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SPINORIAL REPRESENTATION OF SUBMANIFOLDS
IN RIEMANNIAN SPACE FORMS

PIERRE BAYARD, MARIE-AMELIE LAWN AND JULIEN ROTH

We give a spinorial representation of submanifolds of any dimension and
codimension into Riemannian space forms in terms of the existence of gen-
eralized Killing spinors. We discuss several applications, among them a new
and concise proof of the fundamental theorem of submanifold theory. We
also recover results of T. Friedrich, B. Morel and the authors in dimensions
2 and 3.

1. Introduction

One of the fundamental problems in submanifold theory deals with the existence
of isometric immersions from a Riemannian manifold M" into another fixed Rie-
mannian manifold N"*7. If the ambient manifold is the space form R"*7, S"*7 or
H"*P, the fundamental theorem of submanifold theory states that the Gauss, Ricci
and Codazzi equations, also called structure equations, are necessary and sufficient
conditions.

In the case of surfaces, another approach is given by the study of Weierstrass rep-
resentations. Historically, these representations are describing a conformal minimal
immersion of a Riemann surface M into the three-dimensional Euclidean space R°.
Precisely, given a pair (h, g) consisting of a holomorphic and a meromorphic
function, the formula

flx,y)= fﬁe/((l — 2 @)h(). (14 g°(2)h(2), 28(2)h(2)) dz.

with z = x 4+ iy some complex coordinate, gives a local parametrization of a
minimal surface in Euclidean three-space. Conversely every minimal surface can be
parametrized in this way with respect to isothermal coordinates. However, relaxing
the condition of holomorphicity on the pair (%, g), this representation is much more
general and can actually describe all surfaces in R? as shown in [Kenmotsu 1979].

This approach was reformulated in a more concise and simpler way in terms of
spinor fields by B.G. Konopelchenko [1996], Konopelchenko and I.A. Taimanov
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[1996], Taimanov [1997a] and R. Kusner and N. Schmitt [1996]. These so-called
spinorial Weierstrass representations were studied extensively by these authors and
many others, in dimension 3 and 4 (see [Taimanov 1997b; Konopelchenko 2000;
Konopelchenko and Landolfi 1999; 2000] and the references there).

However these formulae were given in local coordinates and remained purely
computational until Friedrich [1998] gave an elegant and geometrically invariant
description using spinor bundles. We point out that the equivalence between the two
approaches was recently showed in [Romon and Roth 2013]. The main idea is to
use the identification between the ambient spinor bundle restricted to the surface and
the spinor bundle of the surface. Note that the condition to be a spin manifold is not
restrictive here since any oriented surface is also spin. More generally, the restriction
¢ of a parallel spinor field on R"*! to an oriented Riemannian hypersurface M" is
a solution of a generalized Killing equation

ViMoo = A(X) - g,

where VZM and - are respectively the spin connection and the Clifford multiplication
on M, and A is the shape operator of the immersion. Conversely, Friedrich showed
that in the case where M is a simply connected surface, if there exists a particular
spinor field ¢ satisfying the generalized Killing equation, where A is an arbitrary
field of symmetric endomorphisms of the tangent bundle, then there exists an
isometric immersion of M into R? with shape operator A. Moreover, ¢ is the
restriction to M of a parallel spinor of R. The proof consists of showing that A
indeed satisfies the structure equations. This result was generalized to surfaces into
other three-dimensional ambient spaces [Morel 2005; Nakad and Roth 2012; Roth
2010; Taimanov 2004], to three-dimensional manifolds into four-dimensional space
forms [Lawn and Roth 2010; Nakad and Roth 2012] and also to the two-dimensional
pseudo-Riemannian setting [Lawn and Roth 2011]. However the question whether
a generalized Killing spinor on a manifold of arbitrary dimension gives rise to an
isometric immersion into some Euclidean space remained until now unanswered.
Some of the few achievements in this direction were obtained in [Ammann et al.
2013] for real analytic manifolds and in [Bér et al. 2005; Nakad 2011] when A is a
Codazzi tensor, showing the existence of an immersion into a Ricci flat manifold
admitting a parallel spinor which restricts to ¢.

Similarly, in higher codimension, very little is known. In [Bayard et al. 2013], we
extended the approach to the case of surfaces in four-dimensional space forms. The
key point was to use the remark due to Bar [1998] that an ambient spinor restricted to
an immersed submanifold M can be identified with a section of the spinor bundle of
the submanifold twisted with the spin bundle of the normal bundle. This was then ex-
tended to the pseudo-Riemannian setting in [Bayard 2013; Bayard and Patty 2015].
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Following the same idea, we use in this paper a particular twisted spin bundle over
a spin manifold of arbitrary dimension to give a geometrically invariant spinorial
representation of submanifolds of Euclidean spaces in any codimension. Note
that our proof does not use the structure equations but merely the existence of a
special generalized Killing spinor on the manifold. Precise definitions are given
in the first sections of the paper. We later show that one indeed recovers the
previously mentioned result of Friedrich [1998] in the case of surfaces in R, as
well as the one of Lawn and Roth [2010] for three-dimensional hypersurfaces and
of Bayard, Lawn and Roth [Bayard et al. 2013] for surfaces in R* (Section 7). It is
worth pointing out that the study of generalized Killing spinors has revealed very
interesting applications. Moroianu and Semmelmann [2014] were for instance able
to construct new examples of Lagrangian submanifolds of the nearly Kihler S3 x S*
using the existence of such spinors on the sphere S3. Moreover it is well known that
there is a close relationship to G-structures: for instance a generalized Killing spinor
defines a cocalibrated G,-structure on the manifold in dimension 7 and a half-flat
SU(3)-structure in dimension 6 (see for example [Chiossi and Salamon 2002]).
However the existence of such spinors is a nontrivial problem: our construction is
therefore of particular interest.

Besides the above mentioned, we discuss several other applications. A notable
achievement is a new and concise proof of the fundamental theorem of submanifold
theory. In the special case of surfaces, we show that our approach is equivalent to
the spinorial Weierstrass representations, i.e., we obtain explicit formulae in terms
of functions involving the components of the spinor field which are holomorphic if
the surface is minimal. Our result can thus be seen as a generalization of most of the
concrete Weierstrass representation formulae existing in the literature: it provides
a general framework to understand formulae appearing in a variety of contexts.
Moreover, since the basic ideas and constructions behind our representation are fairly
simple, we hope that our result will be useful to obtain new concrete Weierstrass
representation formulae, once some geometric context is specified: this is especially
interesting for surfaces, in low-dimensional pseudo-Riemannian space forms, under
some curvature assumptions.

Finally, in the last section, we extend our result to submanifolds immersed into
the other space forms S" and H”, and recover the results of Morel [2005] and
Taimanov [2004] if n = 3.

