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SPINORIAL REPRESENTATION OF SUBMANIFOLDS IN
METRIC LIE GROUPS

PIERRE BAYARD, JULIEN ROTH AND BERENICE ZAVALA JIMENEZ

ABSTRACT. In this paper we give a spinorial representation of submanifolds of
any dimension and codimension into Lie groups equipped with left invariant
metrics. As applications, we get a spinorial proof of the Fundamental Theorem
for submanifolds into Lie groups, we recover previously known representations
of submanifolds in R” and in the 3-dimensional Lie groups S* and E(k,T),
and we get a new spinorial representation for surfaces in the 3-dimensional
semi-direct products: this achieves the spinorial representations of surfaces in
the 3-dimensional homogeneous spaces. We finally indicate how to recover a
Weierstrass-type representation for CMC-surfaces in 3-dimensional metric Lie
groups recently given by Meeks, Mira, Perez and Ros.

Keywords: Spin geometry, metric Lie groups, isometric immersions, Weierstrass
representation.
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1. INTRODUCTION

The purpose of this paper is to give a spinorial representation of an isometric
immersion of a Riemannian manifold M into a Lie group G equipped with a left
invariant metric. The result is roughly the following: if M is a simply connected
Riemannian manifold, F is a real vector bundle on M equipped with a fiber metric
and a compatible connection, and B : TM x T'M — F is bilinear and symmet-
ric, then an isometric immersion of M into G with normal bundle F and second
fundamental form B is equivalent to the existence of a spinor field ¢ solution of a
Killing-type equation on M the spinor bundle of G is constructed from the Clifford
algebra of the metric Lie algebra G of the group, and the immersion is explicitly
obtained by the integration of a G-valued 1-form on M defined in terms of the
spinor field ¢. We state here the main result and refer to Section 2 for the precise
definitions of the spinor bundle and the various objects defined on it.

Theorem 1. Let M be a simply connected Riemannian manifold, E a real vector
bundle on M equipped with a fiber metric and a compatible connection, and B :
TM x TM — FE a bilinear and symmetric map. We assume that E and TM are
oriented and spin, with given spin structures and that the compatibility conditions
(21) and (22) are statisfied. Then, the following statements are equivalent:

(1) There exists a section @ € T'(UX) such that
1< 1
(1) VXgO:—§Zej-B(X,ej)-<p+§F(X)-<p
j=1

for all X € TM.
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(2) There exists an isometric immersion F : M — G with normal bundle E
and second fundamental form B.

More precisely, if ¢ is a solution of (1), replacing ¢ by ¢ - a for some a € Spin(G)
if necessary, and considering the G—valued 1-form & defined by

(2) §(X) = ((X-9,9))

for all X € TM, the formula F = [ defines an isometric immersion in G with
normal bundle E and second fundamental form B. Here [ stands for the Darboux
integral, i.e. F = [&: M — G is such that F*wg = &, where wg € Q'G,G) is
the Maurer-Cartan form of G defined in (3). Reciprocally, an isometric immersion
M — G with normal bundle E and second fundamental form B may be written in
that form.

Note that in this statement the spinor bundles ¥, UY and the bilinear map
((.,)) : ¥ x X — Cl(G) are introduced in Section 2.4. We also want to point out
that the compatibility conditions (21) and (22) are explicitely defined in Section
2.6 and are necessary to write down the equations of Gauss, Codazzi and Ricci and
get a Fundamental Theorem for immersions into a general metric Lie group: they
indeed allow the definition of the map I', which corresponds in the abstract setting
to the Levi-Civita connection of the metric Lie group; see Section 2.

The explicit representation formula of the immersion in terms of the spinor field,
F = [ & where ¢ is defined by (2), may be considered as a generalized Weierstrass
representation formula for manifolds into metric Lie groups.

This theorem generalizes the main result of [4] to a Lie group equipped with a
left invariant metric.

We then give some applications of this result. We first obtain an easy proof of
a theorem by Piccione and Tausk [18]: under suitable hypotheses, the necessary
equations of Gauss, Codazzi and Ricci are also sufficient to obtain an immersion
of a simply connected manifold into a metric Lie group (Corollary 1). We then
show how our general result permits to recover the known spinorial representation
for submanifolds in R™ (Theorem 2) proved by Bayard, Lawn and Roth in [4] (see
also [3] for R*). We also obtain a new spinorial representation for submanifolds
in H" considered as a metric Lie group (Theorem 3). Note that this gives an
alternative representation to the one obtained by Morel [16] for surfaces into H3.
We finally study more precisely the case of surfaces in a 3-dimensional metric Lie
group (Theorems 4 and 5): we recover the known spinorial representations in S3
by Morel [16] and E(k,7) by Roth [19], and obtain a new spinorial representation
of surfaces in a general semi-direct product (Theorem 6); this especially includes
the cases of surfaces into the groups Solz and H? x R, which achieves the spinorial
representations of surfaces into the 3-dimensional homogeneous spaces initiated in
[8, 16, 19]. We also deduce alternative proofs of the Fundamental Theorems for
surfaces in F(k,7) by Daniel [7] (Corollary 2) and in Sols by Lodovici [11]. We
finish the paper showing how the general spinorial representation formula permits to
recover the recent Weierstrass-type representation formula by Meeks, Mira, Perez
and Ros [13, Theorem 3.12] concerning constant mean curvature surfaces in 3-
dimensional metric Lie groups. The main result of the paper thus gives a general
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framework for a variety of Weierstrass-type representation formulas existing in the
literature, and is also a tool to get representation formulas in new contexts.

We also mention the following related papers for completeness of the historical
context. Spinorial representations were also studied in pseudo-Riemannian spaces,
by Lawn in R?! [9], Lawn and Roth in 3-dimensional Lorentzian space forms [10],
Bayard in R3! [1], Bayard and Patty [5] and Patty [17] in R%2. Close to the purpose
of the paper, Berdinskii and Taimanov gave in [6] a spinorial representation for a
surface in a 3-dimensional metric Lie group.

The outline of the paper is as follows: Section 2 is dedicated to preliminaries
concerning notation and spin geometry of a submanifold in a metric Lie group,
Section 3 to the proof of the main theorem, and Section 4 to a spinorial proof of
the Fundamental Theorem for submanifolds in a metric Lie group. We then give
further applications in Section 5: we study the cases of a submanifold in R™ and
H", and of a hypersurface in a general metric Lie group, specifying further to the
cases of a surface in S®, F(k,7) and a semi-direct product, as Solz and H? x R.
We finally consider the case of a CMC-surface in a 3-dimensional metric Lie group.
An appendix ends the paper concerning the links between the Clifford product and
some natural operations on skew-symmetric operators.

2. PRELIMINARIES

2.1. Notations. Let G be a Lie group, endowed with a left invariant metric (., .),
and @ its Lie algebra: G is the space of the left invariant vector fields on G, equipped
with the Lie bracket [.,.] and is identified to the linear space tangent to G at the
identity. We consider the Maurer-Cartan form wg € Q' (G, G) defined by

(3) wg(v) =Ly (v) €6
for all v € TG, where L,-1 denotes the left multiplication by g~
Ly
(4) TG — Gx@G

(g:v) — (g,we(v))
which preserves the fiber metrics. We note that a vector field X € T'(TG) is left

invariant if, by (4), X : G — G is a constant map. Let us consider the Levi-Civita
connection V& of (G, (.,.)) and the linear map

T: G — A3%G
X - TI'(X)

L on G and

1 T,G — G is its differential. This form induces a bundle isomorphism

such that, for all X,Y € G

() V&Y =T (X)(Y).

By the Koszul formula, T" is determined by the metric as follows: for all X, Y, Z € G,
©) D). 2) = S(1X,Y],2) + {12, X],¥) - 5(¥, 2], X).

Since V¢ is without torsion, we have, for all X,Y € G,

(7) IX)(Y) -Ty)(X) = [X,Y].

We note that the curvature of V¢ is given by

(8) RE(X,Y) =[I(X),F(Y)] -T(X,Y]) €A’G
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for all X,Y € G. In the formula the first brackets stand for the commutator of the
endomorphisms.

2.2. The spinor bundle of G. Let us denote by CI(G) the Clifford algebra of G
with its scalar product, and let us consider the representation

p: Spin(G) — GL(CIG))
a — & ak.
This representation is a real representation and is not irreducible in general: it is

a sum of irreducible representations [12]. By (4) the principal bundle Q¢ of the
positively oriented and orthonormal frames of G is trivial

Qe = G x SO(G),
and we may consider the trivial spin structure
Qc := G x Spin(g)
and the corresponding spinor bundle
¥ = Qg %, Cl(G) ~ G x CI(G).

We will say that a spinor field ¢ € T'(X) is left invariant if it is constant as a map
G — CI(G). The covariant derivative of a left invariant spinor field is

1
(9) Vie=5T(X) ¢
where I'(X) € A%2G C CI(G) and the dot ”-” stands for the Clifford product.

