created on 2025/04/29 at 15:21:31
@ arXiv version: https://arxiv.org/abs/2409.12811

Flat extensions of principal connections
and the Chern—Simons 3-form

ANDREAS (v}AP7 KEEGAN J. FLOOD,
AND THOMAS METTLER

ABSTRACT. We introduce the notion of a flat extension of a connection
0 on a principal bundle. Roughly speaking, 6 admits a flat extension if
it arises as the pull-back of a component of a Maurer—Cartan form. For
trivial bundles over closed oriented 3-manifolds, we relate the existence
of certain flat extensions to the vanishing of the Chern-Simons invariant
associated with 6. As an application, we recover the obstruction of Chern—
Simons for the existence of a conformal immersion of a Riemannian
3-manifold into Euclidean 4-space. In addition, we obtain corresponding
statements for a Lorentzian 3-manifold, as well as a global obstruction
for the existence of an equiaffine immersion into R* of a 3-manifold that
is equipped with a torsion-free connection preserving a volume form.

1. Introduction

Chern—Simons forms and invariants derived from them are prominent ex-
amples of secondary invariants of certain types of connections [4]. Apart
from their interest in geometry and topology, Chern—Simons forms also play a
fundamental role in theoretical physics. In contrast to standard characteristic
classes and characteristic numbers which are defined on even-dimensional
manifolds, Chern—Simons invariants are defined for manifolds of odd di-
mension. Among Chern—Simons forms, much interest is devoted to the
Chern—Simons 3-form which is defined for a 1-form 6 with values in the Lie
algebra g of a Lie group G via

CS(9) = (9,d9) + 1(8, [6,0]),

where (-, -) denotes a symmetric bilinear form on g which is invariant under
the adjoint action Ad of G and [, -| denotes the Lie bracket of g. In the case
where 6 is a principal connection on a trivial principal G-bundle 7 : P — M
over a closed oriented 3-manifold M, the Chern—Simons 3-form can be used
to assign a real number

5, = /M o* CS(6)

to every global smooth section o : M — P. Depending on the topology of
G, it may happen that ¢, is independent of o or that one can choose (-, -)
so that ¢, is independent of o up to addition of an integer. In the former
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case, one obtains a real valued Chern—Simons invariant associated to 6, in
the latter — more frequent — case, an invariant with values in R/Z.

The prototypical example of an R/Z-valued Chern—Simons invariant arises
from considering the SO(3)-bundle 7 : SOM — M of orientation compatible
orthonormal frames of a closed oriented Riemannian 3-manifold (M, g),
equipped with its Levi-Civita connection form 6 and where (-, -) is a suitable
scalar multiple of the Killing form of so(3). In [4], Chern—Simons show
that the Riemannian 3-manifold (M, g) can be isometrically immersed into
Euclidean 4-space E* only if ¢, is an integer. Moreover, they observe that
the associated R/Z-valued invariant is actually conformally invariant, so
that the integrality of ¢, is an obstruction to the existence of a conformal
immersion into I£4. The Chern-Simons invariant of a Riemannian 3-manifold
has since played an important role in hyperbolic geometry due to its relation
to the n-invariant [11]. See also [9] and [8] for more recent related work.

In 3-dimensional CR-geometry, the Chern—Simons 3-form gives rise to
an R-valued Chern—Simons invariant as discovered by Burns—Epstein [1].
To include such examples, we discuss Chern—Simons invariants in the more
general setting of a g-connection on an H-principal bundle, where H is a
subgroup of G.

For differential geometric structures not related to Riemannian — or CR-
geometry, the meaning of the Chern—Simons invariant seems to have received
less attention in the literature. In this article, we relate vanishing statements
for the Chern—Simons invariant to the notion of a flat extension of a principal
connection. To this end, suppose that G is a Lie subgroup of a Lie group
G which is equipped with an Ad-G invariant bilinear form (-,-) on its Lie
algebra §. We assume that the restriction of (-,-) to g X g is non-degenerate
so that § = g ® g+, where g denotes the orthogonal complement of g with
respect to (-,-). Writing a g-valued 1-form ¢ as ¢ = ' + o+ with ¢
taking values in g and ¢ taking values in g, we define:

Definition 1.1. Let P — M be a principal G-bundle and § € QY(P,g) a
connection. A flat extension of 0 of type (G, Q) is a bundle homomorphism
F : P — G into the total space of the principal G-bundle G — G/G so that

0 = F*(ul),
where u5 denotes the Maurer—Cartan form of G.

Let CS(ug) denote the Chern—Simons form of the Maurer-Cartan form
pe of G, computed with respect to (-,-). Moreover, we compute the Chern—
Simons 3-form of a g-valued 1-form with respect to the bilinear form on g
obtained by restricting the bilinear form (-,-) on § to g X g. In the case
where the pair (g, g) of Lie algebras is a symmetric pair (see Section 5 for
details), we obtain:

Corollary 1.2. Suppose P — M is a trivial principal G-bundle over a
closed oriented 3-manifold M and 6 € Q' (P,g) a connection admitting a
flat extension of type (G, G) with (§,g) being a symmetric pair. If CS(pa)
is exact, then [,,0*CS(0) = 0 and if CS(us) represents an element of
H3(G,7), then [y, 0* CS(0) € Z for every global smooth section o : M — P.
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Theorem 1.2 follows from of our slightly more general main Theorem 6.2.
The proof of this theorem strongly depends on a certain algebraic identity —
see Theorem 5.1 — which expresses CS(¢) as the sum of CS(¢)") and a term
involving the curvature of ¢. In particular, if ¢ satisfies the Maurer—Cartan
equation 0 = dyy + 1[4, 9], then CS(¢p) = CS(% "), so that the Chern-Simons
3-form only detects the g-valued part of .

The obstruction of Chern—Simons is obtained from our main result by
observing that the Gauss map of an isometric immersion (M, g) — E* is
covered by a map F : SOM — SO(4) which is a flat extension of the
Levi-Civita connection 6 of type (SO(4),SO(3)). Since (s0(4),50(3)) is a
symmetric pair, it remains to argue that for a suitable choice of (-,-) on
50(4), the 3-form CS(ugo(s)) represents an element of H*(SO(4),%). This
requires a good understanding of the third integral homology group of SO(4).
The relevant calculations are carried out in Section A.

As a further application — see Theorem 6.6 — we discuss the case of space —
and time-oriented Lorentzian 3-manifolds that admit a global orthonormal
frame. Here the Chern—Simons invariant is R-valued and for appropriate
choices of g a flat extension is equivalent to an isometric immersion into
the Lorentzian vector space R%! and the split-signature vector space R?2,
respectively. Existence of such an immersion then leads to integrality, re-
spectively, vanishing of the Chern—Simons invariant.

The group SO(3) C SL(3,R) is a strong deformation retract by Iwasawa
decomposition. As a consequence of this, one also obtains an R/Z-valued
Chern—Simons invariant for an oriented 3-manifold M equipped with a
torsion-free connection V on its tangent bundle that preserves some volume
form v. In Theorem 6.9 we show that the vanishing of this invariant obstructs
the existence of an equiaffine immersion of (M, V,v) into R*, where R* is
equipped with its standard flat connection and volume form.

