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ABSTRACT. We study recurrence properties of the second order skew-sym-
metric tensor fields, which are referred to as bivectors, on a 4-dimensional
manifold admitting a Lorentz metric. Considering the known classification
scheme for these tensor fields, recurrent bivectors which can be scaled to be
parallel are first determined and these results are associated with the holonomy
theory. This examination then identifies proper recurrence of such bivectors
on the manifold. The link between these bivectors and the holonomy group is
investigated and some theorems are proved.

1. Introduction

Let M be a smooth, connected manifold admitting a smooth metric g of Lorentz
signature (+, 4, +, —). Then, (M, g) is called a space-time and these are important
in Einstein’s general theory of relativity. It will be assumed that (M, g) is not flat
and throughout the following, V will denote the Levi-Civita connection of (M, g).
The tangent space to M at m € M is denoted by T;,, M and the inner product g(u, v)
arising from g(m) will be written as u.v for u,v € T,, M. A nonzero member u of
T M is called spacelike, timelike or null if u.u > 0, u.u < 0 or u.u = 0, respectively.
For this signature, we can choose a pseudo orthonormal basis of mutually orthogonal
vectors x, vy, z,t for T,, M such that

rax=yy=zz=—tt=1.

Alternatively, an associated null basis [, n, z,y can be chosen with v/2l = z +t,
V2n = z —t so that [ and n are null vectors satisfying I.n = 1. Also, one can build
up a complex null basis I,n,s,s where | and n are as above, V25 = = + iy, § is
the complex conjugate of s and so s and s are complex and null. The Riemann
curvature tensor arising from V is denoted by Riem with components R%,.q and
one has the type (0, 4) curvature tensor with components Rupecd = gaeRbed- A
spanning set will be denoted by the symbol ().
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Looking in the literature, there has been much interest in the geometry of 4-
dimensional manifolds which admit different metric signatures. More precisely, for
a 4-dimensional manifold, these signatures can only be positive definite or Lorentz
or (+,+,—,—) which is referred to as neutral signature (see, e.g., [4, [7}, (9], [22]).
Recurrent tensor fields are one of the geometric objects which attract considerable
attention and these tensor fields have been studied by many authors in various
contexts (for example, see [2}, [3, [6), 10, 12} 16, 17, 21]). Besides, recurrent and
parallel vector fields have a significant place in holonomy theory (see Section 2.3)
and in this perspective, these vector fields were investigated in, e.g., [3], 5, 6], 10]
12]. On the other hand, a second order symmetric tensor can be classified by
finding all possible Jordan canonical forms and Segre types. For each signature,
these classifications are known and the schemes can be found in, e.g., [5, [8), [18].
Some studies on the recurrence structure for second order symmetric tensor fields
and some applications of recurrent tensors to the Ricci tensor and the curvature
tensor can be found, for instance, in |2}, 6, 10, 12, [16], 17, 21]. This paper studies
the features of recurrence for second order skew-symmetric tensors called bivectors.
It will be based on the classification of these tensor fields on a 4-dimensional Lorentz
manifold and these analyses will be combined with holonomy theory. Also, some
brief remarks will be given for signature (+, +, 4+, +).

2. Some preliminaries

In this section, some basic concepts about bivectors and their classification on 4-
dimensional Lorentz manifolds (including brief remarks for other metric signatures),
recurrent tensors and holonomy structure are given.

2.1. Bivectors and their classification. The 6-dimensional vector space of
all 2-forms at m € M, which will be denoted by A,, M, is a Lie algebra under matrix
commutation denoted by [ ]. A member F of A, M is referred to as bivector and if
we denote the components of F' by F,; then F,;, = —Fp, and so the rank of F' must
be even. If this rank is 2, F' is called a simple bivector and if it is 4, then F is called
a nonsimple bivector. If F is simple, then it can be written as F*® = u®® — v®u?
where u,v € T,, M. The 2-space spanned by v and v is uniquely determined by
F and it is called the blade of F. In this case, F' or its blade will be denoted by
u A v. A simple bivector is called spacelike (respectively, timelike or null) if its
blade is a spacelike (each nonzero member of it is spacelike) (respectively, timelike
(it contains exactly two distinct null directions) or null (it contains exactly one null
direction)) 2-space at m.

When ¢ has Lorentz signature, the classification of bivectors is known from
general relativity theory and in a null basis [, n, x,y at m € M, the canonical forms
and corresponding Segre types are given as follows (for details we refer to, e.g.,
(19, 5, ).