2. Preliminaries

The spin representation. Let us denote by Cl,, the real Clifford algebra on R" with
its standard scalar product. We consider the representation

p:Cl, = End(Cl,), at> (€ > a&)
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and its restriction to the group Spin(n)
Pispin(n) : Spin(n) = GL(Cl,), a — (§ > af).

Note that this is not the adjoint representation of the spin group on the Clifford
algebra, but rather the representation given by left multiplication.

Moreover we want to point out that we are not taking as usual the restriction
of an irreducible representation of the Clifford algebra to the spin group, but that
we consider instead the restriction of the entire real Clifford algebra. This real
representation splits into a sum of 2% copies of spinor spaces of dimension 2",
where the number k depends on the dimension » and can be computed using the
Radon—-Hurwitz numbers (we refer to [Lounesto 2001] for further details).

If p+ g = n, we have a natural map

Spin(p) x Spin(g) — Spin(n)

associated to the splitting R” = R” @& R? and to the corresponding isomorphism of
Clifford algebras
Cl, =Cl, ®Cl,,

where ® denotes the Z,-graded tensor product. We get thus the following represen-
tation, still denoted by p,

(1) o : Spin(p) x Spin(g) — GL(Cl,), ar> (£ +— a&).

The twisted spinor bundle X. We consider M a p-dimensional Riemannian mani-
fold, E — M a bundle of rank g, with a fiber metric and a compatible connection.
We assume that £ and TM are oriented and spin, with given spin structures

On=L 0y and Q2L 0p

where Q) and Qp are the bundles of positively oriented orthonormal frames of
TM and E, and we set

Q = QM XM QE;
this is a Spin(p) x Spin(g)-principal bundle. We define the associated bundle
Y= Q X 5 Cl,
and its restriction
) UX := Q x, Spin(n) C ¥

where p is the representation (1) given by left multiplication. We remark that if we
used the adjoint representation instead, we would just get the Clifford algebra bundle.
Again we point out that our spinor bundle ¥ is a real vector bundle with fiber the
entire Clifford algebra and not, as usual, an irreducible complex Clifford module.
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The vector bundle ¥ is equipped with the covariant derivative V naturally
associated to the spinorial connections on Qs and QF.

Remark. The bundle X is a spinor bundle on 7M twisted by a spinor bundle on
E: indeed, let us consider the representations

p1 :Spin(p) — GL(Cl,) and p : Spin(g) — GL(Cl,)

given by left multiplication, and the associated bundles

Y1:=0m %, Cl, and %;:=Qf x,,Cl
equipped with their natural connections V! and V?; then
L®%~Y and V!®ids, ®ids, V> ~ V.
This is a consequence of the fact that the natural isomorphism
i:Cl,®Cl, = Cl,, &Q®&&&

is an equivalence of representations of Spin(p) x Spin(g), i.e., for g; € Spin(p)
and g, € Spin(g),

iop1(g1) ® p2(g2) = p(g1,&2) oi;
indeed, if §; € Cl, and &, € Cl,,
i(p1(81) ®p2(82)(61 ®&)) =i(g151 ® g252) = g16182%2
= 21825162 = p(81,82) (I (51 ® &2)),

where the products in the third and fourth terms are products in Cl,, (note that &
and g commute since & belongs to Cl, and g5 is a product of an even number of
vectors belonging to R?).

As in the usual construction in spin geometry, the spin bundle X is endowed with
a natural action of the Clifford bundle C1(TM & E): indeed, the Clifford product

CI(R[’@RQ) XCln _)Cln» (naé)'_) 775

is Spin(p) x Spin(g) equivariant, if the action of Spin(p) x Spin(g) on CI(R? G R?)
is the adjoint action, and the action on Cl,, is the left multiplication: we obviously
have, for (g, g2) € Spin(p) x Spin(g) and g = g1g» € Spin(n),

(g&g™ ) -(gn)=g-(En) for £,neCl,.
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A Cl,-valued bilinear map on X. Let us denote by t : Cl, — Cl,, the antiautomor-
phism of Cl,, such that
(X1 X0 - xXp) =xg---xp-x1 forall x(,xp,...,x €R",
where ‘-’ denotes as usual the Clifford multiplication, and set
3) ((+,-):Cly xCl, > Cl,,  (£,8) > t(§)E.
This map is Spin(n)-invariant: for all £, &’ € Cl,, and g € Spin(n) we have
(g€, 88")) = (888t = (6T (8)86 = T(§))E = ((£.£")),
since Spin(n) C {g € c12 : 7(g)g = 1}; this map thus induces a Cl,-valued map
“) (-, N:ZXE—=>Cl, (p,¢) = (], [¢'])

where [¢] and [¢'] € Cl,, represent ¢ and ¢’ in some spinorial frame § € Q

Lemma 2.1. The map ({-,-)): ¥ x X — Cl, satisfies the following properties: for
all o, v e"'(X)and X e I'(TM),

(5) (o, ¥)) =¥, )
and
(6) (X -0, 9) = {p, X-¥)).

Proof. We have
o, ¥)) = t[¥]le] = t(zlpll¥]) = T (¥, )

and

(X -, ¥)) =t[Y][X]le]l = (XY DIl = (@, X - ¥)).
where [¢], [¥] and [X] € Cl,, represent ¢, ¥ and X in some given frame § € 0.0

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

ax ({0, ¢")) = ((Vxe, @) + ({9, Vx¢'))
forall p, ¢ € T(X) and X e T'(TM).
Proof. If ¢ =[5, [¢]] is a section of ¥ = Q %, Cl,, we have

Vxo =[5, dxlo] + p« " (X)) ([¢D] forall X € TM,

where p is the representation (1) and « is the connection form on Q; the term
P« (8*a (X)) is an endomorphism of Cl,, given by the multiplication on the left by an
element belonging to AZR" C Cl,,, still denoted by p,(5*«(X)). Such an element
satisfies

T(p (5" (X)) = —ps (S*a (X)),
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and we have

(Vxe, @) + ({9, Vx¢")) = t{lo'T}@x [@] + p= T a (X)) [¢])
+ 7{3x[¢'] + p« F*a (X))@'} e]
=t{[¢'I}ax[e] + {ox[¢']}[¢]
= Ix((p,9"). O

3. The spin geometry of a submanifold in R"

We keep the notation of the previous section, assuming moreover here that M
is a submanifold of R” and that £ — M is its normal bundle. Let as before
Q M EIN QO be a spin structure of M. Our goal is to construct Q such that we
obtain an identification

Y=0x,Cl,~MxCl,.

Although this type of result is used in several places in the literature, we could not
find a complete statement or proof. Therefore we will give a detailed proof, which
we believe may be useful in its own right.