In Section B we discuss two examples. In particular, applying Theorem 6.9,
we show that for RP? equipped with the Levi-Civita connection V and volume
form v arising from its standard metric, there exists no global equiaffine
immersion into R%.
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2. Basics on the Chern—Simons 3-form

We start by collecting some basic facts about Chern—Simons 3-forms. We
refer to [6] for additional context. We consider a Lie algebra g and study
g-valued differential forms. In addition, we assume that g is endowed with
a non-degenerate g-invariant, symmetric bilinear form, which we denote by
(-,-). Recall that for a simple Lie algebra g any such form has to be a
multiple of the Killing form, so there is a unique such form up to scale in
this case. The normalization of the form will be important in what follows
however. For a manifold N, we will denote by QF(N, g) the space of g-valued
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k-forms on N. The main case we are interested in is that N is the total space
of a principal fibre bundle and we aim at invariants defined on the base M of
that bundle. For any N, we have two basic operations on g-valued forms, as

(+,) 1 QP(N, g) x QI(N, g) — QPHI(N)
[,]: QP(N,g) x QI(N, g) = QI(N, g).

These are characterized by the fact that for o € QP(N), 8 € Q4(N) and
X,Y € g, we have

(2.1) (a®X,8QY) :=(X,Y)aAB, a®X,60Y] :=aAB®[X,Y].

The definitions immediately imply that for w € QP(N, g) and 6 € Q4(N, g)
one obtains

<UJ,9> = (_1)pq<9’w>’ [wao] = (_1)pq+1[0,w]’
as well as

(2.2) d(w, 8) = (dw, 8) + (—1)P(w, db),
dw, 0] = [dw, 0] + (—1)P[w, dd].

The fact that (-,-) is g-invariant respectively the Jacobi identity for [ , ]
implies that for an additional form 7 € Q"(N, g), we obtain

(2.4) (w, [7,0]) = ([w, 7], 6),
(2.5) [w, [7,0]] = [[w, 7], 0] + (=1)""[r, [w, O]].

Definition 2.1. For § € Q'(N, g), the Chern-Simons 3-form CS(#) € Q3(N)
is defined as

CS(6) := (0,d6) + %(0,[6,6]).
Notice that when we write © = df + 1[0, 6] we have

The following well-known property is one of the main motivations for the
definition of the Chern—Simons 3-form:

(2.6) dCs() = (e, ©).

The construction is natural in the sense that if M is a smooth manifold and
o : M — N a smooth map, then

(2.7) o* CS(6) = CS(a™0).

Note that (2.6) in particular implies that if 6 satisfies the Maurer—Cartan
equation df + }[0,6] = 0, then d CS(#) = 0 and hence CS(6) determines a
well-defined cohomology class in H3(N, R).
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3. Chern—Simons invariants

The standard setting for Chern—Simons invariants associated to (g, (, )) uses
principal connection forms on principal fibre bundles with structure group
a Lie group G with Lie algebra g. For the construction of Chern—Simons
invariants it is advantageous to use a more general setting, namely to start
from principal bundles whose structure group H is a Lie subgroup of a Lie
group G with Lie algebra g. Then the Lie algebra h of H naturally is a
subalgebra of g and we can then restrict the adjoint representation of G
to H. This provides an extension of the adjoint representation of H to a
representation on g that we also denote by Ad if there is no risk of confusion.

In this situation, there is a natural notion of g-connections on principal fibre
bundles with structure group H. To formulate this, assume that 7w : P — M
is a principal H-bundle. Let R : P x H — P denote the principal right
action and define for all h € H the map R, = R(:,h) : P — P and for all
u € P the map ¢, = R(u,-) : H — P.

Definition 3.1. Let G be a Lie group with Lie algebra g and H C G a
Lie subgroup. A g-valued 1-form 6 € Q!(IV, g) on some principal H-bundle
7w : P — M is called a g-connection if for all u € ¢ and all h € H we have

(3.1) 1,0 = pm and *0=Ad(h™') 09,
where pp denotes the Maurer—Cartan form of H.

Remark 3.2.

(i) Notice that if H = G, then the definition of g-connection agrees with
the standard notion of a principal connection.

(ii) The first condition in the definition is equivalent to the fact that
0 reproduces the generators of fundamental vector fields, i.e. that
0(Ca) = A for any A € h. Here Ca(u) = $|1=oR(u, exp(tA)).

(iii) Let 7 : P — M be a principal H-bundle and § € Q'(P,g) a g-
connection. Then we can extend the structure group to G by formlng
P := Pxy G — M and there is a canonical inclusion i : P — P. One
easily shows that there is a unique principal connection 6 el (15, 9)
such that %4 = 6.

(iv) Conversely, suppose @ : P — M is a principal G-bundle and 0 €
QI(P, g) is a principal connection. If 7 : P — M is a reduction of
#: P — M to the structure group H, then restricting 6 to P yields
a g-connection on 7 : P — M.

(v) An important source of g-connections with H # G is provided by
canonical Cartan connections associated to geometric structures. We
will discuss examples of this in Section 4 and study Chern—Simons
invariants in the context of Cartan connections in more detail in a
forthcoming article.

Fixing (g,(-,-)) and H C G, we can consider the Maurer—Cartan form
pr € Q1(H,h) and we can of course also view pug as an element of Q! (H, g).
Hence we can form the associated Chern—Simons form CS(ug) € Q3(H, R),
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which we will also denote by CS?(ug) to emphasize the role of g. Since pg
satisfies the Maurer—Cartan equation, this form is closed by (2.6) and hence
determines a cohomology class [CS®(ug)] € H3(H,R).

Explicitly, CS(ug) is the left-invariant 3-form on H, which is induced by
the trilinear map

PR, (XY,2) 2 (X, [V, 2])

which is complete alternating by invariance of (-,-). If b is simple, then the
restriction of (-,-) to h has to be a multiple of the Killing form, and hence
CS®(ug) is a multiple of the so-called Cartan 3-form on H. It is well-known
that for a compact simple Lie group H, the cohomology class of the Cartan
3-forms spans H3(H,R) = R. We now have:

Proposition 3.3. Let M be a closed oriented 3-manifold, m : P — M be a
principal H-bundle that admits a global smooth section and let § € Q'(N, g)
be a g-connection. For a smooth section o : M — P consider

5 :=/ o* CS(0) € R.
M

(i) If CS®(up) is exact, then c, is independent of o and hence defines
an invariant of the form 6.

(if) Suppose that (-,-) is chosen in such a way that CS®(um) represents
an element of H*(H,7). Then c, + 7. € R/Z is independent of o,
and hence we obtain an invariant of 6 with values in R/Z.

The proof of Theorem 3.3 relies on the identity (3.2) below which is
standard in the case of principal connections (see for instance [6]). The case
of g-valued connection forms is quite similar. For the convenience of the
reader we include a proof in our more general setting:

Lemma 3.4. Fiz (g,(-,-)) and H C G as above. Then for a g-connection
6 € Q'(P,g) on a principal H-bundle ™ : P — M we have

(3.2) R* CS(6) = CS(0) + CS(ug) + d(Ad 200, ug),

where Ad™! := Ad oIy denotes the composition of the inversion Iy : H — H,
h — h~! and the adjoint representation of H, thought of as acting on g.