2.3. The spin representation of Spin(p) x Spin(q). Let us assume that p+q = n,
and fix an orthonormal basis €7, e3,..., €% of G; this gives a splitting G = R? @ R?
(the first factor corresponds to the first p vectors, and the second factor to the last
q vectors of the basis) and a natural map
Spin(p) x Spin(q) — Spin(G), (ap,aq) — a:=ayp - aq
associated to the isomorphism
Cl(G) = ClL,®Cl,.
We thus also have a representation, still denoted by p,
(10) p:  Spin(p) x Spin(q) — GL(CUG))
(ap,aq) — & a.
2.4. The twisted spinor bundle. We consider a p-dimensional Riemannian man-
ifold M and a bundle E — M of rank ¢, with a fiber metric and a compatible

connection. We assume that E and T'M are oriented and spin, with given spin
structures

QuZQu and Qr2Qp
where Qp; and Qg are the bundles of positively oriented orthonormal frames of
TM and E, and we set
Q= Qu xu Qs
this is a Spin(p) x Spin(q) principal bundle. We define
¥ :=Q x,ClG)
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and
UL :=Q x,Spin(G) C ¥

where p is the representation (10). Similarly to the usual construction in spin
geometry, if we consider the representation

Ad:  Spin(p) x Spin(q) — Spin(G) = SO(G) — GL(CI(G))
and the Clifford bundle
CTM & E) = Q x4 CU(9),

there is a Clifford action of CI(T'M @ E) on ¥; this action will be denoted below by
a dot 7 -”. The vector bundle ¥ is moreover equipped with the covariant derivative
V naturally associated to the spinorial connections on Q M and Q . Let us denote
by 7 : Cl(G) — CI(G) the anti-automorphism of C1(G) such that

T(z1 - T a) = Th - Ta - 11
for all x1,xa,..., 2, € G, and set
(11) ((,.)):  ClUG)xCUG) — Cl9)
€¢) = 7).
This map is Spin(G)—invariant: for all £, & € Cl(G) and g € Spin(G) we have
({96, 9 = 7(96")9€ = 7(€)7(9)g€ = 7(£)€ = (&, &),

since Spin(G) C {g € C1°(G) : 7(g)g = 1}; this map thus induces a CI(G)—valued
map

(12) ((,.N: IxX — ClG)
(0, @") = e, [¥])
where [¢] and [¢'] € CI(G) represent ¢ and ¢’ in some spinorial frame 3 € Q.

Lemma 2.1. The map ({.,.)) : ¥ x X — CIl(G) satisfies the following properties:
for all p,p € T'(X) and X e I(TM & E),

(13) (e ) =T((¥, 9))
and
(14) (X o) = ({p, X - 9)).

Proof. We have
(o, 0)) = 7(¥] [l = 7(7lg] [¥]) = 7(({&, 0))

and

(X @, 9) = 7[9] [X]le] = 7(IX][PD)e] = ({0, X - 9))
where [], [¢] and [X] € CI(G) represent ¢, ¢ and X in some given frame 3 € Q. [

Lemma 2.2. The connection V is compatible with the product ({.,.)) :

Ix ({0, 9")) = (Vxep, ) + {{p, Vx ¢'))
for all p, o' €T(X) and X e T'(TM).
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Proof. If ¢ = [, [¢]] is a section of &2 = Q x, C1(G), we have
(15) Vxg = [5,0x ] + p« (5" (X)) ([0])] , vX e TM,

where p is the representation (10) and a is the connection form on Q; the term
p«(§*a(X)) is an endomorphism of CI(G) given by the multiplication on the left
by an element belonging to A’G C CI(G), still denoted by p.(5*(X)). Such an
element satisfies

T (p« (5" (X)) = —p« (57 (X)),

and we have

{(Vxe, ) + ({0, Vxe)) = m{[¢]} (Ox[e] + pu(5"a(X))[p])
+7{0x[¢] + p- (5" (X)) [¢']} ]
= {leToxle] + 7 {0x[£} [#]
= Ix((p, ¢))-

d

We finally note that there is a natural action of Spin(G) on UY, by right multi-
plication: for ¢ = (3, [p]] € UL = Q x, Spin(G) and a € Spin(G) we set

(16) v-a:=[3]¢]-a] €U,

2.5. The spin geometry of a submanifold of G. We keep the notation of the
previous section, assuming moreover here that M is a submanifold of a Lie group
G and that £ — M is its normal bundle. If we consider spin structures on 7'M
and on E whose sum is the trivial spin structure of TM @ E [15], we have

¥ =Qx,ClG)~ M x CI(G),

where the last bundle is the spinor bundle of G restricted to M. Two connections
are thus defined on ¥, the connection V and the connection V&; they satisfy the
following Gauss formula:

P
(17) V§w=vx@+%zej-B(Xa€j)-s0
j=1

for all ¢ € I'(X) and all X € I'(T'M), where B : TM x TM — E is the second
fundamental form of M into G and eq,...,e, is an orthonormal basis of T'M.
We refer to [1] for the proof (in a slightly different context). Since the covariant
derivative of a left invariant spinor field is given by (9), the restriction to M of such
a spinor field satisfies

1
(18) VX@—__Z% (X ¢) ‘P+§F(X)'<P

for all X € T'M.
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2.6. Compatibility condition. We finish this section of preliminaries by giving

the following two assumptions which are needed to establish the main result of the
present paper.

(1) There exists a bundle isomorphism

(19) f:TMe&E—MxG

which preserves the metrics; this mapping permits to define a bundle map
(20) I': TM®E — A*(TM & E)

such that, for all X, Y € T'(TM @ E),
(21) FIOX)(Y)) = T(F(X))(F(Y))

where on the right-hand side I is the map defined on G by (5), together
with the following notion: a section Z € I'(T'M @ E) will be said to be left
invariant if f(Z): M — G is a constant map.

(2) The covariant derivative of a left invariant section Z € I'(T'M @ E) is given
by

(22) VxZ =1(X)(Z) - B(X,Z") + B*(X, Z")
for all X € TM, where Z = ZT + ZN in TM & F and B* : TM x E — TM
is the bilinear map such that for all X, Y € I'(TM) and N € I'(E)
(B(X,Y),N)=(Y,B*(X,N)).

These two assumptions are equivalent to the assumptions made in [11, 18]: they
are necessary to write down the equations of Gauss, Codazzi and Ricci in a general
metric Lie group, and to obtain a Fundamental Theorem for immersions in that
context; see Section 4.

Remark 1. Sometimes it is convenient to write these assumptions in some local
frames. For sake of simplicity, we assume that E is a trivial line bundle, oriented

by a unit section v. Let (€9,€3,...,e2) be an orthonormal basis of G and F’?j e R,

1<14,5,k <mn, be such that
T(ef)(ef) =Y T} ef.
k=1

We set, fori=1,...,n, e; € T(TM @ E) such that f(e;) = €2, and f; € C>°(M),
T; € T(TM) such that e¢; = T; + fiv. Since [ preserves the metrics, the vectors
€1,€9,...,€, are orthonormal, and we have

(23) (T;,T;) + fifj = 0ij

foralli,j=1,...,n. The assumption (22) then reads as follows: for all X € TM
and j=1,...,n,

(24) VxTj =Y TH(X, T)Ty + f;S(X),
1,k

(25) df;y(X) =) T5 (X, T0) — h(X,T))
ik

where S(X) = B*(X,v) and h(X,Y) = (B(X,Y),v). Conversely, if vector fields
T, € T(TM) and functions f; € C*(M), 1 < i < n, are given such that (23),
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(24) and (25) hold, we may define a bundle isomorphism f:TM @ E — M x G
preserving the metrics and such that (22) holds: setting e; = T; + fiv, we define f
such that f(e;) =€, i=1,...,n.

3. PROOF OF THE MAIN RESULT

Now we will give the proof of Theorem 1. For this, we need the following two
propositions. First, we have

Proposition 3.1. Assume that ¢ € T(UX) is a solution of (1) and define £ by (2).
Then
(1) & takes its values in G C CU(G);
(2) there exists T € SO(G) such that £ =T o f;
(3) replacing ¢ by ¢ - a where a € Spin(G) is such that Ad(a) = T, we have
&= f, and £ satisfies the structure equation

(26) d§ +[¢,€ =0.
Proof. (1). By the very definition of £, we have

§(X) = e[ X][w]

for all X € TM, where [X] and [g] represent X and ¢ in a given frame 3 of Q.
Since [X] belongs to G C CI(G) and [¢] is an element of Spin(G), £(X) belongs to
g.

