)k and Y[Ej]?2)k are well defined, and so long as

k% #£0, k3 # 0, and k% # k. When k% = 0, the tensor harmonics must be spatially constant
tensor fields. Six linearly independent spatially constant tensor fields exist in the space E1, so
any orthonormal set can be used as x = 0 harmonics in that space. In the spaces Es, ..., E5
the only spatially constant tensor fields are g®® and ¢g® — 3294, so (suitably normalized) they
are the only £ = 0 tensor harmonics on those spaces. When k3 = 0 and k # 0 the tensor
harmonics are independent of z, i.e. they depend only on z and y. In this case the expres-
sions for the vector harmonics are given in section 3 and the expressions for the A =0,...,3
and 5 tensor harmonics are given in eqgs. (4.27)—(4.30) and (4.32). However the class A = 4
tensor harmonics are not well defined in this case. Finally if 2 = k3 and k # 0 the tensor
harmonics are independent of x and y, i.e. the harmonics depend only on z. In this case
the class A = 1 and A = 2 vector harmonics do not exist, so the only well defined tensor
harmonics are the class A = 0 and A = 1 harmonics. It is straightforward to show that
the tensor harmonics defined in eqgs. (4.27)—(4.32) are eigenfunctions of the covariant Laplace
operator with eigenvalue —x?, satisfy orthonormality conditions that are the analogs of those
given in eq. (4.19), satisfy trace identities that are the analogs of those given in eqs. (4.20)
and (4.21), and divergence identities that are the analogs of those given in eqs. (4.22)—(4.26).
The third (most general) approach to constructing tensor harmonics on these compact
orientable flat spaces, Ej, is based on the fact that these spaces are quotients, E3 /T, of Eu-
clidean space E3 and an isometry group I'. Therefore the problem of finding tensor harmonics
on the Ej; spaces is equivalent to finding the I'-invariant tensor harmonics on E3. This can
be done using the method developed in ref. [8] to derive expressions for the scalar harmonics.
The Tensor Action Lemma and the Tensor Invariance Lemma described in the appendix
to this paper provide the tools needed to construct linear combinations of the E? tensor
harmonics that are invariant under all the elements of the symmetry groups I'. The tensor
harmonics obtained using this method on the spaces E1, ..., E5 are more complicated than
those derived using the first two approaches. So here we report only the tensor harmonics
Y[Eg]?fjl)k with A =0,...,5 obtained in this way for the otherwise intractable Eg case:

a 1 a ni—n a C
Y[EG](g)kzi YIE o+ (=1)™ "2 M [Eg)* M [Eg)’aY [E1]{%) wean [
+(=1)"2 7" Mo [ Eg]*c Ma[Eo]* aY [E1){%) wa, [54]
+(—=1)"8 7" M3 [ Eg] e M3 [Ee]" aY [E1){%) weass [4]

for (nl,TLQGZ+,TL3€Z) or (n1:0,n2,n3€Z+)
or (n2:0,n1,n3 €Z+), (4.33)

a 1 - a al ]
YIES](h 400 = 5 [ (E1](R) 0 000 FY BT ()| for (m €227, ma=n3=0), (4.34)
1

Y[EG]((ZZ) (0,k2,0) = \ﬁ _Y[El][(lg) (07k2’0)+Y[E1}?g) (0,—k2,0) | for (ng €27  ni=ng= 0), (4.35)
1

Y[EG]((ZZ) (0’07]{3) = — _Y[El]?g) (0,0,kg) +Y[E1}((lg) (0,0,—k3)_ for (ng € 2Z+, ny =ng = 0) . (436)

S

where Y[El]‘(‘z)k are the tensor harmonics on Fp described above. We note that the ex-

pressions in eqs. (4.33)—(4.36) for the A = 0,...,3 cases are equivalent to eqgs. (4.2)—(4.5).
It is straightforward to show that the tensor harmonics defined in eqs. (4.33)—(4.36) are

- 12 —



eigenfunctions of the covariant Laplace operator with eigenvalue —x?2, satisfy orthonormality
conditions that are the analogs of those given in eq. (4.19), satisfy the trace conditions given
in egs. (4.20)-(4.21), and satisfy divergence identities that are the analogs of those given in
eqs. (4.22)—(4.26). The proofs of these properties use the fact that the matrices M?, that
define the symmetries of these spaces preserve the structure of the metric: gqp = M€, M%geq
and gab — Machdng.

5 Summary and discussion

This paper introduces a uniform notation for the scalar vector and tensor harmonics on
the flat compact orientable three-manifolds Eq, Es, .. . The Y[Ej]x represent the scalar
harmonics on the space E; (for j = 1,...,6) with parameters k = k, = (k1, ko, k3). To enforce

the appropriate periodicities, these parameters must be given by k, = 27 (%, z—i, Z—i) in the

spaces Iy, By, F3 and Fg, and k, = 27 (—%?, 2:‘/15222 , %g) in the spaces F4 and E5, where the

n1, ne and n3 are integers and L1, Ly and L3 are the periodicity lengths in each dimension.
(The lengths L; and Ly must also be equal in the spaces E3, E4 and Ej to preserve the
symmetries.) Explicit expressions for these scalar harmonics, constructed originally in ref. [§],
are summarized in section 2. The Y[E ]( 1)k represent the three classes of vector harmonics,
with A = 0,1,2, on the space E;. Explicit expressions for these harmonics are constructed
in section 3. Finally the Y[E} ]( A)x represent the six classes of symmetric second-rank tensor
harmonics, with A = 0,1,...,5, on the space E;. Explicit expressions for these harmonics
are constructed in section 4. All these harmonics satisfy a number of useful properties.