Proof. Throughout this proof, we do not explicitly indicate pullbacks of
differential forms to a product along the projections. In this language, (3.1)
is equivalent to R*0 = py + Ad~! 0. Putting o := Ad™! 06, we first claim
that

(3.3) da = Ad™'odf — [ug, 0.

This can be proved by a direct computation. Alternatively, writing © =
df + 1[0, 6], the equations (3.1) imply that ;0 = 0 and R;© = Ad(h™1)0©,
which reads as

(3.4) R*©@ =Ad'o6.
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On the other hand, we can compute directly
R*© = R* (de + %[0,0]) = d(R*9) + 1[R*0, R*]
=d(pu + @) + 3 + o, pE + 0
=da+ [pm,a] + 3 Ad' o[9, 4],

where the fourth equality uses dug + %[,uH, pr] = 0. Comparing this to (3.4)
proves (3.3). Now we compute

(R*97d(R*0)> = <a, da) + <a7d/1'H> + <:U'Ha da> + <P‘H,d/1'H>
= <a7 da) + (”H: dl"H) + d<aa “H) + 2<a’ d/"H>
= (a,da) + (pm, dpn) + do, pr) — (o, [pa, pal),

where the second equality uses (2.2) and the fourth that dug + 3 [um, pr] = 0.
Using (2.4) we also obtain

(R0,[R"0, R™0]) = (o, [, &) + (pm, [, pr])
+ 3(a, [ug, pH]) + 3{pH, [o; o).
In summary, we thus have
R* CS(0) = CS(R"0)
= (a,da) + 3(a, [, @]) + (un, [@, @]) + CS(un) + d{e, pa).
Since the last term already shows up in (3.2), it remains to show that
CS(0) = (a,da) + 3{(a, [, o) + (g, [o, al).
Using (3.3) and the Ad-invariance of (-,-) gives
(o,da) = —(a, [pm,a]) + (Ad~t o0, Ad L odb) = —(a, [um, a]) + (9,d6).
With [Ad(h)(z), Ad(h)(y)] = Ad(h)([z,y]) it follows that
(o, [o,a]) = (Ad"L 08, Ad 10 [6,6]) = (,[6,6])
and we conclude that
(o1, da) + 3o, [o, o) + ([, o) = (6,d6) + 16, [0,6]) = CS(0),
which finishes the proof. O

Proof of Theorem 3.3. Given one global smooth section o : M — N, any
other global smooth section is of the form § = Ro (o,h) : M — N for some
smooth map h: M — H. Using (2.7) and (3.2) we thus obtain

6 CS(6) = (o, h)* (R* CS(8))
= CS(0™0) + h* CS(pp) + d(Ad(R™Y) o (0™0), K* px),

so that integration yields

(3.5) Cs =Co+ /M h* CS(urr)

by Stokes’ theorem. The claims follow immediately from (3.5). O
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Remark 3.5. Observe that this result does not depend on the any conditions
on the restriction of (-,-) to h, so no assumptions in that direction are
needed in order to get well-defined Chern—Simons invariants. Indeed, for
several of the examples discussed below, the restriction is degenerate.

4. Examples of Chern—Simons invariants

Recall that any orientable 3-manifold is parallelizable and hence admits a
global smooth frame for the tangent bundle.

(1) Taking H = G = SO(3), this recovers the original definition of
Chern—Simons by using the Levi-Civita connection on oriented Riemannian
3-manifolds. Starting from a global frame of the tangent bundle TM, we
can apply Gram-Schmidt to obtain a global orthonormal frame, which shows
that the orthonormal frame bundle admits global smooth sections. Since
H3(G,R) & R we immediately conclude from Theorem 3.3 that we obtain an
invariant with values in R/7Z provided that we normalize (-, -) in such a way
that fSO(3) Kso(3) € Z and the best choice is to ensure that fSO(3) pso@3) = £1.
Such a normalization is computed explicitly in Section A.

(2) Take H = G = S0O¢(2,1) and the Levi-Civita connection on a space-
and time-oriented Lorentzian 3-manifold. In this case, we have to assume in
addition that there is a global orthonormal frame for the given Lorentzian
metric, i.e. that the orthonormal frame bundle admits a global smooth section.
Since the maximal compact subgroup of G is contained in S(O(2) x O(1)),
we get H3(G,R) = {0} in this case. Hence regardless of the normalization
of (-,-), we get an R-valued invariant (assuming existence of a global
orthonormal frame). As we shall see below, the normalization of (-,-) still
can be relevant here, since there are integrality results for the invariant on
manifolds that admit certain immersions, see Theorem 6.6 below.

(3) Take H = G = SL(3, R) and consider oriented 3-manifolds M endowed
with a fixed volume form v and a linear connection V on T'M preserving
v. Then we can apply our construction to the principal connection induced
by V on the SL(3,R)-frame bundle of M defined by v. The inclusion
SO(3) — SL(3, R) induces an isomorphism in cohomology, so H3(H,R) & Z.
Choosing (-, -) appropriately, we obtain an R /Z-valued invariant for such
connections.

(4) An example with H # G is provided by the Burns-Epstein invariant
introduced in [1]. Here the setting is that M is a compact oriented 3-manifold
endowed with a CR-structure, i.e. a contract distribution C C T'M with is
endowed with an almost complex structure. It is a classical result due to E.
Cartan, see [3], that M admits a canonical g-connection with g = su(2,1)
on a principal fibre bundle constructed from the CR structure. Indeed, this
is a Cartan connection in modern terminology.

The structure group H of the canonical principal bundle is a (parabolic)
subgroup of G = PSU(2,1). The details on H are not very important here, it
comes from the stabilizer in SU(2,1) of a null line in C3. It turns out that H
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is isomorphic to a semi-direct product of U(1) and the complex Heisenberg
group of real-dimension 3, which in particular implies that H3(H, R) = {0}.

To obtain an invariant, one has to assume the the H-principal bundle
associated to the CR structure admits a global section, which by orientability
of M turns out to be equivalent to triviality of the CR subbundle C' C T M.
Equivalently, this can be expressed as existence of a global CR vector field
on M. Since g is simple, the form (-,-) has to be a non-zero multiple of the
Killing form, and for each choice of such a form, our construction leads to a
real-valued CR invariant. Notice that in this case the restriction of (-,-) to
b is degenerate with null-space the nilradical of §.

(5) The construction of canonical principal bundles and (Cartan) connec-
tions from (4) is a special case of the general constructions for parabolic
geometries, see [2]. In particular, there are two more cases of structures
on 3-manifolds that have an underlying contact structure. One of those
are Legendrian contact structures for which the additional ingredient to a
contact distribution C' C T'M is a decomposition C = E @ F' as the direct
sum of two line subbundles (which are automatically Legendrian). Here
g =5l[(3,R) and H comes from the subgroup of upper triangular matrices
in SL(3,R), so H3(H,R) = {0}. To obtain an invariant, one again has to
assume that M is compact and oriented and that the Legendrian subbundles
FE and F are trivial, and then one obtains an R-valued invariant.