(2). Let us first show that for every left invariant section Z € T'(TM & E), the map
&(Z) : M — G is constant: if Z € I'(T'M & E) is left invariant, we compute, for
X eTM,

Ox §(Z) =((VxZ - 0,0)) + ({Z-Vxp,0) +{(Z -9, Vxp)).
But, by (1),

(Z-Vxe,0)) +(Z- 0, Vxp))

([-I'(x) + Zej B(X.¢)), Z] - ¢, 0))

(27)

where the brackets [.,.] stand here for the commutator in CI(T'M @ E) and where
we use Lemmas A.1 and A.3 in the last step. Thus dx £(Z) = 0 by (22), and
&(Z) : M — G is constant. Now, if (e9,...,e2) is a fixed orthonormal basis of G

and denoting by e, ..., e, the left invariant sections of TM @ FE such that f(e;) = €2,
it=1,...,n, we have, for all section Z =), Zie, e I'(TM & E),

({-T(X)(2) + B(X, Z") = B*(X, Z")} - ¢, )

€2) =Y 7 e

where (£(eq),...,&(e,)) is a constant orthonormal basis of G. Considering the or-
thogonal transformation T : G — G such that T(e?) = £(¢;), @ = 1,...,n, we
get

€2) =) 2 T(et) =T (Z zief) ~ T((2),
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ie. £ =Tof.
(3). For all a € Spin(G) and X € T M, we have
(X -(p-a)p-a) = 7(¢la)X][ela
= 7(a) (X -9,9)) a
= Ad(a™h)(¢(X))
= Ad(a™")(T o f(X));

thus, replacing ¢ by ¢ - a where a € Spin(G) is such that Ad(a) =T we get £ = f.
By the computation in (27), we have, for X, Y € I'(T'"M) such that VX = VY =0
at xg,
Ox £Y) = ((Y-Vxe,0)+ (Y -9, Vxe))
= (=T + B Y} p,0))
and thus
d(X,Y) = 0x &(Y) -y &(X)
= —(({TX)Y) =LE)X)}- v 0)
= =X Y) =LY)(X))
= —[6(X), &),
since £ = f, I satisfies (21), and by (7). O

We keep the assumption and notation of Proposition 3.1, and moreover assume
that M is simply connected; we consider

F:M—-G

such that F*wg = £ (assuming that ¢ is chosen in such a way that £ satisfies the
structure equation (26)). The next proposition follows from the properties of the
Clifford product:

Proposition 3.2. 1. The map F : M — G is an isometry.
2. The map
Oy : E — FM)xg
X e€En — (F(m)¢(X))
is an isometry between E and the normal bundle of F(M) into G, preserving con-

nections and second fundamental forms. Here, for X € E, £(X) still stands for the
quantity ((X - @, ¢)).

Proof. For X,Y e T(TM @ E), we have

1

(€(X), &) = —5 (EX)EY) +E(Y)E(X))

= —57l (XY + [Y)IX]) [¢]

= (X)Y),
since [X][Y] + [Y][X] = =2([X], [Y]) = —2(X,Y"). This implies that F' is an isom-
etry, and that ®p is a bundle map between E and the normal bundle of F(M)
into G which preserves the metrics of the fibers. Let us denote by Br and V'F the
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second fundamental form and the normal connection of the immersion F’; the aim
is now to prove that

(28) §(B(X,Y)) = Br(&(X),£(Y))  and  E(ViN) = Vix)&(N)
for X, Y € (TM) and N € I'(E). First,
Br(£(X),£(Y) = (VEx) (Y)Y = {ox (V) + LX) (V)Y
where the superscript N means that we consider the component of the vector which

is normal to the immersion. We fix a point x¢ € M, assume that VY = 0 at x,
and compute, using (27):

Ox £(Y) = (Y -Vxp,0)+{{Y ¢, Vxp)
= ((BX,Y)-9,¢)) = ({LX)(Y) - ¢,))-
Since ((B(X,Y) - ¢, ¢)) = &(B(X,Y)) is normal to the immersion, we get

{6x VNI =€(B(X,Y)) = (DX)(Y) - 0,00

and thus
Bp((X),E(Y)) = &B(XY)) — (L)) - 0,0, +TEX)(EQ)Y
= ¢BX,Y
since
(X)) - p,0)) = EI(X)(Y))
= fX)(Y))
= I'(f(X)(f(Y)) (by definition of I on TM & E)
= PEX)EN))
We finally show the second identity in (28): we have
5 X)f( ) = (Vg(x)f(N))N
= (9x &)+ T(EO))(EMN)))Y
= (VN -0, o)™ + (N - Vxo, o)™ + (N -9, Vxo))¥
HDEX))(ENV)N.
The first term in the right-hand side is £(V’x N), and we only need to show that
(29) (N - Vxo, )Y + (N, Vx)™ + TE(X))(EN)Y = 0.

From (27), we have

(N - Vx,0)) + (N -9, Vxp)) = =(B"(X,N) - ¢, 0)) = ({L(X)(N) - ¢, 0)),
which gives (29) since ((B*(X,N) - ¢, ¢)) is tangent to the immersion (B*(X, N)
belongs to T'M') and

(X)) -, 0)) = DE(X))(E(N))
(see the first part of the proof above). O

Now, we can prove the main result of the present paper.
Proof of Theorem 1

First, the fact that (1) = (2) is a direct consequence of Propositions 3.1 and 3.2.
For the converse statement (2) = (1) : we suppose that F' : M — G is an isometric
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immersion with normal bundle £ and second fundamental form B, we consider
the orthonormal frame s, = Igo(g) of G, and the spinor frame 3, = Ig,in(g) (re-
call that Qe = G x SO(G) and Qg = G x Spin(G); see Section 2). The spinor
field ¢ = [5,, 1¢y(g)] satisfies (1) as a consequence of the Gauss formulas (17)-(18);
moreover, its associated 1-form is, for all X € T M,

§(X) = (FX - 0, 0)) = 7lop] [FuX] [] = [FL X],
where [F,X] € G represents F. X in s,, that is [F.X] = wg(F.X) (wg € QY(G,G)
is the Maurer-Cartan form of ). Thus £ = F*wg, that is F = [ ¢ which conludes
the proof. O

Remark 2. (1) If ¢ is a solution of (1) and a belongs to Spin(G), ¢’ :=¢-a
is also a solution of (1) (see (16) for the definition of ¢ - a). Moreover the
associated 1-forms &, and &, are linked by

(30) ¢y = 7(a) & a= Ad(a"") o &,.

Let us recall that a 1-form & € QY(M,G) is Darboux integrable if and only
if it satisfies the structure equation d& + [€,€] =0 (M is simply connected).
The theorem thus says that if ¢ is a solution of (1), it is possible to find an
other solution @' of this equation such that &, is Darbouz integrable and
F = [ &, is an immersion with normal bundle E and second fundamental
form B. The proof of (1) = (2) in the theorem in fact followed these lines.

(2) We proved in Proposition 3.2 that if ¢ € T'(UX) is a solution of (1) such that
&, satisfies the structure equation (26) then F = [ &, is an immersion with
normal bundle E and second fundamental form B. By (30) it is clear that
if a € Spin(G) is such that Ad(a™') : G — G € SO(G) is an automorphism
of Lie algebra, then &,.. satisfies the structure equation too; in fact, the
corresponding immersions F, = [ &, and Fy.q = [&p.q are linked by the
following formula: if ®, : G — G is the automorphism of G such that
d(®,)e = Ad(a™t), then @, is also an isometry for the left invariant metric,
and

(31) Fpoq=Lyo®,0F,

for some b belonging to G. This relies on the following formula: if ® : G —
G is an automorphism, wg € QY(G,G) is the Maurer-Cartan form of G
and F : M — G is a smooth map, then

(P o F)'wg =d(P)e o (Frwe).
This formula applied to ® = @, and F' = F, shows that ®,0F, is a solution
of the Darbouz equation associated to the form &,.q; thus, by uniqueness of

a solution of the Darbouz equation, (31) holds for some b belonging to G.
(3) Setting

L o1& 17
H:§ZlB(€j7€j) ek and yzizlej.r(ej) GCl(TMEBE)
j= =
where e1,...,ep is an orthonormal basis of TM, a solution ¢ of (1) is a

solution of the Dirac equation

P
(32) Dwzzejvejgoz<ﬁ+'y)s0
j=1
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This equation will be especially interesting for the representation of a surface
in a 3-dimensional Lie group (see Section 5).

4. AN APPLICATION: THE FUNDAMENTAL THEOREM FOR IMMERSIONS IN A
METRIC LIE GROUP

We now show that the equations of Gauss, Ricci and Codazzi on B are exactly
the integrability conditions of (1). We recall these equations for immersions in
the metric Lie group G: if RY denotes the curvature tensor of (G, {(.,.)), and if
RT and RY stand for the curvature tensors of the connections on T'M and on
E (M is a submanifold of G and E is its normal bundle), then we have, for all
X,Y,Z € (TM) and N € T(E),

(1) the Gauss equation

(33) (RE(X,Y)2)T = RT(X,Y)Z — B*(X,B(Y, Z)) + B*(Y, B(X, Z)),
(2) the Ricci equation

(34) (RY(X,Y)N)N = RV(X,Y)N — B(X,B*(Y,N)) + B(Y, B*(X,N)),
(3) the Codazzi equation

(35) (RE(X,Y)Z)N =VxB(Y, Z) - VyB(X, Z);

in the last equation, V denotes the natural connection on T*M @ T*M @ E.

These equations make sense if M is an abstract manifold and £ — M is an
abstract bundle, if we assume the existence of the bundle map f in (19), since f
permits to define T on TM @ E by (21), and R® may be written in terms of T' only
(see (7)-(8)). We prove the following:

Proposition 4.1. We assume that M is simply connected. There exists ¢ € T'(UY)
solution of (1) if and only if B : TM x TM — E satisfies the Gauss, Ricci and
Codazzi equations.