Let (eq,...,ep) resp. (ep41, ..., €ptq) be orthonormal frames of TM resp. E
and Qgr» the bundle of positively oriented orthonormal frames of R”. We can
consider the map

t:Om xXm QF — O
(Cer, ... ep),(epy1s-neprg)) > (e1, €2, ..., €p4q)
given by the concatenation of frames.
The map
Oum xu Qr — Qu xu Ok

is obviously a two-to-one covering of Qy Xy OF.
Let now Qpn E1N Orn be the (unique) spin structure of R”. Then the bundle

0 :=(Oum xum OF) X g Ore

is a Spin(p) x Spin(g)- pr1nc1pa1 bundle over M and a four-to-one covering of

Om Xum QE Observe that Q QM X M QE, where QE = Q/ Spin(p) (and the
projection 0 / Spin(g) — Ou is a map of principal Spin(p)-bundles, hence an
isomorphism). Moreover, Qpisa spin structure on E, canonically associated to
the spin structures on M and R".

Claim. Consider the bundle

0 x. Spin(p +¢) := (Q x Spin(p +¢))/(Spin(p) x Spin(q)),
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where
¢ : Spin(p) x Spin(g) — Spin(p + q)

is the map corresponding to the isomorphism of Clifford algebras C1,, ® Cl, =Cl,yy.
Then there is a canonical isomorphism of Spin(n)-principal bundles,

0 x¢Spin(p +¢) = Ops |y-
Proof. Consider the projection 7 : Q — Qs to the last factor. Then the map
Q% Spin(p +4q) > Qre. (§.5) > s7(q)

satisfies n(soq §So ) =7(q, s) for any sy € Spin(p) x Spin(g), so 7 descends to
a map 0 %, Spin(p 4+ q) — Owre. The source is clearly a Spin(p + g)-principal
bundle on M, as is the target, and the map is Spin(p +¢g)-equivariant and the identity
over M. Hence it is an isomorphism of principal bundles. U

Corollary 1. If now p : Spin(p) x Spin(g) — GL(Cl,) is the map given by p o c,
where p : Spin(n) — GL(Cl,) is the representation induced by left multiplication,
we get

0 x,Cl, = Qpily x5 Cl, =M x Cl,.

Proof. The first isomorphism is immediate from the claim, and the second follows
since Qe is trivial. O

Two connections are thus defined on X, the connection V introduced in the
previous section and the trivial connection 9; they satisfy the following Gauss
formula:

1 p
(7) 8X¢=VX¢+§ZeJ-.B(X, ¢)- ¢
j=1
forall ¢ e I'(¥) and all X € I'(TM), where B : TM x TM — E is the second
fundamental form of M into R". We refer to [Bér 1998] for the proof (in a slightly
different context).

4. Spinorial representation of submanifolds in R”

We state the main result of the paper. Let M be a p-dimensional Riemannian
manifold and £ — M a bundle of rank ¢, with a fiber metric and a compatible
connection; we assume that £ and TM are oriented and spin, with given spin
structures. We keep the notation of Section 2.

Theorem 2. We moreover assume that M is simply connected, and suppose that
B :TM x TM — E is bilinear and symmetric. The following statements are
equivalent:
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(1) There exists a section ¢ € I'(UX) such that

1 P
(8) vx<p:—§zej-3(x, ej)-¢ forall X € TM.
j=1

(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

9) E(X):=((X-9,¢)) forall X e TM.

The representation formula (9) generalizes the classical Weierstrass representation
formula and most of the spinor representation formulae in the literature. Special
cases will be studied in Sections 7 and 8.

Remark. Formula (9) also presents the advantage of unifying previously known
formulae, and therefore explaining apparent discrepancies in these results. In par-
ticular, it is known that the number of spinor fields needed to represent immersions,
and also the normalization of these spinor fields, vary depending on the geometric
context; for instance, a single spinor field is needed to represent surfaces in R? but
two spinor fields are necessary to represent general hypersurfaces in dimension 4
[Lawn and Roth 2010], and the required normalization to represent surfaces in R!2
R'-3 or R%? differ to that in R or R* [Bayard 2013; Bayard et al. 2013; Bayard and
Patty 2015; Friedrich 1998; Lawn 2008]. This is now easily explained by the fact
that the usual spinor representation has in general to be replaced by a representation
on the Clifford algebra (which is a sum of usual real spinorial representations), and
that the convenient normalization is in fact determined by the bundle U X (whose
fiber is the spin group).

Remark. Taking the trace of (8) we get
Dy =3pH- g,

where Do = Zle ej - Ve, and H= 1/p) Z;’:l B(ej, e;) is the mean curvature
vector of M in R”". This Dirac equation is known to be equivalent to (8) only for
p =2 or 3 (see, e.g., [Friedrich 1998; Lawn and Roth 2010; 2011; Bayard et al.
2013).

Proof. (2) = (1) is a direct consequence of the Gauss formula (7) for a submanifold
of R": the restriction of parallel spinor fields of the ambient space R" to the
submanifold M are obviously solutions of equation (8) (recall that in the paper the
spinors are constructed with the whole Clifford algebra). The immersion takes the
form F = f & where £ is given by (9) for the special choice ¢ = 1¢, M since, in
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that case, for all X € TM,
§(X) = tlel[XIlg] = [X] = X,

where [¢] = £1¢), and [X] € R" represent ¢ and X in one of the two spinorial
frames of R" above the canonical basis.

(1) = (2): We will prove that the 1-form £ defined in (9) indeed gives us an
immersion preserving the metric, the second fundamental form and the normal
connection. This follows directly from Propositions 4.1 and 4.2 below. ([

Proposition 4.1. Assume that ¢ € I'(UX) is a solution of (8) and define & by (9).
Then

(1) & takes its values in R"* C Cl,;
(2) & isaclosed 1-form: d§ = 0.

Proof. (1) By the very definition of £, we have
£(X) =1[pl[X]1l¢] forall X € TM,

where [X] and [¢] represent X and ¢ in a given frame § of Q Since [X] belongs
to R" C Cl, and [¢] is an element of Spin(n), £(X) belongs to R".
(2) We compute, for X, Y € I'(TM) such that VX = VY = 0 at some point x,

Ix§(Y) = ((Y - Vxo, ¢)) + (Y - ¢, Vx¢))
= (d+7){(Y - ¢, Vx0))

1 p

j=1
Hence
dE(X,Y) = dxE(Y) — dyE(X) = (id+1){{p, C - )
with
12
Com =AY gy B, )Xoty BV,

j=1

Now, for X =3, _, xxex and Y =3 ), yiex,

p p
Y X-ej-B(Y,e))=—B(Y.X)+> > xier-ej-B(Y.¢))
j=1 j=1k#j
and

p p
Y Y e B(X.e)=-B(X.Y)+Y Y yer-e-B(X. ¢,

j=1 J=1 k]
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which yields the formula
12
C=—3 D> ew-ei- (uB(X, ¢j) — xkB(Y. ).

j=1 k#j
This shows that 7[C] = —[C], which implies that
{{p, C-@)) = t(tlelt[Cllg]) = —tlelr[Clle] = —{{¢, C - ¢)).