The other example are so-called contact projective structures, see also [5].
Here the additional structure is given by a family of curves tangent to the
contact distribution C C T'M with one curve through each point in each
direction (in C), which can be realized as geodesics of a linear connection.
For this example, g = sp(4,R) and H comes from a subgroup of Sp(4, R)
which is a semi-direct product of Sp(2, R) = SL(2, R) with a 3-dimensional
real Heisenberg group. Hence H3(H,R) = {0} and assuming triviality of
the canonical principal bundle over a compact oriented 3-manifold, one thus
obtains a real-valued invariant for any choice of (-, -).

5. Partial blindness for flat Lie algebra valued forms

It is natural to try to find conditions on the pair (7 : P — M, ) which imply
vanishing of the associated Chern—Simons invariant. We will achieve this in
Section 6 below. Our result crucially relies on a certain algebraic feature of
the Chern—Simons 3-form that we will refer to as partial blindness for flat
Lie algebra valued forms.

Here our basic setup is that we study Chern—Simons invariants associated
to (g, (-,-)) via a realization of g as a Lie subalgebra of a bigger Lie algebra
g in such a way that (-,-) is the restriction of an invariant form on §
which we denote by the same symbol. In particular we do assume that the
restriction to g is non-degenerate here. (Note that this is automatically
satisfied if g is simple and the restriction is non-zero.) Then we can form the
orthogonal space g C § which by our assumption is complementary to g,
so § = g @ g+ as a vector space. But since (-, ) is clearly g-invariant, also
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gt C § is a g-invariant subspace, so § = g ® g~ as a representation of g. In
particular, this implies that [g, g*] C g*. An important special case is that
the complement g makes (§, g) into a symmetric pair, i.e., that in addition
we have [gt, gt] C g.

Now any §-valued form w € QF(N, §) on a manifold N decomposes accord-
ingly as

w=w' +w"

with w' € QF(N, g) and wt € QF(N, gt).

We can now state a crucial technical lemma;:

Lemma 5.1. In the setting of g C § as above, let § € Q' (N, §) be such that
for the decomposition 6 = 07 + 0+, we have [0+,0+] € Q%(N,g). Then for
0 =d0+ %[0, 6] with associated decomposition © = O + ©L, we obtain

(5.1) CS(6) = CS(8") + (6+,0%1).

Proof. We can decompose the equation df = © — %[0, 6] into components,
and by our assumption on [#+, #], this reads as

(@0)" =eT —5([67,67]+[6+,6")),

(do)t =et —[07,64.

From this we compute

(0,d0) = (67 +6+,(d9)" + (do)*) = (8",doT) — (6+,167,01]) + (81, 0%)

and

(5.2)

0,00,0]) = (07 +6+,167 + 64,07 +64])
=7 +6+,[07,07]+ 01,04 +2[07,64])
=(07,[67,67]) +(07,16,67]) +2(6+,[67,6M)).
In total we thus have
CS(6) = (9,d6) + 1(9,[9,6])
=CS(07) + (6+,01) + 107, [0+, 6+]) — 16+, [07,6+])
=CS@") + (84,01,
where the last equality uses (2.4). O

Remark 5.2. In the applications of Theorem 5.1 that we are interested in,
we consider the case where the Lie algebra valued form 0 is flat, that is,
satisfies the Maurer—Cartan equation © = df + 1[0, 6] = 0. In this case (5.1)
simplifies to CS(#) = CS( "), that is, the Chern—Simons 3-form is blind to
the 61 component of 6.

As a first application of Theorem 5.1 we assume that we have an inclusion
i : G — G of groups corresponding to g C g and get a result of integrality of
the Chern—Simons forms associated to the Maurer—Cartan forms.

Lemma 5.3. Leti: G — G be an inclusion of a Lie subgroup and consider
the corresponding subalgebra g C §. Assume that (-,-) is an invariant
bilinear form on § such that (- ,-)|gxg s non-degenerate and use these forms
to define Chern—Simons forms for differential forms in g and g.
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If (-,-) is mormalized in such a way that [CS(ug)] € H3(G,Z), then
[CS*(1e)] € HY(G, Z).

Proof. Decomposing ps = ug + uc%,, the definition of the Maurer—Cartan
form readily implies that ¢* ug = pg. Since ps satisfies the Maurer-Cartan
equation, Theorem 5.1 gives that CS(ugs) = CS(,u,g) and using (2.7) we
conclude that 7* CS(ug) = CS? (z*,ug) Since we use the restriction of (-, -)

on g, this coincides with CS®(ug). Thus the result follows from the fact the
pullback preserve integral cohomology classes. OJ

There is a conceptual way to obtain compatible invariant bilinear forms as
we need them here. Assume that § is realized as a subalgebra of gl(n,R) for
some n. Then it is well-known that the trace form (X,Y) := tr(XY') defines
a GL(n, R)-invariant bilinear form on gl(n,R). Of course, the restriction of
(-,-) to § is the G-invariant for the subgroup G € GL(n,R) corresponding
to the Lie subalgebra g. If § is simple and the restriction is non-zero, then
it has to be a multiple of the Killing form and hence is non-degenerate. Of
course, we can restrict further to g C g and apply the same argument if g is
also simple.

Even better, for m > n, we can decompose R™ = R™ " & R" and then
include GL(n,R) C GL(m,R) as the maps that send R"™ to itself and are
the identity on the complementary subspace R™ ™. For the infinitesimal
inclusion gl(n, R) — gl(m, R) the trace form on gl(m, R) evidently restricts
to the trace form on gl(n, R). This allows us to also compare algebras of
matrices of different sizes.

It is easy to write an explicit formula for Chern—Simons forms on subal-
gebras of gl(n,R) computed with respect to the trace form. One realizes
a 1-form 6 on N with values in such a subalgebra as a matrix (0;);‘,]-:1 of
real-valued 1-forms 9; € QL(N). Then of course, we get df = (d0§ 1)
employing the summation convention, we can write [6, 6] = (205 A 0%)7_,.
By definition of the Chern—Simons form, this implies that we get (still using
the summation convention)

CS(0) = 6% A d¢] + 205 A 6] A OF.
It is usual in Chern—Simons theory to write this as tr(§ Adf + 20 A 6 A 6).

Using this, we can prove a result on the Lie algebras we will need in the
further developments:

and

Proposition 5.4. Forn > 3, consider the subgroups Gy, := SO(n,R) C G :=
SL(n,R) € GL(n,R) and denote the Maurer—Cartan forms by p, = pa,
and fin, = pg, - Then for Cn € R the statements

2
(5.3) C,tr (,un Adp, + §”" A iy A ,un) € H3(Gn, Z)

2 5
(5.4) Cp tr (ﬂn A dfin + 3fin A fin ﬁn) e H3(G,, Z).

are equivalent and for any N > 5, there exists a constant C' such that they
hold with C, = C for alln < N.
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Proof. It is well-known that for both g, = so(n) and § = sl(n, R) the trace-
form is a non-zero multiple of the Killing form, see e.g. [7], so it is always
non-degenerate. It is also well known that for n > 2, G,, C én is a strong
deformation retract by Iwasawa decomposition, so the inclusion induces an
isomorphism in cohomology with both real and integer coefficients. Finally,
for n # 4, H3(Gp,R) is 1-dimensional, so we one can choose C), in such a
way that (5.4) holds for n. But then the full result immediately follows from
Theorem 5.3. O

The explicit normalizations we will use are computed in Section A below.