Proof. We first prove that the Gauss, Ricci and Codazzi equations are necessary if
we have a non-trivial solution of (1). We assume that ¢ € I'(UX) is a solution of
(1) and compute the curvature

R(X,Y)p =VxVyp—VyVxp—Vixye
We fix a point zg € M, and assume that VX = VY =0 at zg. We have

14C -
VxVyp = —5263"(VXB(KGJ‘)'<P+B(K€J‘)'VX<P)
j=1
1
+3 (VxI'(Y) -+ T(Y) - Vxo)
1< - 1 &
= _§Z€j'VXB(Yv€j)'<P—Z > ej-en B(Y,e;) - B(X, ex)

<
Il
—

k=1

1 1 P
ej - B(Y,e;) T(X) - o+ SVxT(Y) - = (V) - > e B(X,e5) - ¢
j=1

<
I
—

|
= ] =
=

+
=3
=
e
>
AS)
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Thus
1< - -
RX.Y)p = =32 ¢ (VxB(Yie) = VyB(X,e))) -
j=1
1
(36) +7 D ej-en (B(X.¢e;) - B(Y,ex) — B(Y,e;) - B(X, er))
Jj#k
A
1 p
—ZZ(B(X&]) B(Y,e;) — B(Y,¢;) - B(X, ¢€;)) ¢
j=1
B
1< 1<
5 [0 B ) T(V) o+ =5 | e BY.e).T(X) |
Jj=1 j=1
Cl C2

+3(VXT(Y) = Ty (X)) 0+ — S [0(X),T(V)] ¢

C3 C4

where the brackets stand for the commutator in the Clifford bundle CI(TM & E) :
vn,§ € Cl(TM & E),

1
€l =5 wm-€=&m).
We computed the second and the third terms in [4]; we only recall the result here:

Lemma 4.2. [4] We have

A= 3 S UBA (X, BV, 7)), ex) — (B (Y, B(X, ), exd) e - e

i<k
and
1 " %
B=3 > (B(X, B*(Y,nx)) — B(Y, B* (X, nx)), i) i, - mu,
k<l
where ey, ..., e, and ny,...,ng are orthonormal bases of TM and E.

We now compute the other terms in (36). We first compute the covariant deriv-
ative of I', considering I' as a map

' TMo®FE— End(TM @ FE).
Lemma 4.3. If XY € TM and Z € TM & E,
(VxD)(Y)Zz = {T(X)oI'(Y)-I(Y)oI'(X)}(2) -T(I'(X)Y)(Z) + I'(B(X,Y))(2)
~B(X,T(Y)2)") + B* (X, (L(Y)2)") + T(Y)(B(X, 2") — B*(X, Z")).
Proof. Since the expression is tensorial, we may assume that X,Y,Z € I'(TM © E)
are left invariant vector fields. By definition,
(37) (VxI)(Y)Z =Vx((Y)Z) -T(VxY)Z -T(Y)(Vx Z).

Since X,Y and Z are left invariant vector fields, so are I'(Y)Z, VxY and VxZ,
and, by (22),

Vx(L(Y)2) =T(X)(T(Y)Z) - B(X, (L(Y)2)") + B*(X, ((Y)2)"),
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LY)(VxZ)=T(Y)I'(X)Z)-T(Y)B(X,ZT) +I'(Y)B*(X,Z")
and
N(VxY)(Z)=TT(X)Y)Z -T'(B(X,Y")Z +T(B*(X,Y"))Z.

Plugging these formulas in (37) and using finally that Y belongs to TM (ie Y =Y
and YV = 0), we get the result. O

We now regard I' as a map
I': TM®E—AN(TM&E)CC(TM®E),
and compute the term Cs in (36). According to Lemma A.1, for all X, Y € TM @ E,
P(X)(Y) = [[(X), Y]
Lemma 4.4. If XY € TM,

S (VxT)V) — (VT)(X)) = [O(X),T(V)] ~ 3T((X), Y] - [P(Y), X])

Zea (X, ej), Zea (Y, e)), (X)] .

Here the brackets stand for the commutator in Cl(TM & E).

_|__

Proof. By Lemmas A.1 and A.2 in the appendix, the linear maps I'(X) o I'(Y) —
NY)oI'X), Z — II'(X)Y)Z and Z — I'(B(X,Y))Z appearing in Lemma
4.3 are respectively represented by the bivectors [I'(X),I'(Y)], I'([I'(X),Y]) and
TI'(B(X,Y)). Moreover, by Lemma A.4 applied to the linear maps B(X,.) : TM —
Eand T(Y): TM & E — TM & E, the map

Z = =B*(X,(P(Y)Z2)")+T(Y)(B*(X, Z2"))+B(X,(N(Y)2)") -T(Y)(B(X, Z"))

is represented by the bivector
Zej (X,¢e;),0(Y)| €CU(TM@&E).

The result follows. O
We readily deduce the sum of the last four terms in (36):
Lemma 4.5. Let us set, for X, Y € TM,
RE(X,Y) = [[(X),T(Y)] - T{['(X),Y] - [N(Y), X]} € A*(TM @ E),

the curvature tensor of G, pulled-back to TM @& E by the bundle isomorphism f
introduced in (19). Then

1
C1+Ca+C3+Cy= 5RG(X, Y).

We thus get from (36) the formula

(38) R(X,Y)p = ——Zej (VxB(Y.e)) = VyB(X.¢))) ¢

+A-<p+B-<p+§RG(X,Y)-<p
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where A and B are computed in Lemma 4.2 and R“ may be conveniently written
in the form

REX,Y) = ) (ROX,Y)(ej)en)e; - ex
1<j<k<p
p q
+ZZ<RG(X, Y)(ej)ﬂnr>€j "Ny
j=1r=1
+ Z RG X,Y)(ns), nr)ng - ns.
1<r<s<gq

On the other hand, the curvature of the spinorial connection is given by

() RXY)e = 5| X BE)e)a) e e

1<j<k<p

+ Z (RN(X,Y)(n,),ns) ny-ms | - 0.
1<r<s<q
We now compare the expressions (38) and (39): since in a given frame § belonging
to @, ¢ is represented by an element which is invertible in CI(G) (it is in fact
represented by an element belonging to Spin(G)), we may identify the coefficients
and get

(RT(X,Y)(ej), ex) = (B*(X, B(Y. ¢5)), ex)—(B*(Y, B(X, €5)), ex) +{R (X, Y)(e;). ex),

(RN(X,Y)(n,),ns) = (B(X, B*(Y,n,)),n5)—(B(Y, B (X,n,)), ns)+(R%(X,Y)(n,), ns)
and
(VxB(Y,¢e;) = VyB(X,¢;),n,) = (RY(X,Y)(e;),nr)

for all the indices. These equations are the equations of Gauss, Ricci and Codazzi.

We now prove that the equations of Gauss, Ricci and Codazzi are also sufficient
to get a solution of (1). The calculations above in fact show that the connection
on X defined by

1o 1

(40) Vip = szo+§j§:1€j'3(X7€j)'<P—§T(X)-90

for all ¢ € T'(X) and X € T'(T'M) is flat if and only if the equations of Gauss, Ricci
and Codazzi hold. But if this connection is flat there exists a solution ¢ € T'(UX)
of (1); this is because V' may be also interpreted as a connection on UY regarded
as a principal bundle (of group Spin(G), acting on the right): indeed, V defines
such a connection (since it comes from a connection on Q), and the right hand side
term in (40) defines a linear map

TM N Xln?) (UZ)

1 1
X = o §Z€j'B(X,€j)'SD—§P(X)'<P
j=1
from T'M to the vector fields on UX which are vertical and invariant under the
action of the group (these vector fields are of the form o — -, n € A2(TM®E) C
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Cl(TM @ E)). Assuming that the equations of Gauss, Codazzi and Ricci hold, we
thus get a solution ¢ € T'(UX) of (1). O

The considerations above give a spinorial proof of the Fundamental Theorem of
submanifold theory in the metric Lie group G (see [18] for another proof). We keep
the hypotheses and notation of Theorem 1.

Corollary 1. We moreover assume that B : TM xTM — E satisfies the equations
of Gauss, Codazzi and Ricci (83)-(35). Then there is an isometric immersion of
M into G with normal bundle E and second fundamental form B. The immersion
is unique up to a rigid motion in G, that is up to a transformation of the form

(41) Lyo®,: G — G
g — bPa(g)

where a € Spin(G) is such that Ad(a) : G — G is an automorphism of Lie algebra,
O, : G — G is the group automorphism such that d(®q)e = Ad(a), and b belongs
to G.

Proof. The equations of Gauss, Codazzi and Ricci are the integrability conditions
of (1). We thus get a solution ¢ € I'(UX) of (1); with such a spinor field at hand,
F = [& where ¢ is defined in (2) is the immersion. Finally, a solution of (1) is
unique up to the right action of an element of Spin(G); the right multiplication of
© by a € Spin(G) and the left multiplication by b € G in the last integration give
also an immersion, if Ad(a) : G — G is moreover an automorphism of Lie algebra.
This immersion is obtained from the immersion defined by ¢ by a rigid motion, as
described in (41). O

Remark 3. In R"™, a rigid motion as in (41) is a transformation of the form
R" — R"
r +— ax+b,

with a € SO(n) and b € R™.