Thus
d&(X,Y) = (id+1){{p,C-@)) =0. O

We keep the notation of Proposition 4.1, and moreover assume that M is simply
connected; since & is closed by Proposition 4.1 we can consider

F:M—R"
such that dF = &. The next proposition follows from the properties of the Clifford
product:
Proposition 4.2. (1) The map F : M — R" is an isometry.
(2) The map
Pp:E—->MxR", XeE,— (Fm),&§(X))

is an isometry between E and the normal bundle of F (M) into R", preserving
connections and second fundamental forms. Here, for X € E, £(X) still stands

for the quantity ({(X - ¢, ¢)).
Proof. For X, Y e I'(TM & E), we have

(EX), EY)) = =5 EXEY) +EX)EX))
= —1(tlplX1lplr[ellY ] + t[][Y llpltlel[X1le])
= —17lel(IXIY1+ [Y1[X D]
=(X.Y),

since [X][Y]+ [Y]1[X] = —2([X], [Y]) = —2(X, Y). This implies that F is an
isometry, and that ® g is a bundle map between E and the normal bundle of F (M)
into R" which preserves the metrics of the fibers. Let us denote by Br and V'7 the
second fundamental form and the normal connection of the immersion F'; we want
to show that

(10) E(B(X,Y))=Bp(E(X),£(Y)) and &E(VyN) = V(&)

for X,Y e '(TM) and N € I'(E). First,
Br(§(X), £(Y)) = {ax& (M)},



62 PIERRE BAYARD, MARIE-AMELIE LAWN AND JULIEN ROTH

where the superscript N means that we consider the component of the vector which
is normal to the immersion. We showed in the proof of Proposition 4.1 that fixing a
point xo € M, and assuming that VY = 0 at xo we have

1. b
IxE(Y) =~ (id +1) w,Y-X;ej-B(X,ej)-w :
J:
and that moreover

P
Y- Z ej-B(X,ej))=—B(X,Y)+D,
j=1

where D is a term which satisfies TD = —D. This implies that
Br(§(X), £(Y)) = {5(d+7) (¢, B(X, V) on}" =&(BX. 1)),

where the last equality holds since t[B(X, Y)] = [B(X, Y)] and £(B(X,Y)) is
normal to the immersion. We finally show the second identity in (10): we have

Vil E(N) = @xEIN)Y = (VN -0, o)™ + (N - Vxg, o))V + (N -0, Vxo))".
The first term in the right-hand side is £(V} N), and we only need to show that
(11) (N - Vxg, o) + ((N -9, Vxp)V =0.

We have

({N-Vxp,9))+ (N -¢, Vxp)) = (d+1){(N - Vxo, ¢))
1 p
= E(id+f)<<2 ej-N-B(X,ej)- o, §0>>,
j=1

and the identity (11) will thus be proved if we show that this vector is tangent to
the immersion. We have

p 14 p
D ej N -B(X.e))=—) ej-B(X.¢;)-N—2) (B(X.¢). Ne;
j=1 j=1 j=1
14

=—Y B(X.¢)):N-¢; —2B*(X, N)
j=1

=—T

N

14
> ej N B(X, e,-)) —2B*(X, N),
j=1
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where we have set B*(X, N) = le(B(X, ej), N)ej; thus

1 p
j=1

which is a vector tangent to the immersion since B*(X, N) belongs to TM; (11)
follows, which finishes the proof. U

Remark. The group Spin(n) naturally acts on U X by multiplication on the right,
and if ¢ € I'(U X) is a solution of (8) and gg belongs to Spin(n), then ¢ - go is also
a solution of (8); in fact, ¢ - go defines an immersion which is congruent to the
immersion defined by ¢: indeed, for all X € I'(TM),

€p-00(X) = Tl - gol[ X1l - g0l = T(go) @] X1l@]lg0 = T(g0)&x (X) g0,
ie.,
gq).go = Ad(gofl) o Sgo;
the linear part of the rigid motion between the immersions defined by ¢ and ¢ - go
is thus Ad(go™") € SO(n).

5. An application: the fundamental theorem of submanifold theory

We first recall the equations of Gauss, Ricci and Codazzi for the symmetric bilinear
form B. Let RT and R stand respectively for the curvature tensors of the connec-
tions on TM and on E. Further, let B*: TM x E — TM be the bilinear map such
that forall X, Y e I'(TM) and N € I'(E)

(B(X,Y),N)= (Y, B"(X, N)).
Then we have, for all X, Y, Z e I'(TM) and N € I'(E),
(1) the Gauss equation
RT(X,Y)Z = B*(X, B(Y, Z)) — B*(Y, B(X, 7)),
(2) the Ricci equation
RN (X,Y)N = B(X, B*(Y, N)) — B(Y, B¥(X, N)),
(3) the Codazzi equation
VxB(Y, Z) = VyB(X, Z):
in the last equation, V denotes the natural connection on T*M ® T*M Q E.

Proposition 5.1. The equations of Gauss, Ricci and Codazzi on B are the integra-
bility conditions of (8).
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Proof. We assume that ¢ € I'(U X) is a solution of (8) and compute the curvature
R(X,Y)p = VxVyp — VyVxp — Vix y1¢.

We fix a point xo € M, and assume that VX = VY = 0 at xo. We have

1 & -
VxVrg=—23 ¢ (VxB(Y.¢)) ¢+ B(Y, ¢)) - Vx¢)
j=1

1 - 1 <
=3 D e VxB(Y.¢e)) ¢ — i > ejex- B(Y.¢) B(X, ex).
j=1 jk=1
Thus
1< - -
(12) R(X.V)g==33 e (VB(Y.¢)) = VyB(X.¢)) ¢
j=1
1
+ 7€ e (BIX,¢)) B(Y,e0) = B(Y, ¢)) - BX, e1)) -
Jj#k
1 p
— 1D (B(X.¢)) B(Y.¢)) = B(Y.¢)) B(X, ¢))) - g.
j=1
We compute the last two terms in the following lemma:

Lemma 5.2. Let us set

A=l B(X,e;) B(Y B(Y,e;)- B(X
'—ZZeJ--em (X, ej)-B(Y,ex) — B(Y, ¢j) - B(X, ex))

i#k
and
1 p
Bi=—; Y (B(X.ej)- B(Y.¢j) — B(Y.¢))- B(X. ¢))).
j=1
We have
1 * *
A=§Z{(B (X, B(Y, ¢))), ex) — (B (Y, B(X, ¢j)), ex)}e; - ex
j<k
and

B—l B(X, B*(Y B(Y,B*(X
—5%} (X, B*(Y, n)) = B(Y, B*(X, ng)), niyn - .