(2.1) Fop = a(xayp — yap) (spacelike, Segre type {(11)zz})
(2.2) Fup = a(lgny — ngly) (timelike, Segre type {11(11)})
(2.3) Fap = a(laxp — x4lp) (null; Segre type {(31)})



RECURRENT BIVECTORS IN 4-DIMENSIONAL LORENTZ MANIFOLDS 105

(24)  Fup = a(lgny — naly) + B(xays — Yaxp) (nonsimple, Segre type{11zZz})

where a, 5 € R and for the nonsimple case a # 0 # £.

Moreover, if the metric is positive definite, all simple bivectors are spacelike
and the Segre type is {(11)zZz}. If F is nonsimple, in an orthonormal basis z, y, z, w
at m, it can be characterized by F = a(x Ay)+ Sz Aw) (o, f € R and « # 0 #£ 3)
(see, e.g., [14]). In this case, F' has a pair of complex eigenvectors (eigenvalues)
xtiy (£ia) and z +iw (£if) and its Segre type is written {zZww} (or {(2z)(2Z)}
if a =4p).

When g has neutral signature, such a classification has been done in [8] but it
will not be needed here.

2.2. Recurrent tensor fields. A global, smooth tensor field T on M is called
a recurrent tensor if VI' = T ® A for some 1-form A which is necessarily smooth on
M. Tt is first useful to remark that since a recurrent tensor need not be nowhere-zero
on the manifold M, it will be assumed that T is nowhere-zero on the nonempty,
connected, open subset U on which it is studied (for details of this section see
[12] p.263]). Geometrically, any recurrent tensor has the property that given any
m,m’ € U and curve m — m’ in U the value of T at m/' is proportional to the
parallel transport of T'(m) along ¢ at m’ and the proportionality ratio depends on ¢
and A. If the 1-form A vanishes on U, T is called parallel (or covariantly constant).
Let T be recurrent on U and suppose that there exists a nowhere-zero function ¢ on
U such that ¢T is parallel on U. Then A is the gradient V(—log |¢]). Conversely,
if A is a gradient, that is, A = V4 on U then e ¥T is parallel on U. This allows
us to give a definition of proper recurrence for bivectors in the following way. The
Ricci identity for a nowhere-zero recurrent bivector F' is given by as follows:

(25) (vdvc - chd)Fab = FaeRebcd + FebReacd = Fab(vdAc - vc>\d)-

It can be seen from (Z3) that if F,eR%cq + FepR%acqd vanishes on U, then A
is a gradient on some neighbourhood N of m and hence the bivector F' can be
scaled to be parallel on N. According to this, a bivector F' will be called properly
recurrent on U if the subset V = {m € U : (Fue R cd + Fep R aca)(m) # 0} is open
and dense in the subspace topology on U. A similar definition can be given for a
nowhere-zero recurrent vector field on U (see [12]). Also, it can be shown that the
Segre type of F', including degeneracies, is the same at each point of U and the
eigenvalues of F' can be regarded as constant functions on U (see [13]). Another
useful remark is that if a bivector F' is recurrent and nowhere-zero on U and if
FoF # 0 at m € U, then FeF, is nowhere-zero on U and a contraction of
the recurrence condition, V.Fu, = AoFup, with F9 shows that X is the gradient of
2(log |FuuF??[) and so F' can be scaled to be parallel on U. Hence, only bivectors
satisfying F?F,; = 0 on U may be properly recurrent. So, if the metric is positive
definite, any recurrent bivector can be scaled to be parallel. As a last remark, it

X
can be seen that if a bivector F is recurrent, the dual bivector F' is also recurrent
(see [10]).

2.3. Holonomy structure. The holonomy group of (M,g) (more precisely
of V) denoted by ® is a Lie group and so it has a Lie algebra ¢ (for details, see [15]).
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TABLE 1. Holonomy algebras for (+,+,+, —)

Parallel | Recurrent Parallel | Recurrent
Type Basis vector vector Type Basis vector vector
fields fields fields fields
Ry IAn (z,y) I,n Ry IAn, LNz, INY l
R3 INz L, y) — Ryo IAn, LNz, nA\x (y) —
Ry TNy (l,n) — Ry INz, LNy, x Ny ) —
Ry |IAn+w(@Ay) — — Riy [ LNz, INy, IANn+w(xAy) — l
R IAn, INx (y) l Ry3 TANY, YAz, x Nz (t) —
Ry IAn,z ANy — I,n R4 IANn, LNz, I Ny, x ANy — l
Rg l/\CL'7 l/\’y <l> - R15 0(1,3) —