5. SPECIAL CASES

5.1. Submanifolds in R”. If the metric Lie group is R™ with its natural metric,
we recover the main result of [4]. We suppose that M is a p-dimensional Riemann-
ian manifold, £ — M a bundle of rank ¢, with a fiber metric and a compatible
connection. We assume that 7'M and E are oriented and spin with given spin
structures, and that B : TM x TM — FE is bilinear and symmetric.

Theorem 2. [4] We moreover assume that M is simply connected. The following
statements are equivalent:

(1) There exists a section @ € T'(UX) such that
1
(42) VX¢:—§Zej-B(X,ej)-<p
j=1

for all X € TM.
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(2) There exists an isometric immersion F: M — R™ with normal bundle E

and second fundamental form B.
Moreover, F = [ & where £ is the R™—valued 1-form defined by

(43) §(X) = {((X-p,0))
for all X € TM.

Proof. We only prove (1) = (2). This will be a consequence of Theorem 1 if we
may define a bundle map f as in (19) such that (22) holds. We assume that ¢ is a
solution of (42), and set

f: TMeFE — MxR"
Z = (Z-9,9)

The map I defined by (21) is I' = 0. We now show that (22) is satisfied for every
Z € T(TM @ E) such that f(Z): M — R™ is a constant map: for all X € TM, we
have dx{f(Z)} = 0, which reads

(VxZ-p,0)) +((Z-Vxp,0)) + (Z- ¢, Vxip)) =0.

But (42) gives
(Z-Vxp. ) +(Z ¢, Vxo) = (({B(X, 2") = B(X,Z")} - ¢, ¢))

(see the computations in (27) with I' = 0). Thus

{(VxZ-0,0)) = ({=B(X,Z2") + B*(X,Z")} - 9, )
and

VxZ=-B(X,Z") + B*(X,z"),

which is (22) with T' = 0. O
5.2. Submanifolds in H"™. Spinor representations of submanifolds in H" with its

natural metric were already given in [16, 3, 4]. We give here another representation
using the group structure of H", with an arbitrary left invariant metric. Let us set

H" = {a = (d,a,) €R": a, > 0},
and, for ¢ € H", the transformation
Pa R"_l N Rn—l
o
x — apxr+ad;

g is an homothety composed by a translation. The homotheties composed by
translations naturally form a group under composition, and the bijection

¢: H" — {homotheties-translations R" ™' — R" "'}
a +— Qg

induces a group structure on H" : it is such that

(44) ab = (axb' +ad',anby,)
for all a,b € H"; the identity element is e = (0,1) € H". Let us denote by
(e9,€9,...,€%) the canonical basis of T,H" = R™ and keep the same letters to

denote the corresponding left invariant vector fields on H". The Lie bracket may
be easily seen to be given by

[ef,e5]=0 and [e},ef] = e
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fori,j5 =1,...,n— 1. This may also be written in the form
(45) (X, Y] =UX)Y - (V)X

for all X,Y € R"™, where [ : R® — R is the linear form such that (ef) = 0 if
i <n—1and l(e) = 1. This property implies that every left invariant metric on
H"™ has constant negative curvature —|I|? [14, 13].

We suppose that a left invariant metric (.,.) is given on H", and consider the
vector U, € T.H" such that [(X) = (U,, X) for all X € T.H™. We have |U,| = |l
and, by the Koszul formula (6),

(46) LX) (Y) = =Y, Us) X + (X, Y)U,
for all X,Y € T.H".

We keep the hypotheses made at the beginning of Section 5.1. We suppose
moreover that U € I'(T'M & E) is given such that |U| = || and, for all X € T'M,

(47) VxU = —|U*’X + (X,U)U — B(X,UT) + B*(X,U").
We set, for X e TM and Y e TM & F,
(48) D(X)(Y)=—(Y, U)X + (X, Y)U.

Remark 4. Equation (47) implies the following:

(1) U is a solution of (22), with the definition (48) of T
(2) The norm of U is constant, since, by a straightforward computation,

dU*(X) =2(VxU,U)=0

for all X € TM. The additional hypothesis |U| = |l| is thus not very re-
strictive.

We note that it is not necessary to assume the existence of U solution of (47) to
get a spinor representation of a submanifold in H™ if H™ is regarded as the set
of unit vectors in Minkowski space R™! [16, 3, 4]. Nevertheless, this hypothesis
seems necessary if we consider H" as a group, since the group structure introduces
an anisotropy: the vector e, € T.H™ is indeed a special direction for the group
structure.

Let us construct the spinor bundles ¥ and U on M as in Section 2.4 with here
G=T.-H".

Theorem 3. We assume that M is simply connected. The following statements
are equivalent:

(1) There exists a spinor field p € T(UX) solution of (1) where T is defined by
(48).

(2) There exists an isometric immersion M — H™ with normal bundle E and
second fundamental form B.

Proof. We assume that ¢ € I'(UX) is a solution of (1) where I is defined by (48),
and define f: TM & E — M x T.H" by

1(2) = (Z-¢,¢))
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for all Z € TM @ E. Let us first observe that if Z is a vector field solution of (22),
then f(Z) is constant: we have, for all X € T M,

Oxf(Z)=((VxZ p,0) +{Z -Vxo,0) +{({Z ¢, Vxp));

this is 0, by (22), (1) and the computation (27). Since U is a solution of (22) (see
Remark 4), we deduce that f(U) € T.H" is a constant, and, since |f(U)| = |U| =
|U,|, replacing ¢ by ¢ - a for some a € Spin(T.H") if necessary, we may suppose
that f(U) = U,. Since T is defined on T.H™ by (46) and on TM @& E by (48),
and since f preserves the metrics, it is straightforward to see that f(I'(X)(Y)) =
L'(f(X)(f(Y)) for all X,Y € TM & E. Finally, (22) holds for all Z e I(TM & E)
such that f(Z) is constant: this is the same argument as in the proof of Theorem 2
in Section 5.1, just adding the term I'. The result then follows from Theorem 1. [

5.3. Hypersurfaces in a metric Lie group. We assume that G is a simply con-
nected n-dimensional metric Lie group, M is a p-dimensional Riemannian manifold,
n = p+1, and E is the trivial line bundle on M, oriented by a unit section v € I'(E).
We moreover suppose that M is simply connected and that h : TM x TM — R is
a given symmetric bilinear form, and that the hypotheses (1) and (2) of Section 2.6
with B = hv hold. According to Theorem 1, an isometric immersion of M into G
with second fundamental form h is equivalent to a section ¢ of I'(UX) solution of
the Killing equation (1). Note that Qg ~ M and the double covering QE — Qg is
trivial, since M is assumed to be simply connected. Fixing a section §p of Qp we
get an injective map

QM ¢ QM XMQEZIQ
§M — (§A17§E)~
Using
Cl, ~ Cl2+1 C Clpyr

(induced by the Clifford map R? — Cl,11, X — X - e,11), we deduce a bundle
isomorphism

(49) Qu *x,Cly, — Qx,Cl0,, C¥%

Yo Y
It satisfies the following properties: for all X € TM and ¢ € Qy; X, Clp,
(50) (X-y)"=X-v-¢" and Vx(®")=(Vxy)"

To write down the Killing equation (1) in the bundle Qu x, Cly, we need to
decompose the Clifford action of I'(X) into its tangent and its normal parts:

Lemma 5.1. Recall the notation introduced in Remark 1. Then, for all X € T'M,

n

(51) T(X)=> (X.Ty) > T (%(Tj T = Ty - T;) + (fuTj = fTh) - V) :

i=1 1<j<k<n

Proof. We have
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n

I(X)(g) = Z<X7Ti>r(§i)(§j)

= Z<X7 T;) i Ffjgk
=1 k=1

— IEAX, T Tk + frv),

<.

1<4,k<n
and thus
1 n
M) = 53X T
1 n
= EZ JA Y)Y DX T (T + frv)
j=1 1<i,k<n
1
= 3 Z L3 (X, TN+ fiv) - (Te + frv).
1<d,j,k<
Now
(Tj + fiv) (T + fov) =T - T + fuly - v — fiTe - v — fifu,
and the result follows since Ffj = —F{k. g

The section ¢ € T'(UY) solution of (1) thus identifies to a section 1 of Qas %, Cl,,
solution of

p
Vxy = %thej Jej - +%f(x>-¢
j=1
1 -
v A . (X)-¢+§F(X)-w
for all X € TM, where
5 f0-Yn) S rh (30 n-Ten) + (s - 4 )
i=1 1<j<k<n

and S : TM — TM is the symmetric operator associated to h. We deduce the
following result:

Theorem 4. Let S : TM — TM be a symmetric operator. The following two
statements are equivalent:

(1) there exists an isometric immersion of M into G with shape operator S;
(2) there exists a normalized spinor field ¢ € T'(Qnr %, Cly,) solution of

(53) Vi = —5S(X) g+ 5T v

for all X € TM, where T is defined in (52).
Here, a spinor field ¢ € F(QM x, Cl,) is said to be normalized if it is represented
in some frame 5§ € Qur by an element [¢] € Cl, ~ CI), | belonging to Spin(p + 1).