6. Flat extensions of principal connections

We continue to work in the setting of an inclusion i : G — G of a Lie
subgroup and an invariant bilinear form (-,-) on § whose restriction to g is
non-degenerate. All Chern—Simons forms will be formed with respect to this
bilinear form from now on. In this setting recall from Theorem 1.1 our key
concept of a flat extension:

Definition. Let 7 : P — M be a principal G-bundle and 6 € Q'(P,g) a
connection. A flat extension of 6 of type (G,G) is a bundle homomorphism
F : P — G into the total space of the principal G-bundle G — G/G so that
6=F*(ul).

G

Remark 6.1. The concept of flat extensions as defined here makes sense also
in the case of a g-connection on an H-principal bundle with H C G as in
Section 3. We restrict to the case G = H here, however, since for H # G,
integrality of the cohomology class [CS(us)] does not imply integrality of
[CS®(pm)], so additional assumptions are needed to obtain a general result
on integrality or vanishing of Chern—Simons invariants in that setting.

Theorem 6.2. Consider a pair G C G and a bilinear form (-,-) on § which
is normalized in such a way that [CS(ug)] € H3(G,Z). Let m: P — M be a
principal G-bundle and 0 € Q' (P, g) a G-equivariant form.

Suppose that 0 admits admits a flat extension of type (C:’, G) such that for
the corresponding map F : P — G, we get

(6.1) [F*(1g), F*(ug)] € Q*(P, g)-

Then for any global smooth section o of P, we have [,,0* CS(0) € Z. If
CS(ug) is ezact, then we even have [y, o™ CS(0) = 0.

Remark 6.3. Since the condition (6.1) is automatically satisfied if (g, g) is a
symmetric pair, Theorem 6.2 implies Theorem 1.2.

Proof. Observe that by Theorem 5.3, our assumptions imply that [CS(ug)] €
H3(G,7.), so our construction of invariants from Section 3 can be applied. For
a flat extension F': P — G, consider F*us € Q'(N,§) which by definition
satisfies 6 = F*(ug) = (F*ua)'. Since [F*(ué),F*(ué)] € O2(P, g), we can
apply Theorem 5.1 to F*pus to conclude that CS(0) = CS(F™*us) which in
turn equals F*(CS(pg)) by (2.7). Hence 0*(CS(0)) = (F 0 0)*(CS(ug)) and,
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as a pullback of an integral class, this represents a class in H3(M, Z), so the
result follows. O

Thus we see that in the cases where we obtain R/Z-valued invariants,
existence of a flat extension implies vanishing of the invariant. In the case
of R-valued invariants, the consequence of flat extensions depends on the
topology of G. In case that H3(G,R) = {0} (or more generally [uz] = 0),

we again get vanishing of the invariant. However, if 0 # [uz] € H 3G, 2),
then we can only conclude that the invariant is an integer.

6.1. Geometric interpretation of Riemannian flat extensions

The basic example of a flat extension comes from the original article of
Chern—Simons. Suppose that (M, g) is an oriented Riemannian 3-manifold,
so G = H = SO(3). Then we choose G = SO(4), which contains G as a
subgroup in the obvious way, i.e. as matrices of the form

o 3)

One immediately verifies that for the Lie algebras this implies that (g, g) is
a symmetric pair.

Now G acts transitively on the space of oriented 3-planes in the inner
product space R* and for this action, G is the stabilizer of the oriented
subspace R3 C R*. Hence we can identify the symmetric space SO(4)/SO(3)
as the space of all oriented 3-planes in R*. An oriented 3-plane in R* is of
course uniquely determined by its positive unit normal, which leads to the
more common identification SO(4)/SO(3) = S3.

As the SO(4)-invariant inner product on g, we use 16—1775 times the trace
form. Theorem A.1 in Section A below shows that this is a minimal choice for
which we get [CS(uso(e))] € H*(SO(4),Z). By Theorem 5.3, the restriction
of this form to s0(3) has the property that [CS(uso(s))] € H?(SO(3),7Z).
More precisely, Theorem A.1 actually shows that fSO(3) CS(usos)) =1, so
this is an optimal choice of normalization for obtaining an invariant with
values in R/Z.

Proposition 6.4. Suppose that (M, g) is a closed oriented Riemannian 3-
manifold and let § € QY (SOM, g) be the Levi-Civita connection form of g on
the oriented orthonormal frame bundle of M. Then an isometric immersion
i: M — R* gives rise to a flat extension of 6 of type (SO(4),S0(3)) and
hence the Chern—Simons invariant of (M, g) vanishes.

Proof. Let f be the Gauss map of 4, which sends a point x € M to the 3-plane
Tyi(Tx M) with the orientation induced from the one of T, M (or alternatively
to the positive unit normal), viewed as a smooth map M — SO(4)/SO(3).
Since we start from an isometric immersion the map 7, is orthogonal for
gz and the restriction of the standard inner product to T,i(T,M). A point
in SOM over x € M can be viewed as an orientation preserving linear
isomorphism u : R® — T, M which is orthogonal with respect to the standard
inner product on R3 and g,. Hence Tyiowu is an orthogonal isomorphism from
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R3 to Tyi(T,M) and using the positively oriented unit normal we can extend
this to an orientation preserving orthogonal isomorphism from R* to itself,
i.e. to an element of SO(4). This defines a smooth map F : SOM — SO(4)
which lifts the Gauss map f and by construction is SO(3)-equivariant and
hence a homomorphism of principal bundles. Hence F™* ,ugo( a0 € QL(SOM,qg)
is a principal connection form on SOM, so we only have to prove that it
coincides with the Levi-Civita connection.

The orthonormal frame bundle of R* is the trivial bundle R* x SO(4)
and viewed as a 1-form on this bundle pgo(y) is the Levi-Civita connection
form for the flat metric on R%. Now consider a vector field £ on R? and
the corresponding SO(4)-equivariant function R* x SO(4) — R*. Splitting
this into a R3-component and an R-component and composing with F, we
obtain maps SOM — R3 and SOM — R, which are SO(3)-equivariant and
SO(3)-invariant, respectively. So the first component defines a vector field
& on M while the second descends to a smooth function a : M — R. By
construction, these have the property that £(i(z)) = Tyi(&(z)) + a(z)n(z),
where n(x) is the positively oriented unit normal to T,i(T,M). But this
implies that the covariant derivative induced by F™ ,uSTO( n coincides with the

tangential part of the covariant derivative in R* and since i is isometric, this
coincides with the Levi-Civita connection of M. O

Remark 6.5. Consider a flat extension F' : SOM — SO(4) as in Theorem 6.4.
Since F' maps the fundamental vector field generated by X € g = s0(3)
to left-invariant vector field Lx on SO(4), it follows that F™* (”§0( 4)) is not

only SO(3)-equivariant but also horizontal. Since gt = R3 = R3* as a
representation of SO(3), we can identify F™* (/‘§0( 4)) as a 1-form on M with
values in TM = T*M. From the description in the proof of Theorem 6.4, one
readily concludes that in the first interpretation, this produces the classical
shape operator, which maps £ € X(M) to the tangential component of the
derivative of the unit normal in direction £. In the second interpretation,
one obtains the second fundamental form, which maps &,n € X(M) to the
normal component of the derivative of 7 in direction £&. The fact that the
shape operator and the second fundamental form are essentially the same
object in this case is a consequence of the unit normal being orthogonal to
the tangent spaces.