When ¢ has Lorentz signature, then ¢ is a subalgebra of the orthogonal algebra
of g, that is, 0o(1,3). The possible holonomy algebras in bivector representation are
known (see, e.g., |5, 9], 10} [20]) and using the labellings Ry (flat), Ra,...,R15 given
in [20], these algebras are presented in Table 1. Here, 0 # w € R. Additionally,
if 0 # k € T,,M is an eigenvector of each member of ¢, then there exists a local
recurrent vector field which is smooth on some neighbourhood of the point m and
whose value at m is k. Further, if each eigenvalue for k is zero for all F' € ¢, then
this vector field can be chosen to be parallel. Thus, recurrent and parallel vector
fields are shown in Table 1.

3. Recurrence structures of real bivectors

In this section, the recurrence structures of real bivectors are studied on 4-di-
mensional Lorentz manifolds. As discussed in Section 2.2, if a recurrent bivector
satisfies F*F,;, # 0, then F can be scaled to be parallel. So, let us first investigate
the solutions of VF = 0. Suppose that F is spacelike and parallel. Then, taking the
covariant derivative of (2.1) and considering VF = 0, a contraction of the resulting
equation by 2%y? shows that Va = 0, i.e., o is constant on U. Thus, we get

(31) (cha)yb +24Veyy — (cha)% —YaVexp = 0.

By contracting @3.1)) with 2%® and z%n®, we obtain, I°V.y, = n®V.y, = 0 (or
yVely = y*Veny = 0 since 2%z, = 1, %2, = 1%, = n%, = 0). Applying these
to the derivative V.l = ecxp + feyp + hely (for some 1-forms e, f,h on U) give
e. = f. = 0 and so, one has V.l = h.lp. Hence, [ is recurrent. Performing similar
contractions and considering the basic conditions, the other tetrad derivatives are
found V.ny = —henp (and so n is recurrent), V.xp = gcyp and Veyy = —qetp
for some 1-form ¢ on U. Moreover, from the derivatives of z and y, one has
Ve(xp £ iyp) = Fige(wp £ iyp), in other words = £ iy are complex, recurrent null
vector fields. From Table 1, the possible holonomy types are Rs, R4 (here [ and n
may be chosen parallel) or R7. The case when F is timelike [that is, FF = a(l A n)

from (22)] and parallel is completely analogous. In this case, F' = a(z A y) and

VF =0, then VF = 0 and hence one gets the expressed holonomy types as above.
Conversely, for each of these holonomy types the bivectors x Ay and [ An are easily
checked to be parallel.
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Now, let F =1 Az’ (null) be parallel with l.2" = 0 and so we can choose a
tetrad I, n,z,y and then &’ = ax + by (a,b € R). Then the covariant derivative F
contracted with % gives [*(V z!) = —2'*(V.l,) = 0 whilst a contraction with z'®
shows that [ is recurrent with recurrence 1-form V[—3 log(z’.2”)] which is a gradient
and so [ can be scaled to be parallel. This means that if F' is null, M admits a
nowhere-zero, parallel, null eigenvector [ of F' (cf. [10]). Then, from Table 1, the
only possible holonomy types of M are Rs, R4, Rg or Ry1. On the other hand,
from (23] the condition for the commutator of F,

(32) FaeRebcd + FebReacd = FaeRebcd - FbeReacd =0

must be satisfied for F' = [Az’. This condition is equivalent to [F, G] = 0 where G is
any bivector in the range space of the curvature map f defined by f : A,, M — A, M
given by G — R _;G°? and which holds immediately for the holonomy type Rs.
In fact, Table 1 shows that [ and y are parallel vector fields for holonomy type Rs.
Then the bivector [ A y is parallel and so R3 admits a parallel null bivector. For
holonomy type R4 with algebra G = x Ay, we have [F, G] # 0 and hence, condition
[B2) is not satisfied. For holonomy type Rg, an exponentiation from the algebra
gives Vyx, = lo7p for some 1-form r and then [ A x is parallel. For holonomy type
R11, one has