We will see below explicit representation formulas in the cases of the dimensions
3 and 4.
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5.4. Surfaces in a 3-dimensional metric Lie group. Since Cls >~ Y5 we have
Q]\/[ Xp Olg >~ EM,

and ¢ is equivalent to a spinor field ¢ € I'(XM) solution of (53) and such that
|| = 1. Moreover, the explicit representation formula F' = [§ may be written in
terms of ¢ : it may be proved by a computation that

(54) (X9, 0)) = i2Re(X -4, 97) +j ((X 97, a(@?)) — (X -7, a(7)))

where the brackets (.,.) stand here for the natural hermitian product on %5 and
a : Yy — Y is the natural quaternionic structure. If G = R?, this is the explicit
representation formula given in [8] (see also [3]).

We also note that the expression (52) of T' simplifies if the Lie group is 3-
dimensional:

Lemma 5.2. If j, k, j # k, belong to {1,2,3}, let us denote by l;, € {1,2,3} the
number such that (j,k, i) is a permutation of {1,2,3} and by €;, = £1 the sign
of this permutation. Then, for all X € T M,

3

f‘(X) = Z<erfl> Z F?jejk(fljk - ,Tl]k) TWw

i=1 1<5<k<3

where w € CI(T'M) is the area element of M.

Proof. Keeping the notation introduced above, we note that
€€k 'Qljk_ = €jp WU,

which yields

Cj Cp = —CrpW V-G,

Thus

Tj T + (fT — fiTx) v —fife = —€pw-v-(Tiy, + fi,,v)

= ejk(fljk _rfljk- 'V) tw
since Ty, -v=—v-Ty,, T}, -w=—w-T}, and w-v = v-w. Switching the indices
7 and k we also get
Ty -T;+ (fiTe — fiTy) v —fufy = ewi(fin; —Th, - v) w
= —er(fiy, =Ty, - v)-w

since €x; = —¢;;, and lp; = l;,. We deduce that

1
5 (T To = T Tj) + (fiTy = fiTh) - v = egefiy = Thj - v) - w-

The result is then a consequence of Lemma 5.1 together with the relation

and the first property in (50). O
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5.4.1. The metric Lie group S®. A spinor representation of a surface immersed in
S? was already given in [16] (see also [3, 4]). We give here a spinor representation
relying on the group structure; it appears that it coincides with the result in [16].

We regard the sphere S? as the set of the unit quaternions, with its natural group
structure. The Lie algebra of S? identifies to R3, with the bracket [X,Y] =2X x Y
for all X, Y € R? (x is the usual cross product). By the Koszul formula (6), for all
X,Y € R?,

NX)Y)=XxY.
As a bivector, for all X = Xje9 + X2e5 + X3e§ € R3,
1 o o o o o o
IX) = 5(e1-T(X)(er) + ez T(X)(e2) + e5 - T(X)(e3))
= Xjeg-e§+ Xqeg-ef + Xgef - e
. )
Thus, if ¢ € Q x , ClY represents an immersion of an oriented surface M in S* and
if ¢p € T'(XM) is such that ¢ = ¢*, then, for all X € TM,
[(X)-¢ = —X-(e]-€5-€3) ¢
— _X WU SO
= X v)wo
= X -w-y)
where w is the area form of M, and v is the vector normal to M in S*. Since
p € T(UX) is a solution of (1), ¢ € T'(XM) is a solution of

1 1
VX¢=—§S(X)'¢+§X'W'¢
and satisfies |¢| = 1. Taking the trace, we get
Dy = e -Vev+ea Ve, b
- Hy-w-

where (e1, ez) is a positively oriented and orthonormal basis of TM. Now, setting
1 =1t — 1)~ and since w - ) = —it) (recall that iw acts as the identity on XM
and as -identity on X7 M), we get

Dy = Hep — i,
which is also the spinor characterization given by Morel in [16].
5.4.2. Surfaces in the 3-dimensional metric Lie groups E(k,7), T # 0. We recover
here a spinor characterization of immersions in the 3-dimensional homogeneous
spaces FE(k, 7); this result was obtained by the second author in [19], using a charac-

terization of immersions in these spaces by Daniel [7]. We give here an independent
proof, and rather obtain the result of Daniel as a corollary.

The metric Lie group E(k,7), 7 # 0, is defined as follows: its Lie algebra is
G = R?, with the bracket defined on the vectors €9, €3, €3 of the canonical basis by

[etljv eg] = 27—62037 [egv €§] = 0'6(1)5 [egv 6(1)] = Ueg
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where 0 = 5=. The metric on G is the canonical metric, ie the metric such that the
basis (e9, €9, e3) is orthonormal. The Levi-Civita connection is then given by
(55) FX)(Y) = {7(X = (X, eg)e3) + (0 — 7)(X, e5)ez} x V'
for X,Y € G; see e.g. [7].

Let S : TM — TM be a symmetric operator. We assume that a vector field
T € T(TM) and a function f € C°°(M,R) are given such that

(56) TP+ f* =1,

(57) VxT = f(S(X)—-1JX)
and

(58) df (X) = —(S(X) = 7JX,T)

for all X € TM, where J : TM — TM denotes the rotation of angle +7/2 in the
tangent planes.

Theorem 5. [19] If M is simply connected, the following two statements are equiv-
alent:

(1) There exists ¢ € T'(XM) such that || =1 and
(59)  Vxg=—38(X) 0+ A= o)X T) (T~ )~ X} w0

for all X € TM.
(2) There exists an isometric immersion of M into E(k,T), with shape operator

S.

Proof. We consider the trivial line bundle E = Ry, where v is a unit section. The
bundle TM @ E is of rank 3, and is assumed to be oriented by the orientation of
T M and by v. We suppose that it is endowed with the natural product metric. Let
us denote by x the natural cross product in the fibers. We set

e3 =T+ fv,
and, for all XY e TM & F,
(60) TO(Y) = {r(X — (X, e3)es) + (0 — 7)(X, e3)es} x V-
Defining B : TM x TM — E and its adjoint B* : TM x E — TM by
(61) B(X,Y)=(S(X),Y)v and B*(X,v)=85(X)

for all X, Y € TM, the equations (57) and (58) are equivalent to the single equation
(62) Vxes =T(X)(es) — B(X,¢e3) + B* (X, ¢e5)

for all X € T'M, where V is the sum of the Levi-Civita connection on T'M and
the trivial connection on E. This is (22) for Z = e;. We will need the following
expression for I":

Lemma 5.3. For all X € TM, the linear map T'(X) : TM ®E — TM & E defined
by (60) is represented by the bivector

D(X)={(2r— o) (X, T)(T-v—f)—7X v} - w.
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Proof. The linear map I'(X) is represented by the bivector

e T(X)(e:) + 0 T(X)(ea) + e T(X) (es)

where e, e, are such that e, e,, e5 is a positively oriented and orthonormal basis of
TM @ E (see Lemma A.1); thus, a straightforward computation shows that I'(X)
is represented by the bivector

(63) D(X)=-7(X xe3) 3+ (0 —7)(X,e3) & - €.

I(X) =

The following formula may be checked by a direct computation: for X, Y € TMGFE,
XXY=—(X-Y+(X,Y))e; - €5-e3;
this gives
(X xeg)res = —(X-eg+(X,e3))er-ere3-¢e3
(X —(X,e5)es)eq - €o €5

= X-XN)T+fv) wv
= X v—(XT)(T-v-1)) w.
Moreover,

(X,e3) € - & (X,T) (—e1-ex-e5-€5)
(X,T) (~w-v- (T + fr))
(X, T)(T-v—f) w.

o
[\v]
|

Plugging these two formulas in (63) we get the result. O
We deduce the following key lemma:

Lemma 5.4. A spinor field ¢ € T'(UX) solution of (1) is equivalent to a spinor
field » € T(XM) solution of (59).

Proof. We use the identification ¢ € I'(X M) — ¢* € T'(X) described at the begin-
ning of the section; we recall that, for all X € T'M,

(64) (Vx)" =Vx(¥") and (X -9)"=X-v- ().

Thus, if ¢ € T'(UX) is a solution of (1) and if ¢ € I'(XM) is such that ¢* = ¢
using (64) together with the formula

P P
Zej-B(X,e] Z X),ej)v=5X) v
j=1 =1

and Lemma 5.3, we get:
(Vx¥)" = Vxo
1 1
= —§S(X)-I/'§0+5{(2T—0’)<X,T>(T~V—f)—TX-V}-Q)-QO

<_15(X)-¢+%{(zr—a) (X, 7) (T_f)_TX}.w-¢> .

2

This gives (59). Reciprocally, if ¢ is a solution of (59), the spinor field ¢ = *
satisfies (1). This proves the lemma. O
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Instead of ¢» € T'(XM) solution of (59) we may thus consider ¢ € I'(UX) solution of
(1). Theorem 5 will thus be a consequence of Theorem 1 if we can define a bundle
isomorphism f: TM & E — M x G such that (21) and (22) hold. Let us set

[(2) =(Z-p,9)).
We first observe that f(es) is constant: indeed, for all X € TM,

Ox(f(es)) = ((Vxes w,0)) + ({e5- Vxp,0)) + ({e5 - v, Vxp)) =0

in view of (62), (1) and the computation in (27). Moreover, since f preserves the
norm of the vectors, f(e3) is a unit vector. Replacing ¢ by ¢-a for some a € Spin(G)
if necessary, we may thus assume that f(e;) = 3. We now check (21): since the
map f is an orientation preserving isometry and using f(e;) = €2, we have, for all
X,Y € TM,

FOX)Y) = fHT(X = (X,e5)e5) + (0 =7) (X, g3)€3} X Y)

= {7(f(X) = (f(X), f(es)) f(e3)) + (0 = T)(f(X), fles)) flea)} x F(V)
= {7(f(X) = (f(X),e3)e3) + (0 — )(f(X), e5)es} x f(Y)
L)

Finally, the proof of (22) is very similar to the proof of this identity made in Section
5.1 for G = R” : we only have to add the term involving I' which appears in the
expression (1) of the covariant derivative of ¢; we leave the details to the reader. O

Remark 5. We also get an explicit representation formula: the immersion is given
by the Darbouz integral of & : X — ((X - p, ), which may be written in terms of
Y by the formula (54).