6.2. Lorentzian flat extensions

The line of argument of Section 6.1 carries over directly to the Lorentzian
case, but things become more interesting here. On the one hand, so far no
normalization of the invariant bilinear form was needed in this case, but this
becomes important now. On the other hand, we have now two possibilities
for isometric immersions, namely either into R3! (with positive normal)
or into R?? (with negative normal). As we shall see, these have different
consequences for the invariant. The corresponding choices for G are SOp(3,1)
and SOg(2,2) respectively, with the obvious inclusion of G = SO¢(2,1)
in both cases. In both cases, one obtains a symmetric pair (g,g). The
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homogeneous space SOg(3,1)/SO¢(2,1) can be interpreted as the space of
all space- and time-oriented Lorentzian linear subspaces V C R%!. For any
such subspace there is a unique oriented (positive) unit normal. Similarly,
S00(2,2)/S00(2,1) is the space of all space- and time-oriented Lorentzian
linear subspaces V' C R?? and such a space determines a unique (negative)
oriented unit normal.

The difference between the two cases comes from the structure of H3(G, R).
For SO¢(3, 1), the maximal compact subgroup is isomorphic to SO(3), so the
third cohomology is non-trivial here. For SOy (2,2), the maximal compact
subgroup is two dimensional and hence the third cohomology vanishes identic-
ally. Thus the appropriate normalization for our purposes is to start with an
invariant non-degenerate symmetric bilinear form on s0(3,1) normalized in
such a way that [CS(uso,(3,1))] € H3(SO0(3,1),Z) for the resulting normal-
ization. As we have seen in Section 6.1 above, ﬁ times the trace form leads
to an optimal normalization for SO(3). By the Iwasawa decomposition, SO(3)
is a deformation retract of SOg(3,1), so we can use the same normalization
here. Now the proof of Theorem 6.4 generalizes in a straightforward way to
show

Proposition 6.6. Suppose that (M, g) is a closed space — and time oriented
Lorentzian 3-manifold which admits a global orthonormal frame and let
0 € QY (SO9M, g) be the Levi-Civita connection form of g on the space — and
time oriented orthonormal frame bundle of M.

(1) An isometric immersion i : M — R*? gives rise to a flat extension
of 0 of type (SO0(2,2),S00(2,1)) and hence the (R-valued) Chern—Simons
invariant of (M, g) vanishes.

(2) An isometric immersion i : M — R>! gives rise to a flat extension
of 0 of type (SOo(3,1),500(2,1)) and hence the (R-valued) Chern—Simons
invariant of (M, g) has to be an integer.

The interpretation of F* (,ué) for a flat extension F' is completely parallel
to the Riemannian case discussed in Theorem 6.5.

6.3. Equiaffine immersions and flat extensions

We next discuss the case of volume preserving affine connections on 3-
manifolds, so G = H = SL(3,R). Similarly to the pseudo-Riemannian case,
we consider G := SL(4,R) and the obvious inclusion of SL(3,R) here and
the flat extension will be obtained from a Gauss map. The details will
be quite a bit more involved, though, in particular G /G has dimension 7
and is not a symmetric space. Indeed, on the level of Lie algebras, the
inclusion g := s[(3,R) < sl(4,R) =: g corresponds to a block decomposition
of elements of g of the form

a Z

X A-3

with A € g, a € R, X € R?® and Z € R3®*. Hence we conclude that
gt = ROR3®R3* as a representation of g, and the component g+ x gt — g+
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of the Lie bracket of g is (in obvious notation) given by
(6.2) [(a1,X1,21), (a2, X2, Z2)]
= (Z1X2 — Z2 X1, g(—ale + a2 X1), 3(01Z2 — a221)).

Let us first give an appropriate interpretation of the homogeneous space
G/G. Consider the set of all pairs (V,£), where V C R* is an oriented linear
subspaces of dimension 3 endowed with a volume element and ¢ C R* is
a 1-dimensional linear subspace complementary to V. Then SL(4,R) acts
on this space by A - (V,£) := (A(V), A(£)). Starting from the natural base
point given by V = R3 with the orientation and volume element induced by
the standard basis {e1,e2,e3} and, £ = R - e4, linear algebra shows that the
action of SL(4,R) is transitive and that the stabilizer of the base point is
SL(3,R). Hence we may identify G/G with the space of all such pairs.

Now let us assume that we have given an oriented 3-manifold M. Suppose
that i : M — R* is an immersion and that in addition we choose a transversal,
i.e. for each x € M, we choose a line £(xz) C R*, which is complementary
to the 3-dimensional subspace T;i(T, M) C R* = Ti(x)R‘l. We assume this
choice to be smooth in the obvious sense, i.e. locally around each point the
lines can be spanned by a smooth vector field along ¢. This shows that ¢ and
¢ determine a smooth Gauss map f: M — G /G, which sends each x € M
to the pair (T,i(Tp M), 4(x)).

Via ¢ and ¢, any tangent vector at a point i(z) decomposes uniquely into
a component in ¢(z) and a component in T,i(T,M). Via this decomposition,
the flat connection on R* induces a linear connection V' on TM as well as
a connection V- on the trivial line bundle M x R. It is easy to understand
when VT preserves a volume form.

Lemma 6.7. Given an immersion i : M — R* and a choice £ of transversal,
the induced connection V' preserves a volume form if and only if there is a
global non-zero section of M x R which is parallel for V.

Proof. The standard volume form on R* defines an isomorphism A*R* —
R. The decomposition R* = T,i(T,M) @ £(z) induces an isomorphism
ATR* = A3(T,i(TyM)) ® £(x) for each x € M. Over M, this gives rise to
a trivialization of the bundle ASTM ® L, where L = M x R and hence to
an isomorphism A3T*M 2 L. Since the trivialization of A*R* is compatible
with the flat connection on R* this isomorphism pulls back the connection
V+ on L to the connection on A3T*M induced by V'. By definition, V'
preserves a volume form if and only if the latter connection admits a non-zero
global parallel section. OJ

Now we introduce the classical concept of an equiaffine immersion, as in
[10, Defintion 1.4].

Definition 6.8. Let M be a smooth manifold of dimension 3 endowed with
a fixed volume form v € Q3(M) and a torsion-free linear connection V on
TM which preserves v. An equiaffine immersion of M into R* is given by
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a smooth immersion i : M — R* and a choice £ : M — RP3 of transversal
such that the induced connection V' on T'M coincides with V.

As the invariant bilinear form on g = s((4, R), we again use # times the
trace form. In view of Theorem 5.4 the considerations in Section 6.1 show that

this leads to [CS(usL4,r))] € H3(,uSL(4,R), Z) as well as fSL(&R) CS(usL3,r)) =
1.

Theorem 6.9. Let M be a closed oriented 3-manifold endowed with a
volume form v € Q3(M) and a torsion-free linear connection V on TM
which preserves v. Let SL M be the volume preserving frame bundle of M
with respect to v and let 0 € Q1 (SL M, sl(3,R)) be the connection form of
V.