Here, ey,...,e, and ny,...,n4 are orthonormal basis of T,,M and E, , respectively.
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Proof. For the computation of A, we notice that

D ejrec B(Y.e) B(X.e)=—Y ej-ex-B(Y.er) B(X.e)).
j#k j#k

and get

1
A= 1 gej e - (B(X,ej)-B(Y,er)+B(Y,er) - B(X,ej))
1
) Y (B(X,¢)), BY,en)e; - e
J#k
1
=-3 > {B(X. ), B(Y. ex)) — (B(Y. ¢), B(X. ex))}e; - e
j<k
1
-2 Z{<B*(Y’ B(X,¢e))), ex) — (B*(X, B(Y, ¢))), ex)}e; - ex.
j<k

For the computation of B, we write

B(Y,e))=Y (B(Y.e)),m)n; and B(X,e))=Y (B(X.e),nm)m
k l

and get
Y B(Y.¢) B(X.e))=Y_ > (B(Y.ep). mi){B(X, ¢j), m)ni-my
j K

=Y (ej, B*(Y, n))ej, BX(X, n))ni - my

kKl
= (B*(Y.n), B (X. n))ni - my
kl

= Z(B(X, B*(Y, ny)), ni)ng - ng;
kl

thus

B(X, B*(Y, ny)) — B(Y, B*(X, ni)), ni)n - ny

=

B =

=

D

kl

> {B(X, B*(Y, i) — B(Y, B*(X, ), i) - . .
k<l
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On the other hand, the curvature of the spinorial connection is given by

1
(13) R(X,Y><a=5( Y (RTX, V), ex)e; - e

1<j<k=p

+ Y (RN Y)Y (), g - n1> 9.
1<k<l<q
We now compare the expressions (12) and (13) using the calculations in Lemma 5.2:
since in a given frame § belonging to Q, ¢ is represented by an element which is
invertible in CI,, (it is in fact represented by an element belonging to Spin(n)), we
may identify the coefficients and get

(RT(X,Y)(ef), ex) = (B*(X, B(Y, ¢))), ex) — (B*(Y, B(X, ¢))), &),

(RN(X, Y) (), mi) = (B(X, B*(Y, np)), ) = (B(Y, B*(X, n)), i)
and
VxB(Y, ej) — VyB(X, e;) =0

for all the indices. These equations are the equations of Gauss, Ricci and Codazzi.
We finally show that the equations of Gauss, Codazzi and Ricci are also sufficient
to get a solution of (8): by the computation above, the connection on ¥ defined by

p
(14) Vi = ng0+%Zej-B(X, ej) -

j=1
forallp e I'(¥) and X € I'(TM) is then a flat connection. Moreover, this connection
may be regarded as a connection on the principal bundle U X (with the group Spin(n)
acting from the right): indeed, V defines such a connection (since it comes from a
connection on Q and by (2)), and the right-hand side term in (14) defines a linear map

P
™ — X%}W(UE), X @ %ZeJ.B(X’ )¢
j=1
from TM to the vector fields X%}‘V(U Y) on UX which are vertical and invariant
under the action of the group (these vector fields are indeed of the form ¢ — 7 - ¢,
neA*(TM @ E) C CI(TM @ E)). Since a flat connection on a principal bundle
admits a local parallel section, there exists a local section ¢ € I'(U X) such that
V'@ = 0, and thus a solution of (8). O

As a consequence of Theorem 2 and Proposition 5.1 we therefore get immediately

Corollary 3 (fundamental theorem of submanifold theory). We keep the hypotheses
and notation of Section 2, and moreover assume that M is simply connected and
that B : TM x TM — E is bilinear, symmetric and satisfies the equations of Gauss,
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Codazzi and Ricci. Then there exists an isometric immersion of M into R" with
normal bundle E and second fundamental form B. The immersion is unique up to a
rigid motion in R".

Proof. As proved in Proposition 5.1, the equations of Gauss, Codazzi and Ricci
are exactly the integrability conditions of (8). By Theorem 2, with a solution
¢ € '(UX) of equation (8) at hand, F = f &, where £ is the 1-form defined in (9),
is the immersion. Finally, a solution of (8) is unique up to the multiplication on
the right by an element of Spin(n) (since this is a parallel section of the Spin(n)
principal bundle U X, see the proof of Proposition 5.1); the multiplication on the
right of ¢ by an element of Spin(n) and the adding of a constant vector in R" in
the last integration give an immersion which is congruent to the immersion defined
by ¢ (see the remark on page 63). O

6. Relation to the Gauss map

We show here that the spinor field representing the immersion is an horizontal lift of
the Gauss map. Let us consider the Grassmannian Gr, , C A”(R") of the oriented
p-dimensional linear spaces in R”. Using the natural isomorphism of vector spaces
between the exterior algebra over R" and Cl,, Gr, , identifies with the set

Q(]:{e]'€2"'€p€C1n,€iERn,|€i|=1,€iJ_ej,i,jzl,---,p,i75]-}-

We recall that for an oriented p-dimensional submanifold F : M — R" the Gauss
map is defined as the map which assigns each point x € M to the oriented tangent
space dF (T, M) considered as a vector subspace of R”". It can hence be seen as the
map into the Grassmannian

G:M— Q,, xt>dF(e))-dF(ey)---dF(ep),

where eq, es, ..., e, is a positively oriented orthonormal basis of T, M.
We assume that the immersion F of M into R" is given by a spinor field ¢, as in
Theorem 2.

Proposition 6.1. The spinor field ¢, which is a section of UX, is a lift of the Gauss

map: the diagram
@
|

M —— M x Q,
G

commutes, where G(x) = (x, G(x)) and the projection UL — M x Q,, is given by

(15) X:oeUZi— (x, {(w-9,9))),
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where w is the volume form in CI(T, M) (the product of the elements of a positively
oriented orthonormal basis of T.M).
It is moreover parallel with respect to the connection

1 p
Vg = Vxp+ X;ej B(X,¢) ¢
j=

onUX.

Proof. We first explain why the map x as defined indeed has target M x Q,.
Consider the map

E: X xyCl(TM) — M xCl,, W, c)r> ({c-¥,¥))=: Ey(c).