The scalar harmonics on the six compact orientable flat three-manifolds E; (for j =1,
2,...,6) are eigenfunctions of the covariant Laplace operator,

VVY[Ej]k = —k*Y B}k, (5.1)

and satisfy the orthonormality conditions

Li/2 Lo/2 L3/2
/ / / [ j]l*(’ dxdy dz = bnyn,’ Ongny’ Ongny’ - (5.2)
Lyi/2 Ly /2 L3/2

Therefore it is easy to represent any (square integrable) scalar field on these manifolds in
terms of these basis functions:

=> >3 AY[Ek, (5.3)

nip n2 n3

where the coefficients fi are given by
L1/2  La/2 L;/Q
fx= / / / Ej)) dx dydz. (5.4)
L1/2J—L2/2 J—L3/2
The vector harmonics on the six compact orientable flat three-manifolds E; (for j =1,
., 6) are eigenfunctions of the covariant Laplace operator,

VIV Bty = =Y [BjlLa) (5.5)

~13 -



and satisfy the orthonormality conditions
Li/2 (L2/2 pL3/2
/ / gabY (A) kY[E }(B) Kk’ d:L‘ dy dZ - 6AB 5’(1,11’1,1/ 5712712/ 67’1,3713 (56)
Li/2J)—Lyj2J—Ls)2

Therefore it is easy to represent any (square integrable) vector field on these manifolds in
terms of these basis functions:

ZZZZ vy Y [Eil e (5.7)

ny n2 n3
where the coefficients v(4)y are given by
L1/2 pL2/2 pL3/2
Ak = / / / gapv” (x) Y[ j]l(’z) i dr dy dz. (5.8)
L1/2J—Ly/2J—L3/2

These vector harmonics also satisfy the divergence identities,

VQY[Ej]?O)k = —/ﬁ}Y[E]‘]k, (59)
VaY[Ejl(y = VaY [Ejlig) = 0, (5.10)

on each of the six flat compact orientable three-manifolds. The vanishing divergences of the
class A =1 and A = 2 vector harmonics make them useful for constructing representations
of the electromagnetic field.

The tensor harmonics on the six compact orientable flat three-manifolds Ej; (for j =1,

2,...,6) are eigenfunctions of the covariant Laplace operator,
VY [EjlG k= =Y B 1 (5.11)

and satisfy the orthonormality conditions
L1/2 L2/2 pLs/2 ]
/ / / GacabaY (B0 Y TE IS o dwdy dz = 64 Onynys Ongny Ongnar - (5:12)
Li/2J)—Ly/2J)-L3)2

for A=0,...,5and B =0,...,5. Therefore it is easy to represent any (square integrable)
symmetric second-rank tensor field on these manifolds in terms of these basis functions:

ZZZZt kY [E A)k, (5.13)

ne  n3g
where the coefficients ¢(4)y are given by
I1/2 L2/2 L3/2
= [ et YIE o dy (5.14)
Ly/2 Ly/2 L3/2
The traces of these tensor harmonics are given by,

9aY (B3] 1 = V3Y [Bjlic (5.15)
gabY[Ej}(A)k =0, for A=1,...,5, (5.16)
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while the divergences are given by

VaY Bl = =Y [Billoye (5.17)
VoY (B = ~—Y Bl (5.18)
VoY (B}, = —%Y[Eﬂ?nk, (5.19)
VaY Bl = =5V Bl (5.20)
VoY Bl = VaY i) = 0. (5.21)

The vanishing traces and divergences of the class A = 4 and A = 5 tensor harmonics make
them useful for constructing representations of the dynamical gravitational wave degrees of
freedom of the gravitational field.

Cosmological observations provide measurements of physical properties, like the tem-
perature of the cosmic microwave radiation, as functions on the two-sphere of our sky. The
components of the three-dimensional scalar, vector and tensor harmonics used in the construc-
tion of a cosmological model would need to be projected onto such a two-sphere to facilitate
comparisons with the observations. The analysis needed to do this projection has been carried
out for the scalar harmonics on these flat three-dimensionsl manifolds in ref. [8]. Analogous
projections of the vector and tensor harmonics onto the appropriate spin-weighted spherical
harmonic bases could also be carried out, but we defer that analysis to a future paper.