Then an equiaffine immersion of M into R* defines a flat extension of 6 of
type (SL(4,R),SL(3,R)) and hence implies vanishing of the Chern—-Simons
invariant associated to V.

Proof. We follow the same route as in the Riemannian case with appropriate
modifications. A point u € S.LM over x € M is a linear isomorphism R3 —
Ty M which maps the standard basis {eg, e3,e4} to a positively oriented basis
of unit volume. Composing this with Ty : T, M — R*, there exists a unique
vector 0 # t(x)f(x) C R* which completes Ti(u(e1)), Twi(u(es)), Twi(u(es))
to a positively oriented basis of R* of unit volume. Choosing F'(u)(e1) = t()
extends u to a linear isomorphism F(u) : R* — R* which is orientation-
preserving and volume-preserving and hence an element of G = SL(4,R).
Clearly, this defines a smooth map F : SL'M — G which is G-equivariant,
where G = SL(3,R). Thus it defines a morphism of principal fibre bundles
to G — G/G.

As we have noted above, the flat connection on R* induces linear connec-
tions VT on TM and V1L on M x R. Since we started with an equiaffine
immersion, V' = V and since this is volume preserving V= is flat by
Lemma 6.7. Now as in the proof of Theorem 6.4, the first property implies
that 6 = F *(ug) € QY(SLM,g). The second property implies that the

1-form F* (,ué) has vanishing R-component. From formula (6.2) we conclude
that this implies that the g--component of [F*(,ué),F*(ué)] has values

in the R-component of g' only. But on the other hand, we can take the
gt-component of the Maurer—Cartan equation for pg and pull back by F to

conclude that the latter component can be written as
1 T 1

—2dF* (i) — 20F* (L), F* (ud)],
which by construction has vanishing IR-component. Thus we have found
the claimed flat extension and the vanishing of the Chern—Simons invariant
follows from Theorem 6.2 and the comparison of normalization conditions
on (-,-) above. O
Remark 6.10. (1) As before, the two non-vanishing components of F*(ué)

are horizontal, G-equivariant 1-forms with values in R? respectively in R3*.
From the description of the induced connection in the proof of Theorem 6.9
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we see that these are again the shape operator in Q! (M, T M) and the second
fundamental form in Q!(M,T* M) of the equiaffine immersion. In contrast
to the (pseudo-)Riemannian case, these two objects are independent now,
their only relation is that wedge-contraction of the two forms (which is an
element of Q?(M)) vanishes, which follows immediately from the volume
compatibility of the immersion.

(2) If (M, g) is an oriented Riemannian 3-manifold and i : M — R* is an
isometric immersion, then using the normal as a transversal makes ¢ into an
equiaffine immersion. Since both results use the same multiple of the trace
form, this shows that Theorem 6.4 actually is a special case of Theorem 6.9.

Appendix A. Normalization

We can apply the construction of the Riemannian Gauss map from Section 6.1
(in general dimensions) to the inclusion i : S — R™*! of the standard sphere.
Lifting this to the oriented orthonormal frame bundle $©S™ one obtains
an isomorphism F : SOS™ — SO(n + 1) covering the diffeomorphism S™ —
SO(n +1)/SO(n) discussed in Section 6.1. This is most easily interpreted as
taking the map p : SO(n + 1) — S™ defined by mapping A € SO(n + 1) to
A(er), i.e. the first column vector of A. This is the projection of the oriented
orthonormal frame bundle, since the remaining columns of A are a positively
oriented orthonormal basis for A(e;)* = Tp(e;)S™. The considerations in
Section 6.1 also show that for the Maurer-Cartan form p,+1 of SO(n + 1),
) 11 is the connection form of the Levi-Civita connection of the round metric
on S™, while g, , represents the second fundamental form.

Proposition A.1. Let py denote the Maurer—Cartan form of SO(4). Then
1
(A.1) ¢ := Wtr (,u4/\d,u4+%,u4/\,u4/\u4)

represents an element of H3(SO(4),7). Moreover, for the inclusion ¢ :

SO(3) — SO(4), we have fSO(3) ¢ =1.

Proof. We will show that the 3-form defined in (A.1) evaluated on a set
of generators of H3(SO(4),7Z) is 1. The principal right SO(3)-bundle 7 :
SO(4) — 83 is trivial so that SO(4) is diffeomorphic to S% x SO(3). Standard
results about the homology of S3 and SO(3) ~ RIP? together with Kiinneth’s
theorem imply that

H3(SO(4),7) ~ H3(S® x SO(3),Z) ~ Z & 7.

Moreover, H3(SO(4), Z) is generated by the pushforward of the fundamental
class of SO(3) under the inclusion ¢ : SO(3) — SO(4) and the pushforward
of the fundamental class of S3 under a section o : §3 — SO(4). It is thus
sufficient to show that we have

(A.2) / *¢=1 and / o*'(=1
SO(3) 58

with respect to suitable orientations of S and SO(3). We first treat the
left integral. We know from the proof of Theorem 5.3 that L*,uI = us, the
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Maurer—Cartan form of SO(3). Furthermore, (§, g) is a symmetric pair so
that Theorem 5.1 implies

1
= — tr (s Adps + 2us A ps A ps) .
/S o) ¢ 16,2 /S o) (u3 ps + sp3 A ps ug)

Writing
0 —w —wsy
pg=|wr 0 —9¢
w2 1/) 0

for left-invariant 1-forms wi,ws, ¥ € Q1(SO(3)), an elementary computation
gives

tr(us/\du3+ %Ms/\u:’,/\lla) =2w1 Awa A .
Under the identification SO(3) & $©OS? observed above, the integral

/ w1 Awa AY
SO(3)

equals the product of the length of the typical fibre of SO(2) — SOS? — §2
with the surface area of S2. The former is given by 27 and the latter by 4.
In summary we thus have

2 1
oo 2 A A= — Awp A =1.
/30(3) v 1672 /SO(S) w AWz Ay 8m2 /30(3) W Az AY

In order to compute the right integral of (A.2) we consider the smooth
m-section o : S3 — SO(4) given by the rule

T T1 —T2 —T3 —T4
x x x xT —X
= 2 . 2 1 4 3
z3 T3 —T4 1 1)
T4 T4 I3 ! ) X1

for all z € S3. A tedious but straightforward calculation shows that
0 k =& —p
s, _|=% 0 p £
p & & 0
where &, p, k € Q1(S3) are given by
& = —x3dx; + r4dxo + r1dxs — x2d2y,
(A.3) p = —x4dz — x3dT2 + T2d23 + T1dT4,
Kk = zodx1 — z1dxo + T4dx3s — x3dT4.

From this one computes

1
o*( = ENPAE=s5ENPAK
2

1672
and

(A4) ENApAK=z4dzy Adag Adas — zgdzy A dzg A dzy

+ xodz; Adzs Adxry — x1dze A das A day,
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where we use that |z|?> = 1. The right hand side of (A.4) equals the restriction
to S2 of the interior product of the inwards pointing radial vector field
— Y, 2;0; and the standard volume form dz! A dz? A da3 A dz* of R*. This
is the standard volume form of S3 with respect to the inwards orientation.
We thus have

(A.5) /Sgg/\p/m:27r2

and the claim follows. O

Appendix B. Examples

B.1. Lorentzian metrics

We compute the Chern—Simons invariant for a 1-parameter family of left-
invariant Lorentzian metrics on SU(2). Under the identification SU(2) ~
S3 C R? given by

T1+ire —x3+iry N
xr3+iry x —ixze

for all z € R* with |z| = 1, the Maurer—Cartan form of SU(2) can be written
as
. [ -k —&+ip
K= Bsu(e) = <§+1p ik )a
where £, p, k are given by (A.3). The Maurer—-Cartan equation d,u+%[u, pl =0
is equivalent to the structure equations

d¢ = —2p A&, dp = -2k AE, dk = —2& A p.