(33) Rabcd = AlGachd + AQHabHcd + ABJachd + A4(GabHcd + Hachd)
+ As5(GapJea + JavGea) + As(HapJea + JavHea)

where A; (i = 1,...,6) are smooth functions, G =l Az, H=1Ayand J =2 Ay.
Using (83)) in the commutator of F = [ Az’ and contracting the resulting equation
with n%y® and nbxz® shows that A3 = A5 = Ag = 0 and the range space of the
curvature map is spanned by the bivectors G and H. However, the Ambrose—
Singer theorem [1] says that if one fixes m € M and for any m’ € M computes the
range space, rgf, of the curvature map and parallel transports rgf to m along some
curve ¢ : m’ — m and does this for all such m’ and ¢, the collection of bivectors
obtained at m spans ¢. Therefore, since [ is recurrent, the Ambrose-Singer theorem
gives the contradiction that ¢ contains only null members whose blade contains .
Hence, R3 and Rg are the only possible holonomy types.

Next, let F' be nonsimple and parallel. Then, VF = VZ? = 0 are satisfied for
F =a(lAn)+p(xAy) and F = a(zAy)—B(IAn) (o, B € Rand a # 0 # () in some

basis I,n,z,y. Under these conditions, we get Fy, F% and F,;, F*® are constant.
This gives a? — 32 and a3 constant. Now, (a? + %)% = (a? — %)% + 40232 and so
a? + B? is constant. Hence, o and (3 are constant and so V(z Ay) = V(I An) = 0.
Therefore, [ and n are recurrent whose recurrence 1-forms differ only in sign, x +1iy
are complex recurrent vector fields and the possible holonomy types are Ry, Ry or
R7 from an earlier result.

Now, suppose that F' is nowhere-zero and properly recurrent on U, that is,
VeFup = AcFgp for some recurrence 1-form A on U. If F is spacelike or timelike,
then FeF,;, # 0. So, the proper recurrence for such bivectors is not possible here.
If F is nonsimple, using (Z4), one gets F*°F,;, = 2(8? — a?). One can deduce from
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here that if o # 43 then F®F,; # 0. This yields that ) is a gradient and hence F
can be scaled to be parallel. Thus, for the proper recurrence of nonsimple bivectors,
we only need to check the case when o = = (that is, the case F%F,, =0). With

a = f (the case a = —f will be similar) we have FF = G+ G, F = G — G with
G, G simple and nonnull, G = a(l An), G = a(x Ay). Then V. .Fu = AFup,

VcFab = )\cFab and so VcGab = )\cGab; chab = )\cGab and since GabGab 7é 0, A
is a gradient. As a result, a nonsimple bivector cannot be properly recurrent and
so the only possibility for proper recurrence is the null bivector case.

In that case, let us suppose that F' is null with F' = [ Az in some tetrad [, n, z, y.
Then if F is recurrent, i.e., V.(laZp — Zolp) = (laZp — Talp)Ae. Contractions with
[* and x® show that [ is recurrent with a recurrence 1-form equal to A. So, if \ is
not a gradient, the null bivector F' is properly recurrent and this yields a properly
recurrent null vector I. From Table 1, the potential holonomy types are R2, Rg,
R7, Ry, Ri2 or Ri4. For holonomy type Rs, I A x is clearly properly recurrent.
For holonomy types Rg and Ry exponentiation from the algebra gives in each case
Vizga = lgry for some 1-form r and so [ A x is properly recurrent for these types
also.

Now consider types R7, Ri2 and Ryi4. For types R; and Ri4, the argument
given earlier using the Ambrose-Singer theorem and the recurrence of I shows that
x Ay must appear in the range of the curvature map at some m € M and hence in
some open neighbourhood U of m. Now ([B:2) adapted to the case when F =1 Az’
is properly recurrent shows that a necessary condition for proper recurrence of F' is
that [F, T'] is proportional to F' for each T in the range of f. This fails for the choice
T =z Ay. A similar argument rules out for the Ryo case because of the bivector
IAn+w(z Ay) (which, as above, must be in the range of f at some m € M).

All these results proved above are put together in the following theorem.

THEOREM 3.1. Let M be a smooth, connected, 4-dimensional manifold admit-

ting a Lorentz metric and F' be a mowhere-zero, recurrent bivector on some open
subset U of M. Then, the following conditions hold.
(i) If VF = 0 with F nonnull (simple or nonsimple), then the holonomy type
is either Ry, Ry or Ry.
(ii) If VF = 0 with F is null, then the holonomy type is either Rs or Rs.
(iii) If F is properly recurrent on U, then F must be null and the holonomy
type is either Ra, Rg or Ry.