A Vector and tensor action and invariance lemmas

All multi-connected three-dimensional flat spaces E; are quotients, E3 /T, of Euclidean space
3 by an isometry group I'. The problem of finding the scalar, vector and tensor harmonics on
E3 /T is equivalent to the problem of finding the I'-invariant harmonics of E3. Two technical
lemmas were developed in ref. [8] to facilitate the construction of the scalar harmonics on these
spaces. The first of these, the Action Lemma, determines how an element of the isometry
group I' transforms one scalar harmonic on E? into another. The second, the Invariance
Lemma, constructs a harmonic that is invariant under the repeated action of any element
of the isometry group. Together these lemmas were used in ref. [8] to derive the explicit
expressions for the scalar harmonics summarized in section 2 of this paper. Those lemmas
for scalar harmonics are generalized here to action and invariance lemmas for the vector and
tensor harmonics on these flat spaces.

Every isometry v € I" on these manifolds consists of a reflection/rotation followed by a
translation, i.e. they are transformations of the form x’ = M - x + T where M is a unitary
matrix and T is a vector, or in component notation ' = M a, b 4 70,

Lemma 1 (Vector Action Lemma). The natural action of an isometry v € T' of Eu-
clidean space E® takes a wector harmonic uYy(x) = ue'¥* to another vector harmonic
(M - ) % TYjm (%), where u is any constant vector.

Proof. The action of the isometry v on u Yy is given by:
Wi o (') =y () (1) = (M- u) et O
— (M . 11) eik~Tei kM- x — (M . 11) ei k.TYkM (X) ,

where we have used v (u) =u' =M - u. O
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Lemma 2 (Vector Invariance Lemma). If v is an isometry of E® with matriz part M and
translational part T, if uYy is a vector harmonic on B3, and if n is the smallest positive
integer such that k = kM"™ (typically n is simply the order of the matrix M), then the action

of

1. preserves the m-dimensional space of harmonics spanned by {qu,(M-u) Yim, -,
(M”_1 . u) Yan—l} as a set, and

2. leaves invariant the harmonic, apuYx + a1 (M-u) Yim + -+ + an—1 (M”_1 . u) Yimn—1,

if and only if aj11 = eiij’Taj for each j (mod n).

Proof. Both parts are immediate corollaries of lemma 1. Specifically, the action of v takes
the linear combination

apuYe+ar (M- -u)Yem + - + an—2 (M”_2 . u) Yimn—2 + @n_1 (M"_1 . u) Yinn-1, (A1)
into
ap (M - u) e TYim + aq (M2 . u) e EMTy o+ -
+ an_o (M"*1 -u) et anizTYanﬂ +a,_jue kM Ty (A.2)

Therefore the n-dimensional subspace spanned by {u Y, (M-u) Yem, - - -, (M”_1 -u) Yan—l}
is preserved as a set. Comparing the coefficients of the expressions in egs. (A.1) and (A.2),
it follows that they are identical if only and if aj11 = ¢’ kM]'Taj for each j (mod n). O

Lemma 3 (Tensor Action Lemma). The natural action of an isometry v of Euclidean space
E3 takes a tensor harmonic u ® vYy = u® ve'¥* to another tensor harmonic (M -u) ®
(M -v) e*TYiu (x), where u and v are arbitrary constant vectors.

Proof. The action of the isometry v on u ® v Yy is given by:
u@ VY yuevY) =y @y (v)y(Yi) = (M-u)® (M- v) M)
=M -u)®(M-v)e'*TYi (%), (A.3)
where we have used y(u®@v) =uv' @ v = (M- -u)® (M- v). O

Lemma 4 (Tensor Invariance Lemma). If v is an isometry of E* with matriz part M and
translational part T, if u®@ v Yy is a tensor harmonic on E3, and if n is the smallest positive
integer such that k = kM"™ (typically n is simply the order of the matrix M), then the action

of v

1. preserves the n-dimensional space of harmonics spanned by {u ® vYk,(M-u) ®
M-v)Yiem, -, (M”_1 -u) ® (M"‘l -v) Yan—1} as a set, and

2. leaves invariant the harmonic, ayu ® vYy + a;y(M-u) ® (M-v)Yiem + -+ +
(p_1 (1\/1"_1 . u) ® (1\/["_1 : V) Yiemn—1, if and only if aj11 = ™M Ta; for each j (mod n).

Proof. Both parts are immediate corollaries of lemma 3. Specifically, the action of v takes
the linear combination

apu@vYe+ar M-u)®@ (M-v)Yim + -+ + an—2 (M”_2 . u) ® (M"—2 .V) Yiapn—2
+ap—1 (M u) @ (M- v) Vi1, (A4)
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into

ao(M-1u) ® (M- v) e®*TVim + ay (M2 ‘u) ® (M2 V) kMY, o
+ap—o (M1 u)® (M -v)e kMM 2Ty, it + apou @ v el KM Ty, (A.5)

Therefore the n-dimensional subspace spanned by {u RvYi,(M-u) @ M-v)Yim, -,
(M"‘1 . u) ® (M"‘1 -v) Yan—l} is preserved as a set. Comparing the coefficients of
the expressions in egs. (A.4) and (A.5), it follows that they are identical if only and if

ajy1 = eiij'Taj for each j (mod n). O
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