Suppose ¥ € UX and ¢ = e; - - - ¢; for k orthonormal vectors ey, ..., e, € T, M.
Then, we can rewrite Ey, (c) = ((c- ¥, ¥)) in any spinorial frame at x as

(16)  zlYller]- - lellv] = ¥ ilelly D(z[¥1lel[¥ D - - - (W ]lex] [V D.

The k vectors on the right-hand side are still orthonormal, so Ey (¢) lies in the
corresponding Grassmannian Gry ,. Consequently x () = Ey () liesin M x Q,,.
We next verify the formula for the Gauss map. Recall that the immersion is given
by F = [ &, where £ is the 1-form defined by §(X) = ((X - ¢, ¢)) for all X € TM.
Thus, dF = §. We fix a positively oriented and orthonormal frame (ey, ..., e),) of
TM, and a spinorial frame s € Q which is above (ey, ..., e,). Then,w=e;---e,.
In any spinorial frame, t[p][v][¢] =& (v) for all v € T, M. Therefore (16) yields that
x (@) =&(e1)é(e2) - - -&(ep) = G(x). This proves the first part of the proposition.
Finally, ¢ is horizontal with respect to V' since it is a solution of (8). (]

7. Special cases: minimal surfaces, hypersurfaces, and surfaces in R*

Minimal surfaces in R". If J denotes the natural complex structure on M, the
1-form

E(X):=E(X)—iE(JX), XeTM,

is C-linear, with values in the complexified Clifford algebra C~1n =Cl, @i Cl,; in
general

F:/meé :/SRe(f(z)dz),

where z is a complex parameter of M and f is a smooth function. Note that £ and
f in fact take their values in C" :=R" ®iR" C Cl,.
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Proposition 7.1. The form & is closed (and thus holomorphic) if and only if H=0.
In that case, we have

F:E}ie/f(z)dz,

where f is a holomorphic function.

Proof. We assume that (e, e3) is a local orthonormal frame on M, positively
oriented, such that Ve; = Ve, = 0 at a point xo. We thus have

dé(e1, €2) = 0, (E(e2) + iE(e1)) — By (E(e1) — i (e2)).
Noticing that, for j, k € {1, 2},
0e; (5 (ex)) = 0¢; (e, @) = ((er Ve; . )+ ({ex-@, Ve, ) ) = (id+7) {(ex- Ve, 0, 9))
we obtain
dE(e1, e2) =i(d+D){(e1 Ve, 9 +e2- Ve, 9)) + (i +T){(e2- Ve, 0 —e1 - Ver 0, ).
The first term on the right-hand side is
iGd+7)((e1 Vo0 + €2+ Veyp. @) = i(id +T)((H - @, 9)) = 2i ((H - 9, 9)).
since, by (8), )
Dy:=e-Vep+er Vep=H:-9p,
and r[I:I] = [f]]. The second term is
(d+1){((e2- Ve, 0 —e1 - Vo,0, @) = —(d +1)({e1 - Vo, 0 + €2+ Vi, 0, €1 - €2 - ¢))
= —(d+D)((H ¢, e1-e2-9))
=0,
using again that D¢ = H - ¢ and since T([Fl][EI][€2]) = —[FI][el][ez]. We thus

obtain the formula
d§(er, e2) =2i((H - ¢, ¢)),

which may be written in the form
(17) d§ = —i*(H -9, p))dz A dZ,

where y is such that the metric is 2 dz dz. This gives the first part of the lemma.
Assuming that H =0, the 1-form £ is closed, and the C"-valued function f such
that £ = f dz is holomorphic; the result follows. ([

The aim now is to obtain explicit formulas in terms of holomorphic functions
involving the components of the spinor field. We first note the following expression
of f in terms of the spinor field ¢:
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Lemma 7.2. We have
f = uirleleflpl —itlgleslel),
where the real function  is such that the metric is
n*(dx*+dy?) in z=x+iy,

[@] represents the spinor field ¢ in a spinorial frame above ((1/1)0y, (1/14)0y),
and ef, e are the first two vectors of the canonical basis of R" C Cl,.

Proof. We have

f=E@0,) = tlelld. ][] — itlelld,1[¢],

and the result follows since [(1/1)d,] = e and [(1/u)0y] = €] in such a spinorial
frame. O

Minimal surfaces in R?. Assuming that n = 3 and H = 0, we easily get by a
computation using Lemma 7.2 that

F = / NRe(f(z) dz)=§Re( / f@ dz),

where f = ($if(14+g%), 1 f(1—g%), fg), with

) 2
f=2uzy, g=—i—;
<1

the complex functions z;, zp are the components of ¢ in a spinorial frame above
((1/) 0y, (1/u)dy), and the functions f and g are holomorphic, since so are /117
and ,/uz; (this is a consequence of the Dirac equation Dg =0, in z = x + iy).
This is the classical Weierstrass representation of minimal surfaces in R>.

Minimal surfaces in R*. In the case of a surface in R% we may also recover the
explicit formulas of Konopelchenko and Landolfi [1999] expressing a general
immersion in terms of 4 complex functions, which are solutions of first order PDEs;
the functions are holomorphic if H =0. We do not include the calculations, since
the general representation in Theorem 2 easily reduces to the spinor representation
given in [Bayard et al. 2013] if p =2 and n = 4 (see page 74), and the equivalence
of this representation with the Konopelchenko-Landolfi representation is proved in
[Romon and Roth 2013].

Remark. For surfaces in R”, n > 5, it is still possible to obtain an explicit represen-
tation in terms of the components of the spinor field which represents the surface,
with holomorphic data if H =0, if the bundle E is assumed to be flat. We do not
know if such a representation is possible without this additional assumption.
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Hypersurfaces in R". We set p =n — 1, and assume that M is a p-dimensional
Riemannian manifold 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. According to Theorem 2, an
isometric immersion of M into R”*! with normal bundle E and second fundamental
form B = hv is equivalent to a section ¢ of I'(U X) solution of the Killing equation
(8). Note that Qr >~ M and the double covering

Or — Qc

is trivial, since M is assumed to be simply connected. Fixing a section §g of Ok
we get an injective map

Ou— Om xu Qe =:0. Su+> Gu.3p).
Using

Cl, ~Cl,, C Clyy
(induced by the Clifford map R?” — Cl, 4|, X + X -e,41), we deduce a bundle
isomorphism
(18) O x,Cl, > 0 x,Cl0,, C, ¢ Y™
It satisfies the following properties: for all X € TM and ¥ € Qp X 0 Clp,
X-my¥)" =X-v-y" and Vx() = (Vxy)"

The section ¢ € I'(U X) solution of (8) thus identifies to a section i of Q M %, Cl,
solution of

1< 1
Vx¥ =— ;h(x, epej m¥ =—5T(X) w ¥
J:
for all X € TM, where T : TM — TM is the symmetric operator associated to .
We deduce the following result:

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

(1) there exists an isometric immersion of M into RP*! with shape operator T
(2) there exists a normalized spinor field Y € NG, X Clp) solution of

(19) Vx¥ =—3T(X) -y ¥ forall X e TM.