4. Complex bivectors

In this section, complex bivectors on 4-dimensional Lorentz manifolds will be
considered and the above idea about the recurrence structure will be expanded
to these bivectors. Let the set of complex bivectors at the point m be denoted
by CB(m) which is a 6-dimensional complex vector space. Define 3-dimensional

+ * -
subspaces of CB(m) by Z,, = {G € CB(m) : G = —iG} and Z,,, = {G € CB(m) :
G = iG} where * is the Hodge duality operator defined for members of this complex
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vector space. Thus, one has CB(m) = }m @ ém. A member of }m is called a self-
dual bivector and it can be written in the form ZJ5 =F+ zlt“ for a real bivector F.
Furthermore, a member of Z m 18 called an anti self-dual bivector and can be written
in the form F = F 71.}*7 for a real bivector F'. It is clear that ZJ5 and F are conjugates.

+ —
According to these, FF =1 An+i(zxAy) and F =1 An—i(z Ay) are examples of
self-dual and anti self-dual bivectors, respectively.
On the other hand, using the complex null basis I, n, s, s expressed in Section 1,

Jr
one has a basis V, W, Z for Z,, which are defined, respectively, by V = [ A 5,

W =nAsand Z=1An+5As. Then, a basis for Z,, is V, W, Z, that is, the
conjugates of V., W, Z (for details, see [5] pp.177-178]). In this case, the following
conditions between these bivectors are satisfied:

WV = WV =2, Z,, 2% = 2,2 = —4
and the other such contractions between any two of them are all zero.
Like the classification of real bivectors given in Section 2.1, one can classify the
complex bivectors as follows (some details can be found in [11]). If IJE is a simple
member of }m, then its blade is totally null, that is, it is spanned by a pair of

orthogonal, complex null vectors (the same applies to ém) Therefore, any simple

member li; € Em can be written as 1-; = p A q for complex vectors p and ¢ which
satisfy p.p = ¢.¢ = p.¢ = 0. It can be shown that up to a (complex) scaling, the
blade of a complex totally null bivector has a unique real null direction (see [11]).
Let k be the unique (up to scaling) real null vector satisfying

p b
(4.1) Fakb = 0.

Then, for the real bivectors F and F, the conditions Fypk? = 0 and Fgk® = 0
*
hold. This shows that F, F' are real null bivectors and also k is the (real) unique,
up to scaling, common eigenvector of these bivectors and it is null. In this case, the
+

self-dual bivector F' equipped with these conditions will be called null, otherwise it

will be called nonnull. In the latter case, F' and F' are both nonnull. According to
+ +

these classifications, FF =l An+i(z Ay) and G =1 Az —i(l Ay) are examples of
nonnull and null self-dual bivectors, respectively.

With the inspiration from the real case, we shall define the recurrence structure

for self-dual bivectors (similarly, it can be done for anti self-dual bivectors). A self-
dual bivector is called complex recurrent if the condition

+ +
(42) VcFab = Fach

is satisfied for some complex 1-form P. Then we have from (€.2)

*

(43) chab - Fabgc - Fab,ulca chab = Fab,u/c + FabEc
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where P = £ +ip with £, u being real 1-forms. It can be seen from (@3] that if the

imaginary part of the complex 1-form P is zero then the real bivectors F' and F
are recurrent and the converse is also true. Thus, we have the following lemma.

LEMMA 4.1. Let a self-dual (or anti self-dual) bivector be complex recurrent. A
necessary and sufficient condition for its real and imaginary parts to be recurrent
is that the recurrence 1-form of the self-dual (or anti self-dual) bivector is real.

On the other hand, for a self-dual bivector, one can calculate that
o Fab b rab
(4.4) Foo B =2F 3, F*° + 2iF, F'*

since F,Fob = —Ij"ab;"“b for Lorentz signature. It is useful to note that a real
bivector F' is simple if and only if }*7 is simple if and only if }*WGZ,Fab = 0 (see [5]
pp. 174-175]). Therefore, we obtain from ([4]) that F' (and }*7) is simple if and only
if %ab;'”ab = 2F,, F%, that is, l?abltg“b is real. In addition to these, we can conclude
that F and Z? are (real) null bivectors if and only if F,, F* = Fab}*mb =0«
l?abltg“b =0, that is, ;7 is null. Besides this, ;7 is nonnull if and only if %ab;'”ab #0.