We deduce the following result, first obtained by Daniel in [7] using the moving
frame method:

Corollary 2. If S, T, f, k and T satisfy (56)-(58), the Gauss equation

(65) K =det S +7° + (k — 47%) f?

and the Codazzi equation

(66)  Vx(SY) = Vy(SX) - S(X,Y]) = (v — 47*) f((Y. T)X — (X, T)Y),

then there exists an isometric immersion of M into E(k,T) with shape operator S.
Moreover the immersion is unique up to a global isometry of E(k,T) preserving the
orientations.

Proof. The equations (65) and (66) are equivalent to the Gauss and Codazzi equa-
tions (33) and (35) where B is defined by (61). They are thus exactly the integra-
bility conditions for (1), and consequently also for (59). O

5.4.3. Three-dimensional semi-direct products. We consider here a semi-direct prod-
uct R? X 4 R with
a b
=(5 )

if (€9, e9,e3) stands for the canonical basis of G = R? x R, the Lie bracket is given
by
€0,e81 =0, [c5e5) —aci+ce§  [ef e8] = be§ + de.
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We equip R? x 4R with the left invariant metric such that (€9, 9, €3) is orthonormal.
By the Koszul formula, we get

(0] o o b+c o (o] o b+c o
(67) Vesel =aeg, Veoey = —5 Veses = —a €] 5=
o b+c o o o o b+c o (0]
(68) Vegel - T 637 che2 - d 637 Vegeg) = w 2 61 - d 2
and
, ¢c—b , , b—c o
(69) Vggel - 2 62, Vgé)eQ == 2 61, VCO€3 - 0,
and deduce
b+c b+ ¢ c—b
N'Xx)= (aXl—i- 5 X2> ef-eg—&—( 5 X1+dX2> eg-eg—i-TXge‘f-eg

for all X € G. We first assume that M is an oriented surface in G = R? x4 R.
Recalling that

(T; + fiv) - (T + fav) = € (fij, — Tiyp - v) - w

(see the proof of Lemma 5.2), we obtain

r(x) = _<axl+¥xg>(f2—:r2.u).w
+<b‘;cxl+dxz>(fl—Tl.u)-w+%bxg(f3—T3-u)-w
and
(70) T(X) = —(aXl—i—b;ch)(b_Tg).w

b+c c—b
(B ) (- T o+ S (- T

Conversely, we consider an oriented Riemannian surface M, and a symmetric oper-
ator S : TM — TM. We suppose that there exist tangent vector fields T; € T'(TM)
and functions f; € C*°(M) for 1 < i < 3 satisfying

(71) (T0, Ty) + fif; = 6]

for all 1 <i,5 < 3, and the equations (24) and (25) in Remark 1, with the coeffi-
cients Ffj given by (67)-(69). Theorem 4 then yields the following result:

Theorem 6. If M is simply connected, the following two statements are equivalent:

(1) there exists an isometric immersion of M into R? x 4R with shape operator
S;
(2) there exists p € T'(XM) such that |¢| =1 and

(72) Vi = —55(X) o+ 5T w

for all X € TM.
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The metric Lie group Sols. Now, we describe the special case of a surface
in Sols : this achieves the spinor representation of immersions of surfaces into 3-
dimensional Riemannian homogeneous spaces [19].

Let us recall that Sols is the only metric Lie group whose isometry group is
3-dimensional. It is defined as follows: its Lie algebra is G = R?, with the bracket
defined on the canonical basis (9, €3, e3) by

[ell)7 eg] =0, [637 eg] = —eg, [eg, 6(1)] = _6(1)'

This is the semi-direct product R? x4 R with a = —=1,b = ¢ = 0,d = 1. The
metric on G is the canonical metric, i.e., the metric such that the basis (e, €9, %)
is orthonormal. By the formulas (67)-(69), the Levi-Civita connection is then such
that

(73) F?l = —Fis =-1 ng = —ng =1
and Fi—“j = 0 for the other indices.
Let us consider an oriented Riemannian surface M, and a symmetric operator

S:TM — TM. We suppose that there exist tangent vector fields T; € I'(T'M) and
functions f; € C°(M) for 1 < i < 3 satisfying

(74) (T3, T5) + fify = 6]
for all 1 <i,j <3, and, for all X € T M,
(75) VxT; = (-1)"(X, T;)Ts + f5(X),

dfi(X) = (-1)Y(X, T) fs — (SX, T;)
for 1 <i <2,

(76) VxTs = (—1)"(X, T)T; + f35(X),

j=1
2
dfs(X) =Y (=1)"HX, Ty) f; = (S(X), T3).
j=1
The equations (75) and (76) are the equations (24) and (25) in Remark 1, with the
coefficients Ffj given by (73). According to (70) witha=—-1,b=c=0andd=1
we set

(77) D(X) = {(X, T0)(f2 — To) + (X, To)(f1r —T1)} - w

for all X € T'M. Theorem 6 then gives a spinor characterization of an immersion
in Sols.

As a corollary, we obtain a new proof of a result by Lodovici [11] concerning
existence and uniqueness of isometric immersions in Sols, since equation (72) is
solvable if and only if the equations of Gauss and Codazzi hold (see Section 4).

H? x R as a metric Lie group. Finally, viewing H? x R as a metric Lie group,
we obtain a new spinor characterization of an immersion in H? x R which differs
from [19] where the product point of view was used.

We recall that H? x R is the semi-direct product R? x4 R witha = 1,b=c=d = 0.
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The metric on G is the canonical metric, i.e., the metric such that the basis
(€9, €3, e3) is orthonormal. Lie bracket is given by

[eiv 68] =0, [egv 6?] = €], [egv 63] =0.
By the formulas (67)-(69), the Levi-Civita connection is then such that
(78) le)’l = _F%z’) =1

and Fi?j = 0 for the other indices.

Let us consider an oriented Riemannian surface M, and a symmetric operator S :
TM — TM. We suppose that there exist tangent vector fields 7; € T'(T'M) and
functions f; € C°(M) for 1 < i < 3 satisfying

(79) (T3, Ty) + fif; = 8]
for all 1 <i,j <3, and, for all X € TM,
(80) VxTh = (X, T1)T3 + f15(X),

df1(X) = (X, T1) f3 = (SX,T1),

(81) VxTz = f25(X),
df2(X) = —(5X, Tz),

(82) VxTs = —(X,T3)Th + f35(X),
df1(X) = (X, T5) fr — (SX, T3).
With these identities and according to (70) with a = 1,b = ¢ =d = 0, we set
(83) LX) ==(X,T1)(fo — Ta) - w
for all X € T'M. Theorem 6 then gives a spinor characterization of an immersion
in H? x R.

5.5. CMC-surfaces in a 3-dimensional metric Lie group. The aim here is to
show that the representation formula for CMC-surfaces in a 3-dimensional metric
Lie group by Meeks, Mira, Perez and Ros [13, Theorem 3.12] may be obtained
as a consequence of the general representation formula in Theorem 1. For sake
of brevity we assume that the group G is unimodular and only give the principal
arguments, without details. Under this hypothesis, there exists an orthonormal
basis (€9, €$,e3) of the Lie algebra G and constants pi, 12, 13 € R such that the
Levi-Civita connection of G is given by

L(X)(e7) :== Vxe] = Xzuzed — Xopaes,
L(X)(e3) := Vxeg = —Xuze] + Xipes,
I(X)(e5) == Vxe§ = Xappoe] — Xi1p1e€5
(see e.g. [13, Section 2.6]), i.e.