Here, a spinor field w eT(Ou X p Cl,) is said to be normalized if it is represented
in some frame s € Oum by an element [v]eCl, ~ cr Pt belonging to Spin(p + 1).

We will see below explicit representation formulas in the cases of dimension 3
and 4.
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Surfaces in R3. Since Cl, ~ X, we have
Omx,Clh~%M,
and ¢ is equivalent to a normalized spinor field ¥ € I'(X M) solution of

Vx¥ = —3T(X) m ¥

for all X € TM; this equation is also equivalent to the equation Dy = H. This is
the result obtained by Friedrich [1998].

We now write the representation formula (9) using a special model for Cls, and
indicate how to recover Friedrich’s representation formula. We first consider the
Clifford map

(x1, X2, x3) € R > (x 0

0 _x) ceH®),

where x = —ix3 + j(x; +ixp), which identifies Clj3 to the set

1(63) wver)

and R? C Clj to the set of the imaginary quaternions; we also consider the ideal
of Cl3

(20) 23={<(y) 8),ye|]—|]}CCl3,

which is a model of the spin representation. Now ¢, section of U X = Q X » Spin(3),
is equivalent to a unit spinor field ¢’ € I'(Q X, X3) (obtained by projection) and a
direct computation yields

(21) (X -0, 0)=i3m(X-¢", ¢")+ j(X-¢', a(p))

for all X € TM, where the brackets (-, - ) stand for the natural hermitian product
on X3 and « : ¥3 — X3 is the natural quaternionic structure. The representation
formula given by the right-hand side term of (21) appears in [Friedrich 1998].
Finally, the identification (18) for the dimension p =2

Oux,Clh— 0x,Cics, ¢isy*

identifies ¢ € I'(U X) to a unit spinor field ¢ € I'(X M), and it may be proved by a
computation that

(X @, @) =i2%Re(X -y " ¥7)+ (X -y a@@D) — (X -y, a@@)),

where the brackets (-, - ) stand here for the natural hermitian product on ¥, and
o : Xy — X is the natural quaternionic structure; this is the explicit formula of the
immersion in terms of ¥ given in [Friedrich 1998].
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Hypersurfaces in R*. Since Cl3 ~ X3 @ X} where X3 and X} are the two (nonequiv-
alent) irreducible representations of Cl3, we get two unit spinor fields ¢ € I'(X M),
Y € I'(Z'M) solutions of (19). Noting finally that there is a natural identification

i: XM —-IM
satisfying
(X-y)=—-X-i(y)
for all X € TM and ¢ € ¥'M, the spinor fields v and i () € I'(X M) satisfy
(22) Vx¥i=—2T(X)-my1 and Vxi(yo) = 3T(X) -mi ().

We thus recover a result of [Lawn and Roth 2010]: the immersion is equivalent to
two spinor fields on the hypersurface which are solutions of (22). We may also
obtain a new explicit representation formula. On one hand, we note that

0 $1x$2>

(23) “X”¢’¢”::<§xa 5

in Clg, where ¢ € '(UX) and X € TM are respectively represented in Clg by

& 0 0 x
(0 5) 4\ o)
with &1, & € H and x € Im H. On the other hand, X3 naturally identifies to H (see

(20)) and the bilinear map

Uix X3~ H, (¢.E)—EE
induces a pairing
<(-,'>)2M12MXEM—>|H]

on M= Qy X 23, If
Y=vY1+v2, V1EIM, ye€T'M

is such that ¢ = ¥* (by (18), with p = 3), the spinor fields ¥; and i (¥) € TM
are respectively represented by &, and &, and we readily get

(24) (X mi(¥2), ¥1))sm = E1xEp.
The identities (23) and (24) identify
(X -0,0) =X -mi(¥2), V1)) sm;

this gives an explicit representation of the immersion into R* in terms of the two
spinor fields v and i (¥») of ¥ M introduced in [Lawn and Roth 2010].



74 PIERRE BAYARD, MARIE-AMELIE LAWN AND JULIEN ROTH

Surfaces in R*. For a surface in R*, Theorem 2 with p =2 and n = 4 reduces to
the result obtained in [Bayard et al. 2013], since the bundle X naturally identifies
to the bundle XM ® X E in that case (see the remark on page 55, observing that
the representation of Spin(2) on Cl; by left multiplication is also the usual complex
spin representation X,). Note that we may similarly recover the main results in
[Bayard 2013; Bayard and Patty 2015] concerning immersions in R*! and R>?, if
we consider in our constructions the Clifford algebras Clz | and Cl, 5 instead of Cly.

For completeness, we also want to mention that in [Romon and Roth 2013], the
authors give the explicit correspondence between the spinors used in [Bayard et al.
2013] for surfaces of R* and a quaternionic representation which is a quaternionic
reformulation of the representation obtained by Konopelchenko [2000] (see [Helein
2001] for this reformulation). The reader can refer to [Kamberov et al. 2002] for a
detailed presentation of quaternionic-type representations of surfaces.

8. Spinorial representation of submanifolds in S” and H"

We extend here Theorem 2 to the other space forms.

Submanifolds of S". Let M be a Riemannian manifold of dimension p, and E be
a bundle on M of rank ¢ = n — p, with a fiber metric and a compatible connection;
we assume that 7M and E are spin, and consider

2 =0 %, Clyy1,

where Q = Q M XM Q g is the Spin(p) x Spin(g) principal bundle given by the
two spin structures and p : Spin(p) x Spin(g) — Aut(Cl, 1) is the representation
obtained by the composition of the maps

(25) Spin(p) x Spin(g) — Spin(n) C Spin(n + 1)
and
(26) Spin(n 4+ 1) — Aut(Cl,41).

The maps in (25) correspond to the decompositions
RP @RI = R" C R" ® Re,yy = R,

and in (26) the action of Spin(n 4 1) on Cl,,4 is the multiplication on the left. We
also define
US = Q x,Spin(n+1) C .

Let us denote by v the element of the Clifford bundle Q x aq Cl,+; such that its
component in an arbitrary frame § € Q is the constant vector e, (note that for all

g € Spin(p) x Spin(g) C Spin(n) C Spin(n + 1), Ad(g)(€ns1) = €us1).
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Theorem 5. Let B : TM x TM — E be a symmetric and bilinear map. The
following two statements are equivalent:

(1) There exists an isometric immersion F of M into S" with normal bundle E
and second fundamental form B.