For A € R\ {0} consider the Lorentzian metric gy = £2 + p> — A\2x2. This can
be viewed as a natural Lorentzian analog of a Berger sphere or of a pseudo-
Hermitian structure on the CR-manifold SU(2) induced by a left-invariant
contact form. The Levi-Civita connection form 6, of gy, — when pulled
back with respect to the section o) : SU(2) = $OoSU(2) corresponding to
(&, p, Ak) — becomes

0 —(AN2+2)k —Xp
o3 = | (V2 +2)x 0 A
_Ap AL 0

Using the normalisation of Section A, we compute for the Chern—Simons

3-form
8

73.C862) = (15

Consequently, (A.5) gives

)()\4+2)\2+2)§/\p/\/-c.

/ 03 CS(6y) = A + 202 +2 > 0,
SU(2)
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so that Theorem 6.6 implies that there is no isometric immersion of gy into
R?2 for all A € R\ {0} and that there is no isometric immersion of gy into
R3! for all A € R\ {0} such that \* +2)\2 +2 ¢ Z.

B.2. Equiaffine immersion

Real projective 3-space RIP? equipped with its standard metric gs; is isometric
to SO(3) equipped with the metric g = § ((w1)? + (w2)? + ¢?). The Levi-
Civita connection form 6 of g — when pulled back with respect to the section
0 : SO(3) = SOSO(3) corresponding to 3 (w1, ws, ) — becomes

1 0 —’l/} w2
sl v 0 —w
—W2 W1 0

0¥l =

Using the normalisation of Section A, we compute for the Chern—Simons
3-form o* CS(0) = m—lwg w1 A wg A so that

1
= *CS(0) = - ¢ Z.
= Jyo? SO =3¢

Theorem 6.4 implies that there is no isometric immersion of (RIP3, gs;) into
IE4, as previously observed by Chern—Simons [4]. We can however say a bit
more. Let V denote the Levi-Civita connection of gg; on TRIP? and v the
V-parallel volume form on RIP3 corresponding to wi A wp A 9. Since the
normalisation of (-, -) for SL(3, R) is the same as for SO(3), our Theorem 6.9
implies:

Proposition B.1. There exists no global equiaffine immersion of (IRIPB, V,v)
into RA.

Funding

This research was funded in part by the Austrian Science Fund (FWF):
10.55776/P33559. For open access purposes, the authors have applied a
CC BY public copyright license to any author-accepted manuscript version
arising from this submission. This article is based upon work from COST
Action CaLISTA CA21109 supported by COST (European Cooperation in
Science and Technology). https://www.cost.eu. The authors also would like
to thank the Isaac Newton Institute for Mathematical Sciences, Cambridge,
for support and hospitality during the programme Twistor theory, where
work on this paper was undertaken. This work was supported by EPSRC
grant EP/Z000580/1. T.M. was partially supported by the DFG priority
programme “Geometry at infinity” SPP 2026: ME 4899/1-2.

References

[1] D. M. Burns, Jr., C. L. Epstein, A global invariant for three-dimensional CR-
manifolds, Invent. Math. 92 (1988), 333-348. 2, 8


http://dx.doi.org/10.1007/BF01404456
http://dx.doi.org/10.1007/BF01404456

22

A. CAP, K. J. FLOOD, AND T. METTLER

[2] A. Cap, J. Slovak, Parabolic geometries. I, Mathematical Surveys and Monographs

154, American Mathematical Society, Providence, RI, 2009, Background and general
theory. 9

[3] E. Cartan, Sur la géométrie pseudo-conforme des hypersurfaces de ’espace de deux

variables complexes II, Ann. Scuola Norm. Super. Pisa CI. Sci. (2) 1 (1932), 333-354.
8

[4] S. S. Chern, J. Simons, Characteristic forms and geometric invariants, Ann. of

Math. (2) 99 (1974), 48-69. 1, 2, 21

[6] D. J. F. Fox, Contact projective structures, Indiana Univ. Math. J. 54 (2005),

1547-1598. 9

[6] D. S. Freed, Classical Chern-Simons theory. I, Adv. Math. 113 (1995), 237-303. 3, 6
[7] W. Fulton, J. Harris, Representation theory, Graduate Texts in Mathematics 129,

Springer-Verlag, New York, 1991, A first course, Readings in Mathematics. 12

[8] C. Guillarmou, S. Moroianu, Chern-Simons line bundle on Teichmiiller space,

Geom. Topol. 18 (2014), 327-377. 2

[9] A. McIntyre, J. Park, Tau function and Chern-Simons invariant, Adv. Math. 262

(2014), 1-58. 2

[10] K. Nomizu, T. Sasaki, Affine differential geometry, Cambridge Tracts in Mathemat-

ics 111, Cambridge University Press, Cambridge, 1994, Geometry of affine immersions.
16

[11] T. Yoshida, The n-invariant of hyperbolic 3-manifolds, Invent. Math. 81 (1985),

473-514. 2

A.C. — FACULTY OF MATHEMATICS, UNIVERSITY OF VIENNA, VIENNA, AUSTRIA
Email address: Andreas.Cap@univie.ac.at

K.J.F. — FACULTY OF MATHEMATICS AND COMPUTER SCIENCE, UNIDISTANCE SUISSE,

BRIG, SWITZERLAND

Email address: keegan.flood@unidistance.ch

T.M. — FACULTY OF MATHEMATICS AND COMPUTER SCIENCE, UNIDISTANCE SUISSE,

BRIG, SWITZERLAND

Email address: thomas.mettler@fernuni.ch, mettler@math.ch


http://dx.doi.org/10.1090/surv/154
http://dx.doi.org/10.2307/1971013
http://dx.doi.org/10.2307/1971013
http://dx.doi.org/10.1512/iumj.2005.54.2603
http://dx.doi.org/10.1006/aima.1995.1039
http://dx.doi.org/10.1007/978-1-4612-0979-9
http://dx.doi.org/10.2140/gt.2014.18.327
http://dx.doi.org/10.1016/j.aim.2014.05.005
http://dx.doi.org/10.1007/BF01388583

	1. Introduction
	Acknowledgments

	2. Basics on the Chern–Simons 3-form
	3. Chern–Simons invariants
	4. Examples of Chern–Simons invariants
	5. Partial blindness for flat Lie algebra valued forms
	6. Flat extensions of principal connections
	6.1. Geometric interpretation of Riemannian flat extensions
	6.2. Lorentzian flat extensions
	6.3. Equiaffine immersions and flat extensions

	Appendix A. Normalization
	Appendix B. Examples
	B.1. Lorentzian metrics
	B.2. Equiaffine immersion
	Funding

	References