1 o o o o o (o]
NX) = 5(ei-T(X)(e7) +e3- T(X)(e3) + €5 - [(X)(e3))
(84) = Xipmed- e+ Xopoes - ef + Xspuse] - €3

for all X € G. Following [13] we introduce the H-potential of the group G

2 A
(85) R(g)=H (1+1g]*)" - 5 (ml = 91?4 p2ll + g°* + 4pslgl )
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for all ¢ € C. The importance of this quantity appears in the following lemma,
which will permit to express the right-hand side of the Dirac equation (32):

Lemma 5.5. Let us consider a positively oriented and orthonormal basis e1,es, v
of G and set, for v = vief + vae§ + v3es,

(86) T(v) = pvrel + pavaes + usvses,
A= Les, T(v)) and B = —3(e1, T(v)). Then, if
vt %
R U3

is the stereographic projection of v € S? with respect to the south pole —e$ of S2,
we have

Hy+ 5 (e1-Tlen) +e2-Te2)) = sy (Re Rlo) —9m Rlg) €1 -€0) v

+A61 + Beg.
Proof. For i € {1,2,3}, let us denote by

pef) := (e7,er)er + (e, ea)es

the orthogonal projection of the vector e onto the plane generated by e; and es.
By (84) we have

er-T(er)+ex-T(ea) = py ple])-ed-ef+ ua p(es) - es - e + pug ples) - el - es.
The proof is then a direct and long computation using that p(e9) = e — (e?,v)v
together with the formulas

(87) Vlzw, V2:M7 V3 = 1—|g|2.
1+ gl 1+ |g[? 1+ |g]?
O
We consider the Clifford map
(88) g — H@)

which identifies G to the imaginary quaternions so that
(89)

o (F 0N _ . =g 0N o, (i 0 .
1|9 £ ~j, ey 0 i )= Ji, eg= | o, )=t

It identifies CI(G) to the set of matrices

(90) {(g 2) a,beH}

and Spin(G) to the group of unit quaternions

a 0
{(0 a)’ a € H, |a|—1}_{a€H, la| = 1}.

We choose a conformal parameter z = x + iy of the surface, and denote by p the
real function such that the metric is p?(dxr? + dy?). In a spinorial frame above
the orthonormal frame e; = %8_%, = %83,, the spinor field ¢ is represented by

[¢] = 21 + jz2 where 21, 29 € C are such that |z1]? + |22]? = 1.
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Lemma 5.6. The Dirac equation (32) is equivalent to the system

1 — _ .k Rlg __  p N
(91) \/ﬁaé(\/ﬁ Z1) = is (ESPBE |g|2)222 +5 (A+iB)z;
! U () N
(92) \/ﬁaz(\/ﬁ z9) = 22 i |g|2)221 + 5 (A+1iB)zs.
Moreover, the G—valued 1-form & in Theorem 1 is
(93) §X) = i{2z Sm(z1:m) — 2zy Re(172) + 23 (|| — |22%) }

+j {212 + 23) — iwa(2F — 23) — 2ixwgz120}

forall X =x1e1 +a0e0+ax3v € TM & F.
Proof. We use here the identification ¥ € I'(XM) — ¢* € I'(X) satisfying the
properties (64): according to Lemma 5.5, the spinor field ¢ € I'(XM) such that
1* = ¢ is solution of

1

— - ces) - .
(94) Dy = AT 197)° (Re R(g) —Sm R(g) e1 - e2) - + (Aey + Bea) - 1.
We identify Cly to H using the Clifford map

(95) R? — H

(x1,22) = j(x1 —iz2)

so that, in the fixed spinorial frame above e¢; = %896, ey = %ay,

lex] =7, lea] = —ji, [e1 - e2] = 1.
Using moreover that
7 7
[v81¢] =0y [lb] 2 ﬂay/L [@/’] [vc?yw] = ay[w] + ﬂaw,“ [w]
(by (15), and the computation of the Christoffel symbols), the left-hand side of (94)

1S .
2

D0] = £i{oulv] ~ -0, 01} - Lii {0,161+ -0 101}

whereas the right-hand side is

GRS
<(1+|g|2)2+3(14 B))[w].

We finally need to precise the identification ¢ +— " : in spinorial frames above e, e,
and eq, es, v, since the second property in (64) is required and using the Clifford
maps (88) and (95), it is not difficult to see that the map ¢ — 1¥* corresponds to
the map

. u—+ jiv 0
u+]v»—>( OJ u+jiv>;
1 is thus represented by the quaternion [1)] = z1 — jiza. Direct computations then
give the system (91)-(92).
Expression (93) also follows from a direct computation: we have, in Cls,
£(X) T[] [X][]
(71 — j72)(izs + j(w1 — ix2)) (21 + j22),

which easily gives the result. O

12
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We set
(96) g=iZ,  f=-2ul.
The function g is the left invariant Gauss map of the surface, stereografically pro-
jected with respect to the south pole of S?, since
v=1(|z1]> — |22|?) — 2jiz122
is a unit vector normal to the immersion (27 = z2 = 0 and x3 = 1 in (93)) and

V1 i 21 Z1 Z3 2171 Z3 22

= = = 1—.
143 1+|21|2 — |22|2 2|21|2 21

Direct computations then show that equations (91)-(92) are equivalent to

_ 499
and
ozf 2 h .
(98) 7= TIEF@gg+uMﬂwB%

and that (93) reads
(99) €= Re (G ~ Vi /(@ + 1, fas)

in (e9,€3,€e3) (recall (89)). This last formula is the Weierstrass-type representation
given in [13, Theorem 3.15]. Using that

(2w a(s(2)0)

(Lemma 5.5) together with (99) and (86) we get that
) i = )
(100) A+iB= _Ef (11 (g — 1) —ipava(g® + 1) + 2u3v39) -

Differentiating (97) with respect to Z and using (98) together with (100) and (87)
we see by a further computation that g satisfies

R R; R
101 z = —2g.05 =29 g%
(101) g Rgg+(R = | l9:]
which is the structure equation for the left invariant Gauss map in [13, Theorem

3.15].

APPENDIX A. SKEW-SYMMETRIC OPERATORS AND BIVECTORS

We consider R endowed with its canonical scalar product. A skew-symmetric
operator v : R® — R” naturally identifies to a bivector u € A?R", which may in
turn be regarded as belonging to the Clifford algebra C1,,(R). We precise here the
relations between the Clifford product in C1,,(R) and the composition of endomor-
phisms. If a and b belong to the Clifford algebra C1,,(R), we set

[a,b]:%(a-b—b-a),

where the dot - is the Clifford product. We denote by (eq,...,e,) the canonical
basis of R™.
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Lemma A.1. Let u: R"™ — R" be a skew-symmetric operator. Then the bivector
1 n
(102) u=; > ejule;) € AR C Cly(R)
j=1

represents w, and, for all £ € R™,
[u, €] = u(&).
In the paper, and for sake of simplicity, we will use the same letter u to denote u.
Proof. For i < j, we consider the linear map
u eirrej,  ej— —e, e 0 if k#4,7;
it is skew-symmetric and corresponds to the bivector e; A e; € A2R™; it is thus
naturally represented by u = e; - e; = 3 (e; - €; — €; - €;), which is (102). We then
compute, for k=1,...,n,
[u, ex] = 5(6i-ej-ek—ek-ei-ej)
and easily get
w,ep] =e; if k=i, —e if k=j, 0 if k#i,j
The result follows by linearity. O

Lemma A.2. Letu:R"™ — R” and v : R® — R™ be two skew-symmetric operators,
represented in Cl,(R) by

1< BN
u:ijz:;ej-u(ej) and Uzijz:;ej'”(ej)

respectively. Then [u,v] € A’R™ C C1,,(R) represents uov — v o u.
Proof. For £ € R™, the Jacobi equation yields
[[uv U], 5] = [u, [Uv f]] - [Uv [uv f]]

Thus, using Lemma A.1 repeatedly, [u,v] represents the map
£ — [['LLJJ],{] = [u, [va]] - ['U, [u,g]]

[uv U(ﬁ)] - ['U, u({)]
(wo v —vou)(),

and the result follows. O

We now assume that R® = RP @ R?, p+ g = n.

Lemma A.3. Let us consider a linear map u : RP — RY and its adjoint u* : R? —
RP. Then the bivector

P
u= Zej ~u(ej) € A’R"™ C Cl,(R)
j=1

represents

(0 —u >: R;DEBRZI_”RPEBRZI’
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we have

(103) u= % (Z ej - u(e;) + Z ej - (—U*(e‘j)))

and, for all € =&, + &, € R”,

[u, &] = u(&p) — u™(&y)-

As above, we will simply denote u by u.

33

Proof. In view of Lemma A.1, u represents the linear map £ — [u, £]. We compute,

for £ € RP,

w,&] = %(Zej'U(ej)'§—§'zej'u(€j))

j=1 j=1

= D (e e uley)
j=1
= Z<§76J> u(e;)
j=1
= ul),

and, for £ € RY,

w,&] = %(Zej'u(ej)'ﬁ—i'zej'u(ej))

Finally,
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with
p p+q p

do—uleg) ey = = Y (uley) ) eie;

Jj=1 i=p+1 j=1

S e |-

1=p+1 J

(e, u(eq)) e

p+q D
—

r+q
= Y e (—ut(e)),
i=p+1
which gives (103). O
Lemma A.4. Let us consider two linear maps u : RP — R? and v : R™ — R"™, with
v skew-symmetric, and the associated bivectors

P n
1
u= E ej - u(ej), v=3 E ej - v(e;).
=1 =1

Then [u,v] € A*R™ represents the map

§=8& +& — —u(v(§)g) + v(u™(&)) + u(v(§)p) — v(ul&p)),
where the sub-indices p and q mean that we take the components of the vectors in
R?P and R respectively. In view of Lemma A.1, this may also be written in the form

[[u, 0], €] = =" (v(§)q) + v(u™(&g)) + u(v(§)p) — v(u(&p))
for all £ € R™.

Proof. From Lemmas A.2 and A.3, the bivector [u,v] € A°R" represents

0 —u*
u 0

that is the map

o

which gives the result. U
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