(2) There exists a spinor field ¢ € I'(UX) satisfying

1 <& 1
(27) ngoz—ij;ej-B(X,ej)-<p+§X~v~g0 forall X € TM.

Moreover we have the representation formula
(28) F=((v-¢.¢)) €S" CR",
where the brackets ({ -, -)) are defined as in (3)—(4).

Proof. We only prove that (2) implies (1), using the explicit formula (28). Setting
F={({v-9,¢)), we have

F=[p]  enrilo]l = Ad([@]™ M (ens),

where [¢] € Spin(n + 1) represents ¢ in some frame § € Q and Ad : Spin(n+1) —
SO(n + 1) is the natural double covering; thus F belongs to S". We will need the
following:

Lemma 8.1. If ¢ € I'(UX) is a solution of (27) then F = {{v - ¢, ¢)) is such that,
forall X € TM,

(29) dF (X) = ((X - ¢, 9)).

Proof. We first observe that Vv = 0: if « is the connection form on Q and s € F(Q)
is a local frame, then v =[5, ¢,+1] and

Vxv =[5, dxent1 + Ady(a(54(X)))(€n+1)] =0 forall X € TM,
since e, 41 is constant and « takes values in A%R" c Cl,,. Thus, for all X € TM,

dF (X) = ((v-Vxo, ) + {{v- @, Vx9))
= ({d+7)((v- Vxo, ¢))

1. b 1.
= —E(ld-i-f) Z((v ej-B(X,ej) 0, 9))+ E(ld +T)((X -9, @)).
j=1

But
T{({(v-ej-B(X,ej) ¢, 9))=(p,v-¢j-B(X,¢j)- ¢))

= {(B(X,¢ej)-¢€j-v-9,¢))
=—((v-ej-B(X,¢)) ¢, 9))



76 PIERRE BAYARD, MARIE-AMELIE LAWN AND JULIEN ROTH

since the three vectors B(X, ¢;), e; and v are mutually orthogonal, and

(X9, 0) ={e, X-9)) =(X-0,0)).
Thus (29) follows. U
By the lemma and the properties of the Clifford product, F is an isometric
immersion, and the map

E—>TS", XeE,+— (F(m),{(X-¢,9)))

identifies E with the normal bundle of F (M) into §"; it moreover identifies the
connection on E with the normal connection of F'(M) in §" and B with the second
fundamental form. We omit the proof since it is very similar to the proof of
Proposition 4.2. U

Remark. Taking the trace of (27) we get
(30) Dy = 3p(H —v)-¢,

where H = (1/p) Zle B(ej, ej) is the mean curvature vector of M in §".

Remark. We may also obtain a proof using spinors of the fundamental theorem of
submanifold theory in §”, showing, as in Section 5, that the equations of Gauss,
Codazzi and Ricci in a space of constant sectional curvature 1 are exactly the
integrability conditions of (27).

We finally show how to recover the spinorial characterization of a surface in S*
given by Morel in [2005] and Taimanov in [2004]. In the model Cly ~H(2) we have

(p:([wﬂ 0) F:( 0 [<p+][v}[¢‘]>
0 lp71)" —[p~1v1lp™] 0

0 [<P+][X][<P_])
= — :
50 (-[(P‘][X][<0+] 0

where [¢ "], [¢~], [v] and [X] € H represent ¢, ¢, v and X in some spinor frame
adapted to the immersion in $°; thus Lemma 8.1 gives

and

F~[pTlvll¢~] and dF(X)=[pt][X][g].

If [¢T] is given, this system has a solution [¢~], unique up to the multiplica-
tion by S on the right. The spinor field ¢ is thus essentially determined by its
component ¢, which may be identified with a spinor field ¥ € I'(X M) solution of

DYy =Hy —iy, |y|=1;

details are given in [Bayard et al. 2013]. This is the spinor characterization of an
immersion in S3 given in [Morel 2005; Taimanov 2004].
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Submanifolds of H". We now consider the n-dimensional hyperbolic space H" as
a hypersurface of the Minkowski space R™!. Since the constructions of the paper
may also be carried out in a linear space with a semi-Riemannian metric, we obtain
a spinor representation of a submanifold in H" exactly as we did for a submanifold
in S". We thus only state the results here, and refer to the previous section for the
proofs. Let M be a Riemannian manifold of dimension p, and E be a bundle on M
of rank ¢ = n — p, with a Riemannian fiber metric and a compatible connection;
we assume that TM and E are spin, and consider

Y= Q X Cly 1,

where O = Qy xu Of is the Spin(p) x Spin(g) principal bundle given by the
two spin structures and p : Spin(p) x Spin(g) — Aut(Cl, 1) is the representation
obtained by the composition of the maps

(31 Spin(p) x Spin(g) — Spin(n) C Spin(n, 1)
and
(32) Spin(n, 1) — Aut(Cl, ;).

The maps in (31) correspond to the decompositions
R @RI =:R" C R" @ Re,p =: R,
and in (32) the action of Spin(#n, 1) on Cl, ; is the multiplication on the left; here
en+1 1s a vector with negative norm —1. We also define
US = Q x, Spin(n, 1) C .
Let us denote by v the element of the Clifford bundle Q X ad Cl,,,1 such that its
component in an arbitrary frame § € Q is the constant vector e, .

Theorem 6. Let B : TM x TM — E be a symmetric and bilinear map. The
following two statements are equivalent:

(1) There exists an isometric immersion F of M into H" with normal bundle E
and second fundamental form B.

(2) There exists a spinor field ¢ € I' (U X) satisfying

1< 1
(33) VX(p=—E;Q/-B(X,ej)wp—EX-v-go forall X e TM.

Moreover we have the representation formula
(34) F={((v-9,¢)eH CR",
where the brackets ({ -, -)) are defined as in (3)-(4).
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We may also recover the spinor characterization of an immersion of a surface in
H3 given by Morel [2005]: if M is a surface and (e, e>) is an orthonormal basis of
TM, setting Hyp = %(B(el, e1) + B(ez, e2)) we see that (33) is equivalent to

Do = (IEIH3 +v) -,

where ¢ is a spinor field which is represented in a frame § € Q by [¢] belonging
to Spin(3, 1). This is exactly the spinor representation of an immersion in H?3
as described in [Bayard 2013] Section 5, where it is moreover proved that it is
equivalent to the spinor characterization given in [Morel 2005].

Remark. The Weierstrass-type representation of the flat surfaces in H? by J.A.
Gélvez, A. Martinez and F. Mildn [Gdlvez et al. 2000] may be recovered from
Theorem 6, following the lines of Section 6.4 in [Bayard 2013]: the explicit
representation is (34), whereas equation (33) gives rise to holomorphic data, when
written in conformal coordinates induced by the Gauss map; we refer to these
papers for details.
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