Now suppose that F‘ is complex recurrent with recurrence 1-form P = £ + ipu.
Let the real and imaginary parts of P be the gradients of some functions. In other
words, assume that there exists some nowhere zero functions 1 and 6 on U such
that ¢ = Vi and p = V6. Then, using (@3, it can obtained that the real and
imaginary parts of e*("“e)ﬁ = e "(cos0)F + (sin 9)1?] +ie"[(cos 9)1? — (sin ) F]
are both parallel. This means that a complex recurrent bivector with a (complex)

recurrence 1-form P whose real and imaginary parts are gradients can be scaled to
be a complex parallel bivector whose real and imaginary parts are parallel.

+ + +
Firstly, assume that F is nonnull and complex recurrent. Then, F,,F'* # 0
+ + + +
and ([@2) gives that V.(F ., F®) = 2P.(F ., F). So, P is a complex gradient and,
+
according to the previous argument, F' can be scaled to a complex parallel bivector.

+ + +
Thus, only complex self-dual bivectors satisfying F,,F*® = 0 (so F is null) may be
properly (complex) recurrent.

Jr
Let us now suppose that F'is null and complex recurrent. Taking the covariant

+
derivative of (@I and using [@2)), we get 3 V.k® = 0. Then, we obtain

;‘ab(vckb)qc = Fab(vckb)qc =0

for all ¢ € T,,, M. Since k is the unique null direction of the real bivectors F' and

F (and it is the unique null direction of ZJ5 at the same time) and ZJ5 is complex
recurrent, the parallel propagation preserves k being null and due to the discreteness
of the real null eigenvector, £ must be recurrent. Therefore, if a self-dual null
bivector is complex recurrent, then there exists a (real) recurrent null vector field.
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Conversely, let k be a recurrent null vector field satisfying equation (£1]). Then,
Vika = kqrp for some (real) 1-form r. In this case, the covariant derivative of

&E1) gives (VCIWGb)kb = 0 (and so (V.Fu,)k? = (ch*'jab)kb = 0). Therefore,
(Vclgab)kch = 0 for all ¢. So, (Vcl—;ab)qc is a self-dual bivector and it can be
written in a linear combination of the basis V., W, Z for Em given earlier with
k = 1. A contraction with k® then shows that (Vcl?ab)qc is a multiple of the
bivector ZJ5 for all g. This shows that ;' is complex recurrent. Similar results can
be done for F. Hence, we have the following theorem.

THEOREM 4.1. Let M be a smooth, connected, 4-dimensional manifold admit-
ting a Lorentz metric and Z-L; (or }_7') be a nowhere-zero, self-dual (or anti self-dual),

Jr —
complex null bivector on some open subset U of M. Then, F (or F) is complex
recurrent if and only if there exists a real, null, recurrent vector field on U.

According to the above theorem, we proved that the existence of a real, null,
recurrent vector field is equivalent to the existence of a complex recurrent, self-dual,
null bivector. However, this equivalence cannot hold for the real null bivector case
as we showed in Section 3. More precisely, we proved that a real, recurrent null
bivector implies a real, recurrent null vector field but the converse is not true. For
instance, for holonomy types R, Ri2 and Ri4, ! is a recurrent (null) vector field
but using the Ambrose-Singer theorem we showed the nonexistence of a real null
recurrent bivector for these holonomy types. In addition to these, for holonomy

types Rs, R4 and Ry, ZJ5 =1An+i(x Ay) is a nonnull, self-dual bivector and it
is (complex) parallel because of the fact that for each of these holonomy types,
Vela = Tela, Veng = —relg, Vea = qcYq and Vey, = —qex, for some 1-forms r
and ¢ and so V(IAn) = V(z Ay) = 0. Moreover, for these holonomy types, there is
a real, null recurrent vector field (in fact, there are two; I and n which are parallel
for type R4 and which are properly recurrent for types Rs and R7) and so there
exists a complex recurrent null bivector from Theorem 4.1. Hence, the existence of a
nonnull complex recurrent bivector implies the existence of a complex recurrent null

Jr
bivector. Besides, for holonomy type Rs, the self-dual bivector FF =1 Az —i(l Ay)
is null and complex recurrent with recurrence 1-form real and equal to that of [.
Also, for holonomy type Rg, by remembering the exponentiation from the algebra,

one has Vyx, = l,qp for some 1-form ¢ and then 1—5 is a (null) complex recurrent
bivector with a real recurrence 1-form. For holonomy types Ri1, Ri2 and Ri4, the
bivector I A x — i(l A y) is complex, null and complex recurrent, but no real null
recurrent bivector exists for these holonomy types.
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